wo 2012/141776 A1 [N 000 00 O

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2012/141776 Al

(51

eay)

(22)

(25)
(26)
(30)

1

(72)
(73)

74

31

18 October 2012 (18.10.2012) WIPOIPCT
International Patent Classification:
A6IM 5/142 (2006.01)
International Application Number:
PCT/US2012/023213

International Filing Date:
31 January 2012 (31.01.2012)

Filing Language: English
Publication Language: English
Priority Data:

13/085,573 13 April 2011 (13.04.2011) US
Applicant (for all designated States except US):

MEDTRONIC, INC. [US/US]; 710 Medtronic Parkway
Ne, Minneapolis, Minnesota 55432 (US).

Inventors; and

Inventors/Applicants (for US only): KALPIN, Scott L.
[US/US]; 4225 430th Street, Harris, Minnesota 55032
(US). BAUDINO, Michael D. [US/US]; 1656 127th Street
NW, Coon Rapids, Minnesota 55448 (US).

Agents: MARKS, Scott A. et al.; Medtronic, Inc., 710
Medtronic Parkway NE, Minneapolis, Minnesota 55432

(US).
Designated States (unless otherwise indicated, for every

kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,

(84)

CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SC, SD,
SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU,
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
GW,ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

as to applicant'’s entitlement to apply for and be granted a
patent (Rule 4.17(i1))

as to the applicant's entitlement to claim the priority of the
earlier application (Rule 4.17(iii))

Published:

with international search report (Art. 21(3))

(54) Title: ESTIMATING THE VOLUME OF FLUID IN THERAPEUTIC FLUID DELIVERY DEVICE RESERVOIR

12

!

_°

54

42§
A PR

58

52\

o0 ~_| 43
ss—\
%V

FIG. 3

(57) Abstract: A number of parameters related to the operation of a fluid delivery device are determined based on pressures within
the device sensed using multiple pressure sensors. In one example, the volume of therapeutic fluid within a reservoir of a fluid deliv -
ery device is estimated based on a measured pressure differential. In another example, the rate at which a therapeutic fluid is added
to or removed from the reservoir is estimated based on the measured pressure differential.



10

15

20

25

30

WO 2012/141776 PCT/US2012/023213

ESTIMATING THE VOLUME OF FLUID IN THERAPEUTIC
FLUID DELIVERY DEVICE RESERVOIR

BACKGROUND

A variety of medical devices are used for chronic, i.e., long-term, delivery of
fluid therapy to patients suffering from a variety of conditions, such as chronic pain,
tremor, Parkinson’s disease, epilepsy, urinary or fecal incontinence, sexual dysfunction,
obesity, spasticity, or gastroparesis. For example, pumps or other fluid delivery devices
can be used for chronic delivery of therapeutic fluids, such as drugs to patients. These
devices are intended to provide a patient with a therapeutic output to alleviate or assist
with a variety of conditions. Typically, such devices are implanted in a patient and
provide a therapeutic output under specified conditions on a recurring basis.

One type of implantable fluid delivery device is a drug infusion device that can
deliver a drug or other therapeutic fluid to a patient at a selected site. A drug infusion
device may be partially or completely implanted at a location in the body of a patient
and deliver a fluid medication through a catheter to a selected delivery site in the body.
Drug infusion devices, such as implantable drug pumps, commonly include a reservoir
for holding a supply of the therapeutic fluid, such as a drug, for delivery to a site in the
patient. The fluid reservoir can be self-sealing and accessible through one or more
ports. A pump is fluidly coupled to the reservoir for delivering the therapeutic fluid to
the patient. A catheter provides a pathway for delivering the therapeutic fluid from the
pump to the delivery site in the patient.

SUMMARY

In general, this disclosure describes techniques for estimating the volume of a
therapeutic fluid in the reservoir of an implantable fluid delivery device using a pressure
differential between multiple measured pressures.

In one example, a method includes measuring a pressure within a therapeutic
fluid reservoir of an implantable fluid delivery device, measuring a pressure within a
chamber of the fluid delivery device at least partially surrounding the reservoir, and
estimating a volume of a therapeutic fluid within the reservoir based on a pressure
differential between the measured pressure within the reservoir and the measured

pressure within the propellant gas chamber.



10

15

20

25

30

WO 2012/141776 PCT/US2012/023213

In another example, a fluid delivery system includes an implantable fluid
delivery device, a reservoir, a chamber, a first pressure sensor, a second pressure sensor,
and a processor. The reservoir is configured to store a therapeutic fluid. The chamber
at least partially surrounds the reservoir. The first pressure sensor is configured to sense
a pressure within the reservoir. The second pressure sensor is configured to sense a
pressure within the chamber. The processor is configured to measure the pressure
within the reservoir with the first pressure sensor, measure the pressure within the
chamber with the second pressure sensor, and estimate a volume of a therapeutic fluid
within the reservoir based on a pressure differential between the measured pressure
within the reservoir and the measured pressure within the chamber.

In another example, a computer-readable storage medium includes instructions
for causing a programmable processor to measure a pressure within a therapeutic fluid
reservoir of an implantable fluid delivery device, measure a pressure within a chamber
of the fluid delivery device at least partially surrounding the reservoir, and estimate a
volume of a therapeutic fluid within the reservoir based on a pressure differential
between the measured pressure within the reservoir and the measured pressure within
the chamber.

In another example, a system includes means for measuring a pressure within a
therapeutic fluid reservoir of an implantable fluid delivery device, means for measuring
a pressure within a chamber of the fluid delivery device at least partially surrounding the
reservoir, and means for estimating a volume of a therapeutic fluid within the reservoir
based on a pressure differential between the measured pressure within the reservoir and
the measured pressure within the chamber.

The details of one or more examples disclosed herein are set forth in the
accompanying drawings and the description below. Other features, objects, and

advantages will be apparent from the description and drawings, and from the claims.

BRIEF DESCRIPTION OF DRAWINGS
FIG. 1 is a conceptual diagram illustrating an example of a fluid delivery system
including an implantable fluid delivery device configured to deliver a therapeutic fluid

to a patient via a catheter.
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FIG. 2 is functional block diagram illustrating an example of the implantable
fluid delivery device of FIG. 1.

FIG. 3 is a conceptual diagram illustrating a sectional view of an example
configuration of the implantable fluid delivery device of FIG. 2.

FIG. 4 is a functional block diagram illustrating an example of the external
programmer of FIG. 1.

FIG. 5 is a flow diagram illustrating an example method of estimating the

volume of fluid in the reservoir of a fluid delivery device.

DETAILED DESCRIPTION

This application is related to U.S. Patent Application Serial No. 12/619,145,
filed November 16, 2009, which claims the benefit of U.S. Provisional Application
Serial No. 61/116,309, filed November 20, 2008. This application is also related to
U.S. Patent Application Serial No. 12/199,536, filed August 27, 2008, which claims
the benefit of U.S. Provisional Application Serial No. 60/975,286, filed September
26, 2007. This application is also related to U.S Patent Application Serial No.
12/762,108, U.S. Patent Application Serial No. 12/762,121, and U.S. Application
Serial No. 12/762,064, all of which were filed on April 16, 2010.

It is generally useful for the safe and intended operation of implantable fluid
delivery devices (hereinafter IMD or device) to monitor the volume of therapeutic fluid
in the reservoir of the device as the fluid is being delivered to a patient. For example, it
is useful to have an actual measurement or an estimate derived from measured values of
the volume of therapeutic fluid in the reservoir of an IMD. Fluid volume has been
determined in the past by calculating the volume based on an initial fill volume in the
reservoir minus the amount of fluid dispensed to the patient over time. However,
neither the fill volume nor the amount of fluid dispensed over time in such examples is
measured. Instead, the fill volume is commonly specified by a user, e.g. entered via an
external programmer, and thus is subject to human error. Additionally, the amount of
fluid dispensed over time is a theoretical calculation based on an expected dispense rate
or volume programmed into the device, which assumes perfectly consistent operation of
the IMD over time, ¢.g. assumes that the device dispenses fluid at the same rate at all

times.
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It may also be useful to verify that a clinician has correctly accessed a refill port
of an IMD and is actually filling the reservoir with therapeutic fluid to prevent an
unintended injection of the fluid into a tissue pocket within a patient. Additionally, it
may be useful to monitor the fill status of the reservoir of such devices to detect
unexpected changes in the amount of fluid in the device. An unexpected change in fluid
volume may occur when a patient or another person, outside of a clinical environment,
attempts to access the refill port of the reservoir to remove therapeutic fluid from the
device. Another cause of unexpected changes in fluid volume in the reservoir may be
valve leakage or pump stroke volume variation. Unexpected changes in reservoir
volume may affect the operation of the device by causing underdosing or overdosing of
the patient with the therapeutic fluid delivered by the IMD. Underdosing of a patient
may be of particular interest in cases where rapidly reducing the amount of therapeutic
fluid delivered by the device to the patient may cause withdrawal symptoms. Device
awareness of reservoir fill status is important for these and other reasons related to the
proper operation of IMDs and the efficacious delivery of therapy to patients by such
devices.

Although different mechanisms are capable of determining the volume of
therapeutic fluid in the reservoir of an IMD, one convenient and economical method is
to employ a pressure sensor that monitors pressure within the device over time.
Generally speaking, the volume of the reservoir of an IMD may be extrapolated from a
sensed pressure. However, the relationship between sensed pressure and reservoir fluid
volume varies with temperature, which may not be constant. For example, in the event
the temperature of a therapeutic fluid added to the reservoir of an IMD is not the same
as the reservoir temperature, fluid volume will depend both on pressure changes and
temperature changes. Therefore, it also may be necessary, in temperature-dependent
applications, to determine one or more temperatures related to filling the reservoir of an
IMD with a therapeutic fluid. In particular, it may be necessary for the proper
monitoring of reservoir volume to determine the temperature of the reservoir of the
IMD, which may, in some examples, be equated to the temperature of the gas propellant
used to pressurize the reservoir of the device and the temperature of therapeutic fluid

added to the reservoir.
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One challenge with extrapolating reservoir volume from pressure in temperature-
dependent applications is that the temperatures of the reservoir of the IMD and the
therapeutic fluid are unknown. Both temperatures may be measured by employing
additional sensors, such as temperature sensors to directly measure temperature.
However, incorporation of additional sensors may add cost and complexity to the IMD.
Measuring temperatures directly may also complicate the process of refilling an IMD
with therapeutic fluid, because, e.g., a user, such as a clinician may be required to
measure and then enter the fluid temperature into a programmer to be transmitted to the
IMD. Finally, even direct temperature measurement may involve analytical
complications, as thermodynamic effects on temperature and pressure changes in the
IMD must be accounted for with respect to the measurements taken by some
temperature sensors employed to measure the temperature of the reservoir and/or the
fluid.

