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(57) Abstract: Systems and methods for determining the position of a fluid

FIG. 5A

within a fluid source and infusion line coupled to an infusion flow control
device are described herein. An exemplary system and method includes sam-
pling fluid pressure upstream of an infusion pump, and calculating fluid pres-
sure slope profiles. By sampling fluid pressure upstream of an infusion pump
at discrete intervals and monitoring fluid pressure slope profiles, conditions
of tluid flow, including unintentional fluid flow through an intusion line or a
defective check valve in an infusion line, are detected, and tluid flow through
an infusion pump is controlled.
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SYSTEMS AND METHODS FOR CONTROLLING AN INFUSION PUMP

BACKGROUND

{0601} Infusion of therapeutic fluids to treat paticnts is commonly used in hospitals and
other medical care settings. Some infusions are carried out by hanging a bag or contamer of a
fluid source on a pole above the patient so that fluid flows under the force of gravity through a
length of tubing and into the vessel of a patient, and can be regulated by a user-controliable flow
restrictor.  In other instances, the flow of fluid into the patient is under the control of a
progranmmed infusion pump located in the flud pathway. The nfusion pump is located in the
thiid pathway such that a portion the container and infusion line i positioned above, or

upstream, of the infusion pump.

10002} Infusion pumps are ‘displacement reguolation” devices which permit precise control
of the flow of a supply fluid, such as a medication, into the patient. For example, using an
infusion pump, relatively precise amounts of fluid are mfused at one or more specified flow rate.
Moreover, the infusion pump may be programmed to change the rate of fluid flow during the
infusion. This capability is usefid where a primary fluid source, containing a first supply fhud,
and a secondary fluid source, containing a second supply fluid, is coupled to the infusion pump.
The mfusion pump may be programmed to direct fluid to the patient at an initial rate when the
second fluid is flowing to the pump, and then alter operation to direct fluid to the patient at a
different rate when the second fluid is nearly empty and the first fluid begins to flow toward the
pump.
SUMMARY

{0003} By determining fluid pressure slope profiles of a supply fluid directed by an
infusion pump, the position of a fliid within a flmd source and an infusion line can be
determined to automate the control of fluid flow throogh the infusion pump and to detect
conditions of the fluid flow. Conditions of the fluid flow can include, unintentional flad flow or

a defective valve in an infusion line.

16004} The present disclosure generally relates 1o systems and methods for determining the
position of a fluid, and ratc of change of the flutd position, within a fluid source and mfusion line
coupled 1o an mfusion flow control device. More specifically, the present mvention relates to
systems and methods for determining supply fluid pressure slope profiles to detect conditions of
the fluid flow, including unistentional fluid flow through an infusion line or a defective valve in

an infusion hne, and to automate the control of flud flow through an mfusion pump. Using
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supply fluid pressure slope profiles, the system may provide a local or remote audible and/or
visual alert to a caregiver administering or monitoring the infusion and may initiate changes to
the flow of fluid. For example, the system may change to an alternate flow rate, stop infusion, or

provide a controlled flush to ensure timely delivery of a fluid contained in the infusion line.

{6005} Under certain circumstances, a malfunction causes a fluid to be directed from a
fluid souwrce at an unintended flow rate. For e¢xample, an infusion pump may experience a
malfunction preventing control of the fluid flow rate, debris may be located within the tubing, or
the tubmg may have a leak. Under such circumstances, the fluid may be directed out of the fluid
source and mfusion hine by the force of gravity. In some instances, the fluid is infused into the
patient or directed into the cnvironment. If a carcgiver or other person is not monitoring the
mfusion process, the umimtentional fluid flow may not be detected until the patient i1s harmed or

medication is lost.

{0606} In some instances, a “primary” fluid source and a “secondary” fluid source are
coupled to an infusion line {eg., supply tubing) upstream of an infusion pump. The term
“apstream” may refer to a portion of the infusion system that can include one or more fluid
source, valve, infusion line, or other components that are coupled to a fluid intake of an infusion
pump. The term “downstream” may refer to a portion of the infusion line system that can
include an infusion line or other components extending from a fluid output of an infusion pump
to a patient. To automate the transition of flow from a secondary fluid source to a primary fluid
source when the secondary fluid is completed, a one-way check valve is inserted in the infusion
line. The one-way check valve 1s inserted in the infusion line extending from the primary fluid
source to the mfusion pump primary hine”), and the infusion line coupled to a secondary fluid
source {(“secondary line™) is coupled to a port in the primary line between the check valve and
the infusion pump. To fill, or “prume,” the secondary line, the secondary fluid source container
is lowered below the primary fluid source container. After the secondary line is filled with the
primary fhad, the primary and secondary fluid source containers arc secured so that the primary
fluid source container is below the secondary fluid source container, typically, for example,
about nine inches. The secondary fluid enters the primary line through the port between the
check valve and the infusion pump. Flowd pressure exerted against the check valve by the
secondary fluid prevenis flow of the primary fluid toward the infusion pump. When the
secondary fluid level is reduced 1o a level near the top of the fluid in the primary container, the
pressure against the check valve reduces and the check valve permits the primary fhud to once

again flow into the infusion line below the check valve.
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{6007} Under certain circumstances, a malfunctioning or defective check valve will fail to
obstruct the primary line when a secondary fluid source is coupled to the primary line between
the check valve and the infusion pump. The defective check valve permits secondary fluid to
flow past the check valve into the primary line and primary fluid source container until
equilibrium is reached between the primary and secondary fluid.  In some circumstances, the
defective check valve permits the entirety of the secondary fluid to flow into the primary line and
primary container, resulting in mixture of primary fluid and secondary fluid having an unknown
concentration.  The secondary fluid continues to flow inio the priumary line until equilibrium is
reached when the secondary fluid level is reduced to a level near that of the top of the primary
fluid 1o the primary fluid source container. After equilibrium is reached, simualtancous delivery
of the primary and sccondary fluid, and/or the mixture of primary and secondary fluid to the

infusion pump, can occur.