Examples according to this disclosure, instead of accounting for temperature
effects in volume estimations based on pressure measurements, employ techniques that
substantially remove the temperature effects from the volume estimation. Removing the
temperature effects from volume estimations may function to remove costs and
complexities of analytically and/or instrumentally accounting for changes of the
temperature of the reservoir of an IMD. The manner by which temperature effects are
removed in the following examples is by estimating the volume of a therapeutic fluid in
the reservoir of an IMD using a pressure differential based on multiple pressure
measurements. Each of the pressures measured are affected equally by temperature
effects, but only one is affected by fluid volume changes. As such, the differential of
the two measured pressures cancels the temperature effects, while retaining the volume
effects. Thus, the differential pressure measurement is proportional to the volume of
fluid in the reservoir of the device and this estimation of volume is substantially
unaffected by temperature changes.

FIG. 1 is a conceptual diagram illustrating an example of a therapy system 10,
which includes implantable medical device (IMD) 12, catheter 18, and external
programmer 20. IMD 12 is connected to catheter 18 to deliver at least one therapeutic
fluid, e.g. a pharmaceutical agent, pain relieving agent, anti-inflammatory agent, gene

therapy agent, or the like, to a target site within patient 16. IMD 12 includes an outer
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housing that, in some examples, is constructed of a biocompatible material that resists
corrosion and degradation from bodily fluids including, e.g., titanium or biologically
inert polymers. IMD 12 may be implanted within a subcutaneous pocket relatively
close to the therapy delivery site. For example, in the example shown in FIG. 1, IMD 12
is implanted within an abdomen of patient 16. In other examples, IMD 12 may be
implanted within other suitable sites within patient 16, which may depend, for example,
on the target site within patient 16 for the delivery of the therapeutic fluid. In still other
examples, IMD 12 may be external to patient 16 with a percutaneous catheter connected
between IMD 12 and the target delivery site within patient 16.

IMD 12 delivers a therapeutic fluid from a reservoir (not shown) to patient 16
through catheter 18 from proximal end 18A coupled to IMD 12 to distal end 18B
located proximate to the target site. Example therapeutic fluids that may be delivered by
IMD 12 include, e.g., insulin, morphine, hydromorphone, bupivacaine, clonidine, other
analgesics, baclofen and other muscle relaxers and antispastic agents, genetic agents,
antibiotics, nutritional fluids, hormones or hormonal drugs, gene therapy drugs,
anticoagulants, cardiovascular medications or chemotherapeutics.

Catheter 18 can comprise a unitary catheter or a plurality of catheter segments
connected together to form an overall catheter length. External programmer 20 is
configured to wirelessly communicate with IMD 12 as needed, such as to provide or
retrieve therapy information or control aspects of therapy delivery (e.g., modify the
therapy parameters such as rate or timing of delivery, turn IMD 12 on or off, and so
forth) from IMD 12 to patient 16.

Catheter 18 may be coupled to IMD 12 either directly or with the aid of a
catheter extension (not shown in FIG. 1). In the example shown in FIG. 1, catheter 18
traverses from the implant site of IMD 12 to one or more targets proximate to spinal
cord 14. Catheter 18 is positioned such that one or more fluid delivery outlets (not
shown in FIG. 1) of catheter 18 are proximate to the targets within patient 16. In the
example of FIG. 1, IMD 12 delivers a therapeutic fluid through catheter 18 to targets
proximate to spinal cord 14.

IMD 12 can be configured for intrathecal drug delivery into the intrathecal
space, as well as epidural delivery into the epidural space, both of which surround spinal

cord 14. In some examples, multiple catheters may be coupled to IMD 12 to target the
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same or different nerve or other tissue sites within patient 16, or catheter 18 may include
multiple lumens to deliver multiple therapeutic fluids to the patient. Therefore, although
the target site shown in FIG. 1 is proximate to spinal cord 14 of patient 16, other
applications of therapy system 10 include alternative target delivery sites in addition to
or in lieu of the spinal cord of the patient.

Programmer 20 is an external computing device that is configured to
communicate with IMD 12 by wireless telemetry. For example, programmer 20 may be
a clinician programmer that the clinician uses to communicate with IMD 12 and
program therapy delivered by the IMD. Alternatively, programmer 20 may be a patient
programmer that allows patient 16 to view and modify therapy parameters associated
with therapy programs. The clinician programmer may include additional or alternative
programming features than the patient programmer. For example, more complex or
sensitive tasks may only be allowed by the clinician programmer to prevent patient 16
from making undesired or unsafe changes to the operation of IMD 12. Programmer 20
may be a handheld or other dedicated computing device, or a larger workstation or a
separate application within another multi-function device.

In examples according to this disclosure, IMD 12, alone or in cooperation with
programmer 20 or another device communicatively connected to IMD 12, is configured
to measure a pressure within a reservoir of the IMD, measure a pressure within a
chamber housing propellant gas employed to equalize pressure in the reservoir, and
estimate a volume of a therapeutic fluid within the reservoir based on a pressure
differential between the pressure within the reservoir and the pressure within the
propellant gas chamber. In one example, IMD 12 may include a reservoir configured to
store a therapeutic fluid and a chamber at least partially surrounding the reservoir and
configured to be filled with a propellant gas that modulates the pressure within the
reservoir. In one example, the propellant gas is employed to maintain a substantially
constant pressure within the reservoir in order to deliver the therapeutic fluid to patient
16 consistently and accurately over time. IMD 12 may also include a first pressure
sensor configured to sense a pressure within the reservoir and a second pressure sensor
configured to sense a pressure within the propellant gas chamber. In one example, a
processor of IMD 12 may be configured to measure the pressure within the reservoir

with the first pressure sensor, measure the pressure within the chamber with the second
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pressure sensor, and estimate a volume of a therapeutic fluid within the reservoir based
on the pressure differential between the pressure within the reservoir and the pressure
within the chamber.

IMD 12 may also control a fluid volume gauge to indicate the estimated volume
of therapeutic fluid in the reservoir to users. In one example, the fluid volume gauge
may be a display of programmer 20, which displays a text and/or graphical
representation of the volume of fluid in the reservoir and/or the rate at which fluid is
added to or removed from the reservoir. In another example, the fluid volume gauge
may be a separate display or display of another device, e.g. a laptop, desktop, or server
computer, which is communicatively connected to IMD 12 and configured to display a
text and/or graphical representation of the volume of fluid in the reservoir and/or the
rate at which fluid is added to or removed from the reservoir.

FIG. 2 is a functional block diagram illustrating components of an example of
IMD 12, which includes processor 26, memory 28, telemetry module 30, fluid delivery
pump 32, reservoir 34, refill port 36, internal tubing 38, catheter access port 40,
reservoir pressure sensor 42, propellant chamber pressure sensor 43, and power source
44. Processor 26 is communicatively connected to memory 28, telemetry module 30,
and fluid delivery pump 32. Fluid delivery pump 32 is connected to reservoir 34 and
internal tubing 38. Reservoir 34 is connected to refill port 36. Catheter access port 40 is
connected to internal tubing 38 and catheter 18.

IMD 12 also includes power source 44, which is configured to deliver operating
power to various components of the IMD. In some examples, IMD 12 may include a
plurality of reservoirs for storing more than one type of therapeutic fluid. In some
examples, IMD 12 may include a single long tube that contains the therapeutic fluid in
place of a reservoir. However, for ease of description, an IMD 12 including a single
reservoir 34 is primarily described with reference to the disclosed examples.

During operation of IMD 12, processor 26 controls fluid delivery pump 32 with
the aid of instructions associated with program information that is stored in memory 28
to deliver a therapeutic fluid to patient 16 via catheter 18. Instructions executed by
processor 26 may, for example, define therapy programs that specify the dose of

therapeutic fluid that is delivered to a target tissue site within patient 16 from reservoir
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30 via catheter 18. The programs may further specify a schedule of different therapeutic
fluid rates and/or other parameters by which IMD 12 delivers therapy to patient 16.

In general, a therapy program stored in memory 28 and executed by processor 26
defines one or more therapeutic fluid doses to be delivered from reservoir 34 to patient
16 through catheter 18 by IMD 12. A dose of therapeutic fluid generally refers to a total
amount of therapeutic fluid, e.g., measured in milligrams or other volumetric units,
delivered over a total amount of time, e.g., per day or twenty-four hour period. The
amount of therapeutic fluid in a dose may convey to a caregiver an indication of the
probable efficacy of the fluid and the possibility of side effects.

In general, a sufficient amount of the fluid should be administered in order to
have a desired therapeutic effect, such as pain relief. However, the amount of the
therapeutic fluid delivered to the patient should be limited to a maximum amount, such
as a maximum daily amount, in order not to avoid potential side effects. Therapy
program parameters specified by a user, e.g., via programmer 20 may include fluid
volume per dose, dose time period, maximum dose for a given time interval e.g., daily.
In some examples, dosage may also prescribe particular concentrations of active
ingredients in the therapeutic fluid delivered by IMD 12 to patient 16.

The manner in which a dose of therapeutic fluid is delivered to patient 16 by
IMD 12 may also be defined in the therapy program. For example, processor 26 of IMD
12 may be programmed to deliver a dose of therapeutic fluid according to a schedule
that defines different rates at which the fluid is to be delivered at different times during
the dose period, ¢.g., a twenty-four hour period. The therapeutic fluid rate refers to the
amount, ¢.g., in volume, of therapeutic fluid delivered over a unit period of time, which
may change over the course of the day as IMD 12 delivers the dose of fluid to patient
16.

As an example, IMD 12 could be programmed to deliver therapeutic fluid to
patient 16 at a rate of 20 microliters per hour. In the event the therapy program
prescribes this fluid delivery rate for a twenty four hour period and assuming no patient
or other boluses during the period of time, the dose of fluid delivered to patient 16 by
IMD 12 will be 480 microliters (per twenty four hours). The therapy program may

include other parameters, including, ¢.g., definitions of priming and patient boluses, as
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well as time intervals between successive patient boluses, sometimes referred to as lock-
out intervals.

Therapy programs may be a part of a program group, where the group includes a
number of therapy programs. Memory 28 of IMD 12 may store one or more therapy
programs, as well as instructions defining the extent to which patient 16 may adjust
therapy parameters, switch between therapy programs, or undertake other therapy
adjustments. Patient 16 or a clinician may select and/or generate additional therapy
programs for use by IMD 12, e.g., via external programmer 20 at any time during
therapy or as designated by the clinician.

Components described as processors within IMD 12, external programmer 20, or
any other device described in this disclosure may each include one or more processors,
such as one or more microprocessors, digital signal processors (DSPs), application
specific integrated circuits (ASICs), field programmable gate arrays (FPGAs),
programmable logic circuitry, or the like, either alone or in any suitable combination.

In one example, processor 26 of IMD 12 is programmed to deliver a dose of
therapeutic fluid to patient 16, which is defined in memory 28 of the device by a volume
of therapeutic fluid delivered to the patient in one day. IMD 12 is also programmed
according to a therapy schedule such that the fluid is delivered at different rates at
different times during the day, which may be stored in memory 28, ¢.g., as a look-up
table associating different fluid rates at different times during the day.

Upon instruction from processor 26, fluid delivery pump 32 draws fluid from
reservoir 34 and pumps the fluid through internal tubing 38 to catheter 18 through which
the fluid is delivered to patient 16 to effect one or more of the treatments described
above in accordance with the program stored on memory 28. Internal tubing 38 is a
segment of tubing or a series of cavities within IMD 12 that run from reservoir 34,
around or through fluid delivery pump 32 to catheter access port (CAP) 40.

Fluid delivery pump 32 can be any mechanism that delivers a therapeutic fluid in
some metered or other desired flow dosage to the therapy site within patient 16 from
reservoir 30 via implanted catheter 18. In one example, fluid delivery pump 32 is a
squeeze pump that squeezes internal tubing 38 in a controlled manner, ¢.g., such as a

peristaltic pump, to progressively move fluid from reservoir 34 to the distal end of
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catheter 18 and then into patient 16 according to parameters specified by the therapy
program stored on memory 28 and executed by processor 26.

In various examples, fluid delivery pump 32 may be an axial pump, a centrifugal
pump, a pusher plate pump, a piston-driven pump, or other means for moving fluid
through internal tubing 38 and catheter 18. In one example, fluid delivery pump 32 is
an electromechanical pump that delivers fluid by the application of pressure generated
by a piston that moves in the presence of a varying magnetic field and that is configured
to draw fluid from reservoir 34 and pump the fluid through internal tubing 38 and
catheter 18 to patient 16.

Generally speaking, in examples according to this disclosure, reservoir 34
includes an expandable and contractible chamber, e.g. a bellows or resilient bladder,
configured to hold a therapeutic fluid that IMD 12 delivers to patient 16, ¢.g. according
to a therapy program. The pressure of reservoir 34 may be maintained via a propellant,
¢.g. a propellant gas housed in a chamber surrounding the reservoir. The propellant gas
chamber is separate and sealed from reservoir 34 of IMD 12. The propellant gas acts as
a pressure-providing means to the chamber of reservoir 34, which modulates the
pressure within the reservoir by applying pressure to the flexible structure to discharge
the therapeutic fluid stored in the reservoir through internal tubing 38 to fluid delivery
pump 32. In one example, the propellant gas is employed to maintain a substantially
constant pressure within reservoir 34 in order to deliver the therapeutic fluid through
tubing 38 to pump 32 consistently and accurately over time. Although the propellant
gas is employed to maintain a substantially constant pressure within reservoir 34 for
consistent deliver of the therapeutic fluid, the pressure of the gas and the reservoir may
differ, as the pressure of the reservoir is also affected, e.g. by the volume of fluid in the
reservoir and the resiliency of the expandable and contractible reservoir chamber, e.g. a
spring constant of the bellows type reservoir. The propellant gas used to modulate the
pressure of reservoir 34 of IMD 12 may be a fluid that is in phase change between a
liquid state and a gas state when, e.g., in equilibrium between phases at around 35-37
degrees Celsius which is a common temperature range of the body of patient 16. The
propellant gas employed in examples of IMD 12 may comprise at least one of butane,

perflurohexane, or perfluropentane.
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IMD 12 includes pressure sensor 42, which is configured to measure pressure in
reservoir 34. Pressure sensor 42 may be arranged in a number of locations within IMD
12 including, e.g., in reservoir 34 or refill port 26. Regardless of where arranged,
pressure sensor 42 is communicatively connected to processor 26, via suitable sensor
electronics, to transmit pressure-related information to the processor for analysis and
storage on memory 28 in order to, e.g., determine the actual rate at which therapeutic
fluid is delivered from reservoir 34 to patient 16, and/or the actual volume of therapeutic
fluid remaining in the reservoir.

IMD 12 also includes gas chamber pressure sensor 43, which is configured to
measure pressure in a propellant gas chamber surrounding reservoir 34. Pressure sensor
43 may be arranged in a number of locations within IMD 12 and is fluidly connected to
the propellant gas chamber via a fluid connection, including, e.g. tubes or cavities.
Regardless of where arranged, pressure sensor 43 is communicatively connected to
processor 26 to transmit pressure-related information to the processor for analysis and
storage on memory 28 in order to, e.g., determine the actual rate at which therapeutic
fluid is delivered from reservoir 34 to patient 16, and/or the actual volume of therapeutic
fluid remaining in the reservoir.

Pressure sensors 42 and 43 may be electronically coupled to processor 26, or a
processor of another device, in a variety of ways including electrical wiring (not shown)
or a wireless link between the pressure sensor and the processing device. Pressure
sensors 42 and 43 may each be any device capable of measuring pressure of reservoir
34. For example, each of pressure sensors 42 and 43 may be a capacitive measurement
device which determines pressure by measuring the change in capacitance of a flexible
membrane attached to an interior wall of, but electrically insulated from, a conductive,
gas-filled cavity due to deflections caused by pressure applied over the flexible
membrane (i.¢., a capacitive pressure sensor). Alternatively, each of pressure sensors 42
and 43 may be a sensor that utilizes the piezo-electric effect (i.e., a piezo-electric
pressure sensor) or resistive change due to metallic strain (i.e., a strain gauge pressure
sensor) in order to measure pressure applied. Other types of pressure sensors not
specifically described may also be employed in examples according to this disclosure.

In examples according to this disclosure, processor 26 of IMD 12, alone or in

conjunction with a processor of programmer 20 or another device communicatively
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connected to IMD 12, may be configured to measure the pressure of reservoir 34 and
propellant gas chamber 40 and estimate the volume of therapeutic fluid in the reservoir
based on a pressure differential between the reservoir pressure and the propellant gas
chamber pressure. In one example, processor 26 is configured to measure the pressure
within reservoir 34 with pressure sensor 42. For example, processor 26 may receive
measurements from pressure sensor 42 of the pressure within reservoir 34 periodically
or continuously during operation of IMD 12 to deliver therapy to patient 16 and/or
during refill operations, in which a clinician fills the reservoir with a therapeutic fluid.
In one example, processor 26 may receive and store reservoir pressure measurements
from sensor 42 in memory 28, e.g. for future analysis of reservoir pressure trends over
time.

Similar to the measurement of pressure in reservoir 34, processor 26 may be
configured to measure the pressure within propellant gas chamber 50 with propellant
chamber pressure sensor 43. For example, processor 26 may control propellant chamber
pressure sensor 43 to measure pressure within chamber 50 periodically or continuously
during operation of IMD 12 to deliver therapy to patient 16 and/or during refill
operations. In one example, processor 26 may receive and store propellant gas chamber
pressure measurements from sensor 43 in memory 28, e.g. for future analysis of
propellant gas chamber pressure trends over time.

After measuring pressure within reservoir 34 and propellant gas chamber 50 with
pressure sensors 42, 43, respectively, processor 26 of IMD 12 may be configured to
calculate the pressure differential between the reservoir and propellant gas chamber.
For example, processor 26 may calculate the pressure differential, delta P (AP), between
the pressure within reservoir 34, P, and the pressure within propellant gas chamber 50,
Pg, according to the following formula.

()  AP=P P,

There are a number of conditions under which IMD 12, and, in one example,
processor 26 may be called on to estimate the volume of therapeutic fluid in reservoir
34. For example, processor 26 may estimate the volume of fluid in reservoir 34 as fluid
delivery pump 32 delivers the fluid to patient 16, ¢.g. according to a therapy program
stored in memory 28. In another example, processor 26 may estimate the volume of

fluid in reservoir 34 as a user, ¢.g. a clinician adds fluid to or removes fluid from the
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reservoir, e.g. via refill port 36. In such examples, processor 26 may also estimate the
rate at which the therapeutic fluid is added to or removed from reservoir 34. Other
operating conditions of IMD 12 may also call for volume estimations according to this
disclosure, including, e.g., when reservoir 34 is at least partially filled with a therapeutic
fluid such that a refill operation is not necessary, but pump 32 is not currently delivering
the fluid to patient 16. For example, processor 26 of IMD 12 may periodically estimate
the volume of fluid in reservoir 34 between therapy delivery sessions to check that fluid
has not been removed from the device, e.g. via a hypodermic needle through refill port
36 into the reservoir, since the last time the processor estimated fluid volume.

The pressure differential, AP, between the pressure within reservoir 34, Pg, and
the pressure within propellant gas chamber 50, Pg, of IMD 12 may be a function of a
number of different parameters, including the volume of fluid in the reservoir. As noted
above, the pressure differential between the pressure within reservoir 34 and the
pressure within propellant gas chamber 50 may change proportionally with volume
regardless of temperature change effects. For example, the pressure of reservoir 34
measured by pressure sensor 42 and the pressure of propellant gas chamber 50 measured
by pressure sensor 43 may be affected approximately equally by temperature effects.
However, only the pressure of reservoir 34 measured by pressure sensor 42 may be
affected by the amount of fluid volume within the reservoir.

As such, the pressure differential between the pressure within reservoir 34 and
the pressure within propellant gas chamber 50 may act to cancel the temperature effects
on pressure, while retaining the volume effects. Thus, the differential pressure
measurement is proportional to the volume of fluid in the reservoir of the device and this
estimation of volume is substantially unaffected by temperature changes. The volume
effect on the pressure differential may be a function, at least in part, of a constant that
represents pressure sensitivity to volume changes. The pressure differential between the
pressure within reservoir 34 and the pressure within propellant gas chamber 50 of IMD
12 may also be a function of the rate, r, at which fluid is added to or removed from the
reservoir, ¢.g. during a refill operation. In view of the foregoing, in one example, the
volume, V, of fluid in reservoir 34 of IMD 12 may be expressed according to the
following relationship.

(2  V =f(APK,.r)
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In equation (2) above, the pressure sensitivity to volume constant, K, is a
characteristic of reservoir 34 of IMD 12, which behaves like a spring. For example,
reservoir 34 may be formed as a resilient bellows, the spring constant or characteristic,
K, of which represents the amount of incremental change in pressure in the reservoir
per incremental change in volume of fluid in the reservoir. In one example, the pressure
sensitivity to volume constant, K., for reservoir 34 of IMD 12 may be stored in memory
28 and retrieved by processor 26 from the memory to calculate the volume of
therapeutic fluid in the reservoir. The estimation of the volume of fluid in reservoir 34,
e.g. by processor 26 of IMD 12 based on the pressure differential between the pressure
within reservoir 34 and the pressure within propellant gas chamber 50 of IMD 12 is
described in greater detail with reference to the example IMD configuration illustrated
in FIG. 3.

FIG. 3 is a conceptual diagram illustrating a sectional view of an example
configuration of IMD 12 including reservoir pressure sensor 42 and propellant chamber
pressure sensor 43. In the example of FIG. 3, IMD 12 includes reservoir 34, refill port
36, internal tubing 38, reservoir pressure sensor 42, propellant gas chamber pressure
sensor 43, propellant gas chamber 50, housing shield 52, and bulkhead 54. In FIG. 3,
reservoir 34 includes an expandable and contractible bellows configured to store a
therapeutic fluid at a substantially constant pressure with the assistance of a propellant
gas contained within chamber 50. Channel 58 connects reservoir pressure sensor 42 to
reservoir 34 and to a chamber in refill port 36. Channel 60 connects propellant chamber
pressure sensor 43 to propellant gas chamber 50. Bulkhead 54 is connected to housing
shield 52 by weld 56.

In one example of the arrangement illustrated in FIG. 3, propellant chamber
pressure sensor 43 may measure the pressure within gas propellant chamber 50 directly
such that the pressure sensor reading corresponds directly to the pressure in the
chamber. In other words, in one example, the pressure measured by propellant chamber
pressure sensor 43, Pg;, is approximately equal to the actual pressure within gas
chamber 50, Pg. Reservoir pressure sensor 42, however, may be positioned with respect
to reservoir 34 such that the pressure measured by sensor 42, Ps;, is not only a function

of the actual pressure within the reservoir, but also of a fluid restriction constant, Ry, of
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channel 58 between sensor and reservoir and the rate, r, at which a therapeutic fluid is
added to or removed from the reservoir via refill port 36.

Periodically, fluid may need to be supplied percutancously to reservoir 34
because all of a therapeutic fluid has been or will be delivered to patient 16, or because a
clinician wishes to replace an existing fluid with a different fluid or similar fluid with
different concentrations of therapeutic ingredients. In some examples, a therapeutic
fluid may also be removed percutancously from reservoir 34. Refill port 36 can
therefore comprise a self-sealing membrane to prevent loss of therapeutic fluid delivered
to reservoir 34 via refill port 36. For example, after a percutancous delivery system,
¢.g., a hypodermic needle, penetrates the membrane of refill port 36, the membrane may
seal shut when the needle is removed from refill port 36. The rate, r, at which fluid is
added to or removed from reservoir 34 in this manner, may affect the pressure sensed by
reservoir pressure sensor 42 in the example configuration of FIG. 3. The relationship
between measured pressure and actual pressure of propellant gas chamber 50 and
reservoir 34 may, ¢.g., be expressed according to the following formulas.

) Py=F
4) P, =P, +R.r

Additionally, the actual pressure within reservoir 34, Pr, may be a function of
the actual pressure within the propellant gas chamber 50, Pg, and the volume of
therapeutic fluid in the reservoir. In one example, the actual pressure within reservoir
34, Pg, may be expressed according to the following formula.

) B=FR+KE-V)

In the foregoing equation (5), the constant, V,, is the volume of fluid in reservoir
34 when the bellows of the reservoir is in an equilibrium state. In some examples,
reservoir 34 may include a bellows that acts as a spring, compressing and expanding
depending on the volume of fluid in the reservoir and the pressure of the propellant gas
in gas chamber 50. The bellows of reservoir 34, however, has an equilibrium state
where the bellows is in an unloaded position, i.c. the spring bellows is neither
compressed or expanded from the position it naturally assumes without the influence of
outside forces. The volume of fluid in reservoir 34 when the bellows is in this
equilibrium unloaded state is V,, which is a characteristic of the reservoir that may, e.g.,

be stored in memory 28 of IMD 12. Substituting and simplifying formulas (3) — (5)
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above, an estimate of the volume of fluid in reservoir 34 of IMD 12 as a function of the
measured pressure differential, APg, between a pressure measured by reservoir pressure
sensor 42, Pg,, and a pressure measured by propellant chamber pressure sensor 43, Pg),
may be expressed according to the following formulas.

(6) AP =P, —-P,=P.+R.r+K,(V-V )-P,

(7 AP =Rr+K,(V-V,)

AP +K,V,~R,r

® 7 7

.
In some examples, the rate, r, at which fluid is added to or removed from
reservoir 34 via refill port 36 may not be known, as the fluid may be introduced into the

reservoir by a clinician at an arbitrary rate, ¢.g., via a hypodermic needle. As such, in
order to determine the volume of therapeutic fluid in reservoir 34 employing the
relationships expressed in equation (8) further simplification may be required. In
examples in which processor 26 estimates the volume of fluid in reservoir 34 as fluid
delivery pump 32 delivers the fluid to patient 16, ¢.g. according to a therapy program
stored in memory 28 and fluid is not being added to or removed from the reservoir via
refill port 36, the rate term simply drops out of equation (8). In other words, in the event
fluid is not being added to or removed from reservoir 34 via refill port 36, processor 26
may calculate the volume, V, of therapeutic fluid in the reservoir based on the measured
pressure differential between the measured pressure within reservoir 34 and the
measured pressure within propellant gas chamber 50 according to the following
formulas.

AP+ KV, -0

© 7 X,

(10) V= ?(PVS +V,
In examples in which fluid is being added to or removed from reservoir 34 via
refill port 36, ¢.g. during a refill operation, however, the rate, r, at which the fluid is
added or removed does not drop out of equation (8). In such cases, the volume of
therapeutic fluid in reservoir 34 of IMD 12 may need to be estimated in a different
manner than by direct calculation as a function of the measured pressure differential,

APg, and the pressure sensitivity to volume constant, Ky, as shown in equation (10). In
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one such example, the volume of therapeutic fluid in reservoir 34 of IMD 12 may be
estimated by first estimating the rate, r, at which fluid is being added to or removed
from the reservoir as a function of the measured pressure differential and then
calculating the volume of fluid added or removed by multiplying the rate by the time, t,
over which the fluid is added or removed. This may be accomplished, ¢.g., by processor
26 taking the first derivative of equation (8) with respect to time as shown in the
following formula.

ay AV (MAR)) A(K x| R (A
At K\ At At K, K, \ At

In the foregoing formula, the first derivative of the volume, AV/At, of fluid in
reservoir 34 with respect to time is equated to a number of terms including the first
derivative of the measured pressure differential, A(APg)/At, between the measured
pressure within reservoir 34 and the measured pressure within propellant gas chamber
50 with respect to time. The first derivative of the measured pressure differential,
A(APg)/At, between the measured pressure within reservoir 34 and the measured
pressure within propellant gas chamber 50 with respect to time is equal to the time rate
of change of the measure pressure differential, APg. Thus, in one example, the first
derivative of the measured pressure differential, A(APg)/At, may be equal to the
difference between the pressure differential, APs -1 >, between the pressure, Psy -1,
within reservoir 34 measured by pressure sensor 42 and the pressure, PS; -1, within
propellant gas chamber 50 measured by pressure sensor 43 at a first time instant and the
pressure differential, APg,—,, between the pressure, Pg; 1, within reservoir 34 measured
by pressure sensor 42 and the pressure, Pg; -, within propellant gas chamber 50
measured by pressure sensor 43 at a second time instant after the first time instant.

By assuming that the fluid is added to or removed from reservoir 34 at a constant
rate, 1, the first term in equation (11) goes to zero, because the first derivative of the rate,
Ar/At, at which fluid is added to or removed from the reservoir with respect to time is
zero. Additionally, the first derivative of the constant V,, corresponding to the volume of
fluid in reservoir 34 when the bellows is in an equilibrium state is also equal to zero. In
such an example, therefore, the rate of change of the measured pressure differential is
proportional to the rate of change of the volume of fluid in reservoir 34. In one

example, processor 26 may estimate the rate of change of the volume of fluid in
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reservoir 34 over time based on the measured pressure differential according to the
following formula.

At K At

.
The rate of change of the volume of fluid in reservoir 34 with respect to time,

5  AV/At, is the rate, r, at which the fluid is added to or removed from the reservoir. As
such, processor 26 may estimate, ¢.g. during a refill operation, the rate, r, at which the
fluid is added to or removed from reservoir 34 based on the measured pressure
differential and the pressure sensitivity to volume constant for IMD 12 according to the
following equation.

10 (13) r:L[Mj
K At

.

Additional information regarding and techniques for estimating the rate at which
a therapeutic fluid is added to or removed from a reservoir of an IMD based on pressure
is described in U.S. Patent Application Serial No. 12/619,145, filed November 16, 2009
and entitled “PRESSURE BASED REFILL STATUS MONITOR FOR

15 IMPLANTABLE PUMPS.”

Referring again to equation (13), processor 26 may also estimate the change in
volume, AV/At, of fluid in reservoir 34 as fluid is added to or removed from the
reservoir by multiplying equation (13) by the amount of time, At, over which fluid is
added or removed. In such an example, processor 26 may estimate the absolute volume

20  of fluid in reservoir 34 by adding the change in volume of fluid in the reservoir to a
starting volume, Vi, €.2. the volume of fluid in the reservoir when the refill operation
started. As such, processor 26 may estimate the volume of fluid in reservoir 34 as a

function of the measured pressure differential according to the following formulas.

14y Ay =2ER)
-
25 s v=v,, +tAV
A(AP,
ey v=20R) .,
KV

Thus, in examples according to this disclosure, IMD 12, e.g. processor 26 may

be configured to estimate the volume of therapeutic fluid in reservoir 34 based on a
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measured pressure differential equal to the difference between the pressure within the
reservoir measured by reservoir pressure sensor 42 and the pressure within gas
propellant chamber 50 measured by gas chamber pressure sensor 43. In one example,
processor 26 is configured to estimate the volume of therapeutic fluid in reservoir 34
based on the measured pressure differential during delivery of the fluid to patient 16 by
the IMD via catheter 18 according to equation (10). In such an example, processor 26
may retrieve values of the pressure sensitivity to volume constant, Ky, and the volume,
V,, of fluid in reservoir 34 when the bellows of the reservoir is in an equilibrium state,
both of which may be constants that are characteristics of the bellows of reservoir 34 of
IMD 12, from memory 28 and receive signals from reservoir pressure sensor 42 and gas
chamber pressure sensor 43 to estimate the volume of fluid in the reservoir during
therapeutic fluid delivery according to equation (10).

In another example, processor 26 is configured to estimate the volume of
therapeutic fluid in reservoir 34 based on the measured pressure differential fluid is
being added to or removed from the reservoir via refill port 36 according to equation
(16). In such an example, processor 26 may retrieve a value of Ky, which is a constant
that is a characteristic of the bellows of reservoir 34 of IMD 12, from memory 28.
Additionally, processor 26, some time prior to fluid being added to or removed from
reservoir 34 via refill port 36, may estimate the volume of fluid in the reservoir and may
store the value for use as the starting volume, V. As fluid is being added to or
removed from reservoir 34 via refill port 36, processor 26 may then may retrieve values
of Ky and Vg, and receive signals from reservoir pressure sensor 42 and gas chamber
pressure sensor 43 to estimate the volume of fluid in the reservoir, e.g. during a refill
operation according to equation (16).

Additionally, in another example, processor 26 is configured to estimate the rate,
r, at which fluid is added to or removed from reservoir 34 via refill port 36, e.g. during a
refill operation according to equation (13). In such an example, processor 26 may
retrieve a value of Ky, which is a constant that is a characteristic of the bellows of
reservoir 34 of IMD 12, from memory 28. In this example, processor 26, or some other
software or hardware component(s) of IMD 12 may track the time, t, over which fluid is
added to or removed from reservoir 34 via refill port 36. As fluid is being added to or

removed from reservoir 34 via refill port 36, processor 26 may retrieve the value of Ky
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and receive signals from reservoir pressure sensor 42 and gas chamber pressure sensor
43. Processor 26 may determine the change in the measured pressure differential based
on different signals received from reservoir pressure sensor 42 and gas chamber
pressure sensor 43 over a period of time, At, from which the processor may then
estimate the rate at which fluid is added to or removed from reservoir 34, e¢.g. during a
refill operation according to equation (13).

Processor 26 of IMD 12 may also be configured to control a number of
indicators related to the fluid in reservoir 34 of IMD 12. For example, processor 26 may
be configured to control a volume gauge to indicate to patient 16 or another user the
volume of therapeutic fluid in reservoir 34 as the IMD delivers therapy to the patient.
Processor 26 may also be configured to control a volume gauge to indicate to patient 16
and/or another user, ¢.g. a clinician the volume of therapeutic fluid in reservoir 34 as
fluid is added to or removed from the reservoir via refill port 36. In one example,
processor 26 is configured to control an indicator of the rate at which fluid is added to or
removed from reservoir 34 via refill port 36, e.g. during a refill operation performed by
a clinician.

The indicators processor 26 is configured to control related to the therapeutic
fluid in reservoir 34 of IMD 12 may include a variety of forms. For example, a fluid
volume gauge controlled by processor 26 may include presenting information on a
display of programmer 20, which may, e.g., display a text or graphical representation of
the volume of fluid in the reservoir. In another example, processor 26 may include
presenting the fluid volume gauge or other indicator on a separate display or display of
another device, e.g. a laptop, desktop, or server computer, which is communicatively
connected to IMD 12 and configured to display a text or graphical representation of the
volume of fluid in the reservoir.

Processor 26 may also trigger one or more actions based on the about the
therapeutic fluid in reservoir 34 derived from the measured pressure differential between
a pressure measured by reservoir pressure sensor 42 and a pressure measured by
propellant chamber pressure sensor 43 including generation of an empty or full reservoir
alarm or displaying the fill status of reservoir 34 on an external device including, e.g.,
programmer 20 by transmitting reservoir volume and/or fill status information to the

programmer via telemetry module 30. Alarms triggered by processor 26, or another
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component of IMD 12 or another device, e.g. programmer 20, may generally include
audible, tactile, and/or visual alerts. For example, a reservoir empty or full state alarm
may include audible alerts issued by programmer 20 or another external device
associated with therapy system 10. In another example, a reservoir fill status alarm
includes IMD 12 vibrating within the body of patient 16, thereby providing a tactile
alert. In other examples, the alarm includes text or graphical messages delivered to
patient 16 and/or a clinician via text message or e-mail from programmer 20 or another
electronic device communicatively connected to IMD 12 and/or programmer 20, thereby
providing a visual alert.

In one example, processor 26 may also trigger an alarm related to the rate at
which a user, e.g. a clinician is adding fluid to or removing fluid from reservoir 34, e.g.
during a refill operation. Various protocols may be recommended for refill operations
for IMD 12. For example, a maximum refill rate may be recommended for IMD 12 to
reduce the risk that a clinician will overfill reservoir 34, which may result in causing one
or more components of the IMD to malfunction, e.g. pressure locking reservoir 34 and
thereby inhibiting or preventing proper delivery of therapeutic fluid from the reservoir
to patient 16. In such an example, processor 26 may trigger an alarm in the event the
rate at which a clinician adds fluid to reservoir 34 is estimated based on the measured
pressure differential between a pressure measured by reservoir pressure sensor 42 and a
pressure measured by propellant chamber pressure sensor 43 to be greater than or equal
to the maximum recommended refill rate. Processor 26 may simply sound or issue an
alert to the clinician to slow down the refill rate, or may, in one example, indicate to the
clinician, e.g. via a display of programmer 20 the rate at which they are currently filling
and how much they should slow down the refill to come into compliance with the
recommended maximum. In this manner, the clinician may receive closed loop
feedback as to filling state while the clinician is filling reservoir 34.

Referring again to FIG. 2, memory 28 of IMD 12 stores program instructions
and related data that, when executed by processor 26, cause IMD 12 and processor 26 to
perform the functions attributed to them in this disclosure. For example, memory 28 of
IMD 12 may store instructions for execution by processor 26 including, e.g., therapy
programs, programs for monitoring the volume of therapeutic fluid in reservoir 34, and

any other information regarding therapy delivered to patient 16 and/or the operation of
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IMD 12. Memory 28 may include separate memories for storing instructions, patient
information, therapy parameters, therapy adjustment information, program histories, and
other categories of information such as any other data that may benefit from separate
physical memory modules. Therapy adjustment information may include information
relating to timing, frequency, rates and amounts of patient boluses or other permitted
patient modifications to therapy.

At various times during the operation of IMD 12 to treat patient 16,
communication to and from IMD 12 may be necessary to, ¢.g., change therapy
programs, adjust parameters within one or more programs, configure or adjust a
particular bolus, or to otherwise download information to or from IMD 12. Processor
26 controls telemetry module 30 to wirelessly communicate between IMD 12 and other
devices including, e.g. programmer 20. Telemetry module 30 in IMD 12, as well as
telemetry modules in other devices described in this disclosure, such as programmer 20,
can be configured to use RF communication techniques to wirelessly send and receive
information to and from other devices respectively according to, e.g., the 802.11 or
Bluetooth specification sets, infrared (IR) communication according to the IRDA
specification set, or other standard or proprictary telemetry protocols. In addition,
telemetry module 30 may communicate with programmer 20 via proximal inductive
interaction between IMD 12 and the external programmer. Telemetry module 30 may
send information to external programmer 20 on a continuous basis, at periodic intervals,
or upon request from the programmer.

Power source 44 delivers operating power to various components of IMD 12.
Power source 44 may include a small rechargeable or non-rechargeable battery and a
power generation circuit to produce the operating power. In the case of a rechargeable
battery, recharging may be accomplished through proximal inductive interaction
between an external charger and an inductive charging coil within IMD 12. In some
examples, power requirements may be small enough to allow IMD 12 to utilize patient
motion and implement a kinetic energy-scavenging device to trickle charge a
rechargeable battery. In other examples, traditional batteries may be used for a limited
period of time. As another alternative, an external inductive power supply could

transcutancously power IMD 12 as needed or desired.
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FIG. 4 is a functional block diagram illustrating an example of various
components of external programmer 20 for IMD 12. As shown in FIG. 4, external
programmer 20 may include user interface 82, processor 84, memory 86, telemetry
module 88, and power source 90. A clinician or patient 16 interacts with user interface
82 in order to manually change the parameters of a therapy program, change therapy
programs within a group of programs, view therapy information, view historical or
establish new therapy programs, or otherwise communicate with IMD 12 or view or edit
programming information. Processor 84 controls user interface 82, retrieves data from
memory 86 and stores data within memory 86. Processor 84 also controls the
transmission of data through telemetry module 88 to IMD 12. The transmitted data may
include therapy program information specifying various therapeutic fluid delivery
parameters. Memory 86 may store, €.g., operational instructions for processor 84 and
data related to therapy for patient 16.

Programmer 20 may be a hand-held computing device that includes user
interface 82 that can be used to provide input to programmer 20. For example,
programmer 20 may include a display screen that presents information to the user and a
keypad, buttons, a peripheral pointing device, touch screen, voice recognition, or
another input mechanism that allows the user to navigate though the user interface of
programmer 20 and provide input. In other examples, rather than being a handheld
computing device or a dedicated computing device, programmer 20 may be a larger
workstation or a separate application within another multi-function device.

User interface 82 may generally include a display screen or other output
mechanisms and buttons or other input mechanisms that allow a user to receive
information from and provide input to external programmer 20, respectively. In one
example, user interface includes one or more of a touch pad, increase and decrease
buttons, an emergency shut off button, and other buttons needed to control the therapy
delivered to patient 16 by IMD 12. In another example, user interface 82 may
additionally or only utilize a touch screen display including, e.g., a liquid crystal display
(LCD), dot matrix display, organic light-emitting diode (OLED) display, touch screen,
or any other device capable of delivering and/or accepting information. For visible
indications of therapy program parameters or operational status, a display screen may

suffice. For audible and/or tactile indications of therapy program parameters or
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operational status, programmer 20 may further include one or more audio speakers,
voice synthesizer chips, piezoelectric buzzers, or the like.

User interface 82 may be configured to present therapy program information to
the user as graphical bar graphs or charts, numerical spread sheets, or in any other
manner in which information may be displayed. Further, user interface 82 may present
nominal or suggested therapy parameters that the user may accept via user interface §2.
User interface 82 also provides input mechanisms to enable the user to program IMD 12
in accordance with one or more therapy programs or otherwise provide data to IMD 12
necessary for delivering therapy to patient 16.

When programmer 20 is configured for use by a clinician, user interface 82 may
be used to transmit initial programming information to IMD 12 including hardware
information for system 10, e.g. the type of catheter 18, the position of catheter 18 within
patient 16, a baseline orientation of at least a portion of IMD 12 relative to a reference
point, and software information related to therapy delivery and operation of IMD 12,
e.g. therapy parameters of therapy programs stored within IMD 12 or within
programmer 20, the type and amount, e.g., by volume of therapeutic fluid(s) delivered
by IMD 12 and any other information the clinician desires to program into IMD 12.
The clinician may use programmer 20 during a programming session to define one or
more therapy programs by which IMD 12 delivers therapy to patient 16, in which case
patient 16 may provide feedback to the clinician during the programming session as to
efficacy of a program being evaluated or desired modifications to the program.
Programmer 20 may assist the clinician in the creation/identification of therapy
programs by providing a methodical system of identifying potentially beneficial therapy
parameters.

Programmer 20 may also be configured for use by patient 16. When configured
as a patient programmer, programmer 20 may have limited functionality in order to
prevent patient 16 from altering critical functions or applications that may be
detrimental to patient 16. In this manner, programmer 20 may only allow patient 16 to
adjust certain therapy parameters or set an available range for a particular therapy
parameter. In some cases, a patient programmer may permit the patient to control IMD
12 to deliver a supplemental, patient bolus, if permitted by the applicable therapy

program administered by the IMD, e.g., if delivery of a patient bolus would not violate a
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lockout interval or maximum dosage limit. Programmer 20 may also provide an
indication to patient 16 when therapy is being delivered or when IMD 12 needs to be
refilled or when the power source within programmer 20 or IMD 12 need to be replaced
or recharged.

In the example of FIG. 4, user interface 82 of programmer 20, whether employed
as a patient or clinician programmer, includes volume gauge 92 and rate gauge 93,
which is configured to respectively indicate the volume of therapeutic fluid in reservoir
34 of IMD 12 and, under certain circumstances, the rate at which a fluid is added to or
removed from the reservoir. Whether controlled by processor 26 of IMD 12, as
described above, or processor 84 of programmer 20, volume gauge 92 is configured to
display via user interface 82 the volume of therapeutic fluid in reservoir 34 that is
determined based on the measured pressure differential between a pressure measured by
reservoir pressure sensor 42 and a pressure measured by propellant chamber pressure
sensor 43. Volume gauge 92 may include any combination of text or graphical
representations of the volume of fluid in reservoir 34. For example, volume gauge 92
may include an iconic representation of the volume of therapeutic fluid in reservoir 34
including a series of bars that are colored, filled in, highlighted, increase and decrease in
size, or otherwise vary based on the volume fluid in the reservoir. In another example,
volume gauge 92 includes a graphical representation of the circular face of a mechanical
gauge with numerical or other indications of the level of fluid in reservoir 34. In
another example, volume gauge 92 includes a numerical or textual indication of the
amount of fluid in reservoir 34.

Processor 84 of programmer 20 may be employed, in conjunction with or in lieu
of processor 26 of IMD 12, to estimate the volume of therapeutic fluid in reservoir 34
based on the measured pressure differential between a pressure measured by reservoir
pressure sensor 42 and a pressure measured by propellant chamber pressure sensor 43 in
a manner substantially similar to that described above with reference to processor 26 of
IMD 12. For example, IMD12 may transmit measurements of the pressure of reservoir
34 and propellant gas chamber 50 measured by reservoir pressure sensor 42 and gas
chamber pressure sensor 43, respectively, to programmer 20 via telemetry modules 30
and 82 of IMD 12 and programmer 20, respectively. Processor 84 may then employ the

measured pressures of reservoir 34 and propellant gas chamber 50 to estimate the
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volume of therapeutic fluid in the reservoir and/or the rate at which fluid is added to or
removed from the reservoir, e.g. during a refill operation. Additionally, processor 26 of
IMD 12 may collect and store pressure measurements made by reservoir pressure sensor
42 and gas chamber pressure sensor 43 in memory 28. An external instrument, e.g. a
patient programmer may automatically pull the pressure measurements from memory 28
via telemetry modules 30 and 82 on a regular basis. In one example, processor 86 may
store pressure measurements made by reservoir pressure sensor 42 and gas chamber
pressure sensor 43 in memory 86 and may employ the measured pressures to estimate
the volume of therapeutic fluid in reservoir 34 of IMD 12 and/or the rate at which a
therapeutic fluid is added to or removed from the reservoir.

Additionally, processor 84 of programmer 20 may be employed, in conjunction
with or in lieu of processor 26 of IMD 12, to estimate the volume of therapeutic fluid in
reservoir 34 and to control fluid volume gauge 92 of user interface 82 to indicate the
estimated volume of fluid in reservoir 34. In some examples, processor 26 of IMD 12
estimates the volume of therapeutic fluid in reservoir 34 and transmits the estimated
volume via telemetry module 30 to programmer 20. Processor 84 of programmer 20
may store the volume in memory 86. In other examples, however, processor 84 may
query IMD 12 via telemetry module 88 to retrieve pressure measurements of reservoir
34 and propellant gas chamber 50 made by reservoir pressure sensor 42 and gas
chamber pressure sensor 43, respectively, then estimate the volume of therapeutic fluid
in the reservoir based the pressure differential between the two measured pressures. In
either case, processor 84 of programmer 20 may store the estimated volume in memory
86. In one example, as described above, volume gauge 92 is displayed on user interface
82 of programmer 20 in the form of a text or graphical representation of the volume of
fluid in the reservoir. In another example, however, a fluid volume gauge may be a
separate display or display of another device, e.g. a laptop, desktop, or server computer,
which is communicatively connected to programmer 20 and configured to display a text
or graphical representation of the volume of fluid in reservoir 34 of IMD 12.

In one example, processor 84 of programmer 20 may also be employed, in
conjunction with or in lieu of processor 26 of IMD 12, in a similar manner to that
described with reference to volume estimations, to estimate the rate at which a

therapeutic fluid is added to or removed from reservoir 34 and to control rate gauge 93
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of user interface 82 to indicate the estimated rate at which the fluid is added to or
removed from the reservoir.

Telemetry module 88 allows the transfer of data to and from programmer 20 and
IMD 12, as well as other devices, ¢.g. according to the RF communication techniques
described above with reference to FIG. 2. Telemetry module 88 may communicate
automatically with IMD 12 at a scheduled time or when the telemetry module detects
the proximity of IMD 12. Alternatively, telemetry module 88 may communicate with
IMD 12 when signaled by a user through user interface 82. To support RF
communication, telemetry module 88 may include appropriate electronic components,
such as amplifiers, filters, mixers, encoders, decoders, and the like. Programmer 20 may
also communicate with another programmer or computing device via a wired or wireless
connection using any of a variety of communication techniques, and/or via exchange of
removable media, including, e.g., magnetic or optical disks, or memory cards or sticks
including, e.g., non-volatile memory. Further, programmer 20 may communicate with
IMD 12 or another device via, e.g., a local area network (LAN), wide area network
(WAN), public switched telephone network (PSTN), or cellular telephone network, or
any other terrestrial or satellite network appropriate for use with programmer 20 and
IMD 12.

Power source 90 may be a rechargeable battery, such as a lithium ion or nickel
metal hydride battery. Other rechargeable or conventional primary cell batteries may
also be used. In some cases, external programmer 20 may be used when coupled to an
alternating current (AC) outlet, i.c., AC line power, either directly or via an AC/DC
adapter.

In some examples, external programmer 20 may be configured to recharge IMD
12 in addition to programming IMD 12. Alternatively, a recharging device may be
capable of communication with IMD 12. Then, the recharging device may be able to
transfer programming information, data, or any other information described herein to
IMD 12. In this manner, the recharging device may be able to act as an intermediary
communication device between external programmer 20 and IMD 12.

FIG. 5 is a flow diagram illustrating an example method, which may be
employed, e¢.g., to estimate the volume of therapeutic fluid in a reservoir of an IMD.

The example method of FIG. 5 includes measuring a pressure within a reservoir of an
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implantable fluid delivery device (100), measuring a pressure within a propellant gas
chamber of the fluid delivery device (102), and estimating a volume of a therapeutic
fluid within the reservoir based on a pressure differential between the measured pressure
within the reservoir and the measured pressure within the propellant gas chamber (104).

The example method of FIG. 5 is described in greater detail below with reference
to IMD 12 of FIGS. 1 — 3. However, methods in accordance with the techniques
described in this disclosure may be equally applicable to other medical devices
including, e.g., a fluid delivery device including multiple reservoirs and multiple
pressure sensors. Additionally, although the functions associated with the method of
FIG. 5 are generally described as executed by processor 26 of IMD 12 and supported by
data stored in or retrieved from memory 28, in other examples, a processor and a
memory of a different device, e.g. processor 84 and memory 86 of programmer 20, may
be employed instead of or in conjunction with processor 26 and memory 28 to execute
one or more of the described functions.

The method of FIG. 5 includes measuring a pressure within a reservoir of an
implantable fluid delivery device (100). As explained above with reference to FIGS. 2
and 3, reservoir pressure sensor 42 may be arranged, generally speaking, to measure the
pressure in reservoir 34 of IMD 12. There are a number of conditions under which IMD
12, and, in one example, processor 26 may be called on to estimate the volume of
therapeutic fluid in reservoir 34 and such conditions may affect the pressure
measurement executed by reservoir pressure sensor 42. In one example, processor 26
may estimate the volume of fluid in reservoir 34 as fluid delivery pump 32 delivers the
fluid to patient 16 and when fluid is not being added to or removed from the reservoir,
in which case the pressure measurement by reservoir pressure sensor 42 is unaffected by
a rate at which the fluid is added or removed. In another example, processor 26 may
estimate the volume of fluid in reservoir 34 as a user, ¢.g. a clinician adds fluid to or
removes fluid from the reservoir, e.g. via refill port 36, in which case the pressure
measured by pressure sensor 42 may be a function of the rate at which the therapeutic
fluid is added or removed.

In addition to measuring a pressure within a reservoir of an implantable fluid
delivery device (100), the method of FIG. 5 includes measuring a pressure within a

propellant gas chamber of the fluid delivery device (102). In one example of the
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arrangement illustrated in FIG. 3, propellant chamber pressure sensor 43 may measure
the pressure within gas propellant chamber 50 directly such that the pressure sensor
reading corresponds directly to the pressure in the chamber. In other words, in one
example, the pressure measured by propellant chamber pressure sensor 43, Py, is
approximately equal to the actual pressure within gas chamber 50, Pg.

The method of FIG. 5 also includes estimating a volume of a therapeutic fluid
within the reservoir of an IMD based on a pressure differential between the measured
pressure within the reservoir and the measured pressure within the propellant gas
chamber (104). In one example, processor 26 estimates the volume of fluid in reservoir
34 of IMD 12 based on a measured pressure differential between a pressure measured
by reservoir pressure sensor 42 and a pressure measured by propellant chamber pressure
sensor 43. The manner in which processor 26 of IMD 12 estimates the volume of fluid
in reservoir 34 may be affected by, among other factors, whether or not fluid is being
added to or removed from the reservoir, e.g. during a refill operation.

In one example, processor 26 may estimate the volume of fluid in reservoir 34 as
fluid delivery pump 32 delivers the fluid to patient 16 and when fluid is not being added
to or removed from the reservoir. In one such an example, processor 26 may calculate
the volume of therapeutic fluid in reservoir 34 based on the measured pressure
differential between the pressure within reservoir 34 and the pressure within propellant
gas chamber 50, as well as characteristics of IMD 12 including a baseline volume of
fluid in the reservoir. In one example, processor 26 may calculate the volume of
therapeutic fluid in reservoir 34 according to equation (10) explained above and which

is reproduced here for convenience.

(10) V= ?{1? +V,
In the foregoing equation (10), the baseline volume, V, represents the volume of
fluid in reservoir 34 when the bellows of the reservoir is in a substantially unloaded
equilibrium state. The volume of fluid in reservoir 34 when the bellows is in this
equilibrium unloaded state is V,, which is a characteristic of the reservoir that may, e.g.,
be stored in memory 28 of IMD 12 and retrieved therefrom by processor 26 to estimate
the volume of fluid in the reservoir. Additionally, the pressure sensitivity to volume

constant, Ky, in equation (10) is a characteristic of reservoir 34 of IMD 12, which
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behaves like a spring. For example, reservoir 34 may be formed as a resilient bellows,
the spring constant or characteristic, Ky, of which represents the amount of incremental
change in pressure in the reservoir per incremental change in volume of fluid in the
reservoir. In one example, the pressure sensitivity to volume constant, K, for reservoir
34 of IMD 12 may be stored in memory 28 and retrieved by processor 26 from the
memory to calculate the volume of therapeutic fluid in the reservoir.

In another example of estimating a volume of a therapeutic fluid within the
reservoir of an IMD based on a pressure differential between the measured pressure
within the reservoir and the measured pressure within the propellant gas chamber (104),
processor 26 may estimate the volume as a user, e.g. a clinician, adds fluid to or
removes fluid from reservoir 34, e.g. via refill port 36 during a refill operation. In such
cases, processor 26 may need to estimate the rate at which the fluid is added to or
removed from reservoir 34 in order to estimate the volume of fluid in the reservoir.
Additionally, processor 26 may need a baseline volume of therapeutic fluid in reservoir
34, e.g. a starting volume of fluid in the reservoir when the fluid is first added or
removed.

In one example, the rate, r, at which fluid is added to or removed from reservoir
34 may be estimated by processor 26 taking the first derivative of equation (8) with
respect to time as shown in the equation (11) explained above and reproduced here for
convenience.

ay AV 1 (MAR)) A(K V| R (A
At K\ At At K, K, \ At

By assuming that the fluid is added to or removed from reservoir 34 at a constant
rate, 1, the first term in equation (11) goes to zero, because the first derivative of the rate,
Ar/At, at which fluid is added to or removed from the reservoir with respect to time is
zero. Additionally, the first derivative of the constant V,, corresponding to the volume of
fluid in reservoir 34 when the bellows is in an equilibrium state is also equal to zero. In
such an example, therefore, the rate of change of the measured pressure differential with
respect to time, A(APg)/At, is proportional to the rate of change of the volume of fluid in
reservoir 34. The rate of change of the volume of fluid in reservoir 34 with respect to
time, AV/At, is the rate, r, at which the fluid is added to or removed from the reservoir.

As such, processor 26 may estimate, ¢.g. during a refill operation, the rate, r, at which
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the fluid is added to or removed from reservoir 34 based on the measured pressure
differential and the pressure sensitivity to volume constant for IMD 12 according to the
following equation.
(13) 1= KL K%‘f)j

Additionally, processor 26 may also estimate the change in volume, AV/At, of
fluid in reservoir 34 as fluid is added to or removed from the reservoir by multiplying
equation (13) by the amount of time, At, over which fluid is added or removed. In such
an example, processor 26 may estimate the absolute volume of fluid in reservoir 34
(104) in accordance with the example method of FIG. 5 by adding the change in volume
of fluid in the reservoir to a starting volume, Vg, €.g. the volume of fluid in the
reservoir when the refill operation started. As such, processor 26 may estimate the
volume of fluid in reservoir 34 as a function of the measured pressure differential (104)
according to equation 16 explained above and reproduced here for convenience.

_AGR)

Start

(16) Vv

”

In some examples, the method of FIG. 5 may include additional functions,
including displaying one or more indications of the estimated volume and/or the rate at
which a fluid is added to or removed from reservoir 34 and generating an alert based on
the estimated volume of the therapeutic fluid within the reservoir. For example,
processor 26 may cause the volume of fluid in reservoir 34 or the fill state as empty,
filling, or full, to be displayed by an external display device, e.g. user interface 82 of
programmer 20. Additionally, processor 26 may cause the rate at which a fluid is added
to or removed from reservoir 34, e.g. during a refill operation to be displayed by an
external display device, e.g. user interface 82 of programmer 20.

In one example, processor 26 of IMD 12 or processor 84 of programmer 20 may
control volume gauge 92 and rate gauge 93 of user interface 82 of programmer 20 to
indicate the volume of therapeutic fluid in reservoir 34 of IMD 12 and, under certain
circumstances, the rate at which a fluid is added to or removed from the reservoir,
respectively. Volume gauge 92 and/or rate gauge 93 may include any combination of
text or graphical representations of the volume of fluid in reservoir 34. For example,

volume gauge 92 may include an iconic representation of the volume of therapeutic
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fluid in reservoir 34 including a series of bars that are colored, filled in, highlighted,
increase and decrease in size, or otherwise vary based on the volume fluid in the
reservoir. In another example, volume gauge 92 includes a graphical representation of
the circular face of a mechanical gauge with numerical or other indications of the level
of fluid in reservoir 34. In another example, volume gauge 92 includes a numerical or
textual indication of the amount of fluid in reservoir 34. Example graphical displays of
the fill status of a reservoir of an IMD similar to the reservoir 34 of IMD 12 described in
this disclosure are provided in related U.S. Patent Application Serial No. 12/619,145,
entitled “PRESSURE BASED REFILL STATUS MONITOR FOR IMPLANTABLE
PUMPS,” filed November 16, 2009.

In some examples, the example method of FIG. 5 may include generating an
alert based on the estimated volume of the therapeutic fluid within the reservoir. For
example, processor 26, or another component of IMD 12 or another device, e.g.
programmer 20, may trigger an alarm related to the estimated volume of fluid in
reservoir 34 of IMD 12, including e.g. audible, tactile, and/or visual alerts. In one
example, a reservoir empty or full state alarm may include audible alerts issued by
programmer 20 or another external device associated with therapy system 10. In
another example, a reservoir fill status alarm includes IMD 12 vibrating within the body
of patient 16, thereby providing a tactile alert. In other examples, the alarm includes
text or graphical messages delivered to patient 16 and/or a clinician via text message or
e-mail from programmer 20 or another electronic device communicatively connected to
IMD 12 and/or programmer 20, thereby providing a visual alert. In one example,
processor 26 may also trigger an alarm related to the rate at which a user, e.g. a clinician
is adding fluid to or removing fluid from reservoir 34. For example, processor 26 may
trigger an alarm in the event the rate at which a clinician adds fluid to reservoir 34 is
estimated based on the measured pressure differential between a pressure measured by
reservoir pressure sensor 42 and a pressure measured by propellant chamber pressure
sensor 43 to be greater than or equal to a maximum recommended refill rate.

The techniques described in this disclosure may be implemented, at least in part,
in hardware, software, firmware or any combination thereof. For example, various
aspects of the described techniques may be implemented within one or more processors,

including one or more microprocessors, digital signal processors (DSPs), application
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specific integrated circuits (ASICs), field programmable gate arrays (FPGAS), or any
other equivalent integrated or discrete logic circuitry, as well as any combinations of
such components. The term “processor” or “processing circuitry”” may generally refer to
any of the foregoing logic circuitry, alone or in combination with other logic circuitry, or
any other equivalent circuitry. A control unit comprising hardware may also perform
one or more of the techniques of this disclosure.

Such hardware, software, and firmware may be implemented within the same
device or within separate devices to support the various operations and functions
described in this disclosure. In addition, any of the described units, modules or
components may be implemented together or separately as discrete but interoperable
logic devices. Depiction of different features as modules or units is intended to
highlight different functional aspects and does not necessarily imply that such modules
or units must be realized by separate hardware or software components. Rather,
functionality associated with one or more modules or units may be performed by
separate hardware or software components, or integrated within common or separate
hardware or software components.

The techniques described in this disclosure may also be embodied or encoded in
a computer-readable medium, such as a computer-readable storage medium, containing
instructions. Instructions embedded or encoded in a computer-readable medium may
cause a programmable processor, or other processor, to perform the method, e.g., when
the instructions are executed. Computer readable storage media may include random
access memory (RAM), read only memory (ROM), programmable read only memory
(PROM), erasable programmable read only memory (EPROM), electronically erasable
programmable read only memory (EEPROM), flash memory, a hard disk, a CD-ROM, a
floppy disk, a cassette, magnetic media, optical media, or other computer readable
media.

Various examples have been described. These and other examples are within the

scope of the following claims.
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CLAIMS:

1. A method comprising:
measuring a pressure within a therapeutic fluid reservoir of an
implantable fluid delivery device with a first pressure sensor;
measuring a pressure within a chamber of the fluid delivery device at
least partially surrounding the reservoir with a second pressure sensor; and
estimating a volume of a therapeutic fluid within the reservoir based on a
pressure differential between the measured pressure within the reservoir and the

measured pressure within the chamber.

2. The method of claim 1, wherein the chamber comprises a propellant gas
chamber configured to store a propellant gas configured to regulate the pressure within

the reservoir.

3. The method of claim 1, wherein estimating the volume of the therapeutic fluid
within the reservoir comprises estimating the volume of the therapeutic fluid within the
reservoir based on the pressure differential, a baseline volume of therapeutic fluid in the

reservoir, and a pressure sensitivity to volume changes constant for the reservoir.

4. The method of claim 3, wherein the baseline volume of therapeutic fluid in the
reservoir comprises a volume of therapeutic fluid in the reservoir when the reservoir is

in a substantially unloaded equilibrium state.
5. The method of claim 3, further comprising retrieving at least one of the baseline

volume of therapeutic fluid in the reservoir or the pressure sensitivity to volume changes

constant for the reservoir from a computer-readable storage medium.
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6. The method of claim 3, wherein estimating the volume of the therapeutic fluid
within the reservoir comprises:

dividing the pressure differential by the pressure sensitivity to volume changes
constant for the reservoir; and

adding the baseline volume to the pressure differential divided by the pressure

sensitivity to volume changes constant.

7. The method of claim 1, wherein estimating the volume of the therapeutic fluid
within the reservoir comprises estimating a rate at which the therapeutic fluid is added
to or removed from the reservoir based on the measured pressure within the reservoir

and the measured pressure within the chamber.

8. The method of claim 7, wherein estimating the rate at which the therapeutic fluid
is added to or removed from the reservoir comprises estimating the rate based on a rate
of change of the pressure differential over time and a pressure sensitivity to volume

changes constant for the reservoir.

9. The method of claim 7, wherein estimating the volume of the therapeutic fluid
within the reservoir comprises estimating the volume based on the estimated rate at
which the therapeutic fluid is added to or removed from the reservoir and a baseline

volume of therapeutic fluid in the reservoir.

10.  The method of claim 9, wherein the baseline volume comprises a starting
volume of therapeutic fluid in the reservoir when the therapeutic fluid is first added to or

removed from the reservoir.

11.  The method of claim 10, wherein estimating the volume of the therapeutic fluid
within the reservoir comprises:

multiplying the estimated rate at which the therapeutic fluid is added to or
removed from the reservoir by a time over which the therapeutic fluid is added to or
removed from the reservoir; and

adding the starting volume to the estimated rate multiplied by the time.
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12. The method of claim 1, further comprising generating an alert based on the

estimated volume of the therapeutic fluid within the reservoir.

13.  The method of claim 12, wherein the alert comprises at least one of a reservoir

empty state, a reservoir full state, or a maximum fill rate exceeded alarm.

14.  The method of claim 12, wherein the alert comprises at least one of an audible,

visual, or tactile alert.

15.  The method of claim 1, further comprising displaying an indication of the

estimated volume of the therapeutic fluid within the reservoir.

16.  The method of claim 15, wherein displaying the indication of the estimated
volume comprises displaying a volume gauge on a computing device communicatively

connected to the fluid delivery device.

17. A fluid delivery system comprising:

an implantable fluid delivery device comprising:

a reservoir configured to store a therapeutic fluid;

a chamber at least partially surrounding the reservoir;

a first pressure sensor configured to sense a pressure within the reservoir;
and

a second pressure sensor configured to sense a pressure within the
chamber; and

a processor configured to receive the sensed measurements of the
pressure within the reservoir from the first pressure sensor, receive the sensed
measurements of the pressure within the chamber from the second pressure
sensor, and estimate a volume of a therapeutic fluid within the reservoir based on
a pressure differential between the measured pressure within the reservoir and

the measured pressure within the chamber.
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18.  The system of claim 17, wherein the chamber comprises a propellant gas
chamber configured to store a propellant gas configured to regulate the pressure within

the reservoir.

19.  The system of claim 17, wherein the implantable fluid delivery device comprises

the processor.

20.  The system of claim 17, further comprising an external programmer comprising

the processor.

21.  The system of claim 17, wherein estimating the volume of the therapeutic fluid
within the reservoir comprises estimating the volume of the therapeutic fluid within the
reservoir based on the pressure differential, a baseline volume of therapeutic fluid in the

reservoir, and a pressure sensitivity to volume changes constant for the reservoir.

22.  The system of claim 21, wherein estimating the volume of the therapeutic fluid
within the reservoir comprises:

dividing the pressure differential by the pressure sensitivity to volume changes
constant for the reservoir; and

adding the baseline volume to the pressure differential divided by the pressure

sensitivity to volume changes constant.

23.  The system of claim 17, wherein estimating the volume of the therapeutic fluid
within the reservoir comprises estimating a rate at which the therapeutic fluid is added
to or removed from the reservoir based on the measured pressure within the reservoir

and the measured pressure within the chamber.

24.  The system of claim 23, wherein estimating the rate at which the therapeutic
fluid is added to or removed from the reservoir comprises estimating the rate based on a
rate of change of the pressure differential over time and a pressure sensitivity to volume

changes constant for the reservoir.
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25.  The system of claim 23, wherein estimating the volume of the therapeutic fluid
within the reservoir comprises estimating the volume based on the estimated rate at
which the therapeutic fluid is added to or removed from the reservoir and a baseline

volume of therapeutic fluid in the reservoir.

26.  The system of claim 25, wherein estimating the volume of the therapeutic fluid
within the reservoir comprises:

multiplying the estimated rate at which the therapeutic fluid is added to or
removed from the reservoir by a time over which the therapeutic fluid is added to or
removed from the reservoir; and

adding the baseline volume to the estimated rate multiplied by the time.

27.  The system of claim 17, further comprising generating an alert based on the

estimated volume of the therapeutic fluid within the reservoir.

28.  The method of claim 17, further comprising displaying an indication of the

estimated volume of the therapeutic fluid within the reservoir.

29. A method comprising:

A computer-readable storage medium comprising instructions for causing a
programmable processor to:

measure a pressure within a therapeutic fluid reservoir of an implantable fluid
delivery device with a first pressure sensor;

measure a pressure within a chamber of the fluid delivery device at least partially
surrounding the reservoir with a second pressure sensor; and

estimate a volume of a therapeutic fluid within the reservoir based on a pressure
differential between the measured pressure within the reservoir and the measured

pressure within the chamber.

30.  The computer-readable storage medium of claim 29, wherein estimating the
volume of the therapeutic fluid within the reservoir comprises estimating the volume of

the therapeutic fluid within the reservoir based on the pressure differential, a baseline
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volume of therapeutic fluid in the reservoir, and a pressure sensitivity to volume

changes constant for the reservoir.

31.  The computer-readable storage medium of claim 29, wherein estimating the
volume of the therapeutic fluid within the reservoir comprises estimating a rate at which
the therapeutic fluid is added to or removed from the reservoir based on the measured

pressure within the reservoir and the measured pressure within the chamber.

32.  The computer-readable storage medium of claim 29, further comprising
instructions for causing a programmable processor to generate an alert based on the

estimated volume of the therapeutic fluid within the reservoir.

33.  The computer-readable storage medium of claim 29, further comprising
instructions for causing a programmable processor to display an indication of the

estimated volume of the therapeutic fluid within the reservoir.

34. A system comprising:

a first means for measuring a pressure within a therapeutic fluid reservoir of an
implantable fluid delivery device;

a second means for measuring a pressure within a chamber of the fluid delivery
device at least partially surrounding the reservoir; and

means for estimating a volume of a therapeutic fluid within the reservoir based
on a pressure differential between the measured pressure within the reservoir and the

measured pressure within the chamber.

40



WO 2012/141776 PCT/US2012/023213

1/5

PROGRAMMER
20

FIG. 1



PCT/US2012/023213

WO 2012/141776

2/5

¢ Old

27
30MNOS
¥3IMOd
k43
. i diNnd - =
AMAANEQ |
gL~ ov -] ¥ ain4 yossaooud [ Avowaw
8E oo _/
o=
HIOAY3STY = = -
YOSN3S YOSN3S 11NGON
34NSSINd 34NSSINd AMLTNITEL
5 INVT13doNd | | ¥ioAy3say
180d
.
143y z1 —




PCT/US2012/023213

WO 2012/141776

3/5

€ Old

Lol e

NS

A

95—




WO 2012/141776

PCT/US2012/023213

4/5

USER INTERFACE
82

VOLUME GAUGE RATE GAUGE
2 93

|

PROCESSOR MEMORY
84 86
TELEMETRY
ODULE POWER SOURGCE
88 20

FIG. 4



WO 2012/141776 PCT/US2012/023213

5/5

1
MEASURE PRESSURE OF - 00
RESERVOIR

l

MEASURE PRESSURE OF  |—102
PROPELLANT GAS CHAMBER

|

/1 04
ESTIMATE VOLUME OF FLUID IN
RESERVOIR

FIG. 5



INTERNATIONAL SEARCH REPORT

International application No

PCT/US2012/023213

A. CLASSIFICATION OF SUBJECT MATTER

INV. A61IM5/142
ADD.

According to International Patent Classification (IPC) or to both national classification and IPG

B. FIELDS SEARCHED

A61IM

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal, WPI Data

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category*

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

20 May 2010 (2010-05-20)
cited in the application
figures 1,2

paragraph [0036]

21 August 2003 (2003-08-21)
figure 1

page 5, lines 10-15

page 10, lines 9-11

page 13, lines 6-8

A US 2010/125246 ALl (KALPIN SCOTT L [US])

A WO 03/068049 A2 (KUCHTA JOHN [US];
SANFORD [US]; SLUETZ JAMES E [US])

1-34

REICH 1-34

Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"Q" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

9 July 2012

Date of mailing of the international search report

17706772012

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswik

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Herz, Markus

Form PCT/ISA/210 (second sheet) (April 2005)




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2012/023213

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

9 April 1991 (1991-04-09)
figure 2

Category* | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
A WO 00/72900 Al (MINIMED INC [US]) 1-34

7 December 2000 (2000-12-07)

figure la

page 3, lines 8-10

page 12, lines 6-9
A US 5 006 997 A (REICH SANFORD [US]) 1-34

Form PCT/ISA/210 (continuation of second sheet) (April 2005)




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/US2012/023213
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 2010125246 Al 20-05-2010  EP 2381977 Al 02-11-2011
US 2010125246 Al 20-05-2010
WO 2010059588 Al 27-05-2010
WO 03068049 A2 21-08-2003 AU 2003215164 Al 04-09-2003
US 2005038371 Al 17-02-2005
WO 03068049 A2 21-08-2003
WO 0072900 Al 07-12-2000 AU 5444900 A 18-12-2000
CA 2372965 Al 07-12-2000
EP 1181067 Al 27-02-2002
JP 2003500300 A 07-01-2003
US 6458102 Bl 01-10-2002
WO 0072900 Al 07-12-2000
US 5006997 A 09-04-1991  NONE

Form PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - claims
	Page 37 - claims
	Page 38 - claims
	Page 39 - claims
	Page 40 - claims
	Page 41 - claims
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - drawings
	Page 45 - drawings
	Page 46 - drawings
	Page 47 - wo-search-report
	Page 48 - wo-search-report
	Page 49 - wo-search-report