{3008} Under certain circomstances, where infusion includes a primary flaid source and a
secondary fluid source, the desired rate of sccondary fluid flow is different from the desired rate
of primary fluid flow, Accordingly, a carcgiver must program the mfusion pump with
information that may include the volume of fluid mn the secondary container, the total volume-to-
be-mfused, the rate of secondary fluid flow, or the secondary fluid nfusion time. Afier the
mfusion pump infuses the secondary fluid for the presct volume, rate, or time, the mfusion pump
will change to the rate of primary fliud flow. However, frequent errors due to mncorrect
estimation of container volume or maccurate setting of the secondary volume-to-be-infused
renders this method unreliable, requiring frequent monitoring by a caregiver to ensure that the
intended fluid is being directed at the desired rate, and that complete delivery of the intended

fluid is achieved.

{00091 An aspect of the present disclosure provides, a method of detecting unintentional
thuid flow through an infusion line, the method comprsing: sampling fluid pressure within the
infusion line upstream of the infusion pump; calculating an actual fluid pressure slope profile,
the fluid pressure slope profile being a change in pressure over discrete intervals; comparing the
actual fluid pressure slope profile with an expected fld pressure slope profile; and altering
operation of the infusion pamp 1f the change in pressare of the actual fluid pressure slope profile
varies from a coincident change in pressure of an expected fluid pressure slope profile by a

predetermined threshold.

{0010} In some aspects of the present disclosure, altering operation of the infusion pump

includes activating an alarm. In some implementations, altering operation of the infusion pump

H
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inchides occluding flow through the infusion line. In some implementations, altering operation
of the infusion pump includes moving an infusion pump mechanism engaged against the mfusion

line forward or backward to occhude flow through the infusion line.

{0011} Some embodiments of the present disclosure provide, calculating an actual rate of
fluid pressure change; and altering operation of the infusion pumyp if the actual flud pressure
slope protike is greater than zero. In some embodiments, altering operation of the infusion pump
includes moving an mfusion pump mechanism of the infusion pump engaged against the mnfusion
line forward or backward to occlude flow through the mfusion line. In some implementations,

altering operation of the infusion pump includes occluding How through the infusion line.

{0012} Some implementations of the present disclosure provide, a method of detecting a
defective valve in an infusion line coupled to a first finid source and a second fluid source, the
method comprising: sampling fluid pressure of the first fluid source and the second fluid source
within an infusion line upstream of the infusion pump; calculating an actual fluid pressure slope
profile, the fluid pressure slope profile being a change in pressure over discrete intervals; and
altering operation of the infusion pump if the change in pressure of the actual fluid pressure slope
profile (i) exceeds the change in pressure of an expected first fluid pressure slope profile and
then (1) does not achieve the change in pressure of an expected second fluid pressure slope

profile.

{0013} In some aspects of the present disclosure, altering operation of the infusion pump
includes activating an alarm. In some implementations, altering operation of the infusion pump

includes occhuding flow through the infusion line,

{00141 Some embodiments of the present disclosure provide, detecting a decrease in the
actual fluid pressure slope profile indicating equilibrium between a head height of the first and
second fluid source; and altering operation of the mfusion pump if an actual volume of fluid
directed through the infision line is less than an expected volume of fluid to be directed through
the mfusion line. Some aspects of the present disclosure provides, positioning the second fluid

source at a higher elevation than the first fluud source.,

{0015] Some embodiments of the present disclosure provide, a method for controlling
fluid flow through an infusion pumap from a first flud source and a second fluid source, the
method comprising: sampling fluid pressure of a first fluid source and a second fluid source
within an infusion line upstream of the infusion pump operating at a first fluid flow rate;

calculating a fluid pressure slope profile, the fluid pressure slope profile being a change in
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pressure over discrete intervals; detecting equilibrium between a head height of the first and a
second flnd sources; and maintaining the rate of fhind How until the second flind source is

flushed to the infusion pump.

{0016} Some aspects of the present disclosure provide, detecting a change in pressure
indicating the head height of the second fluid source within a container of the second fluid
source; detecting a change in pressure indicating that the head height of the second fluid source
passes through a drip chamber coupled to the second fluid source; detecting a change in pressure
mdicating the head height of the second fluid source passes within a tubing coupled to the second
fluid source; detecting a change in pressure indicating the head height of the second flud source
is equal to the head height of the first tluid source;, wherein the fluid pressure slope profile
comprises a first, a second, and a third slope profile segment, and equilibrium between the first
and second fluid source head heights is detected when a slope of the third slope profile segment
is less than one-half of a slope of each of the preceding first slope profile segment and the

preceding sccond slope profile segment,

10017] Some implementation of the present disclosure provide, maintaining the rate of
fluid flow until the second fluid source is flushed to the infusion pump comprises an additional
volume predetermined based on known parameters of the infusion set. Some implementation of
the present disclosure provide, maintaining the rate of flnd flow until the second fluid source is

flushed to the infusion pump comprises an additional volume selected by a user.

f3018] Some embodiments of the present disclosure provide, a system for detecting
unintentional fluid flow through an infusion line, the system comprising: an infusion pump
coupled with the infusion ling; a pressure sensor coupled to the infusion line upstream of the
infusion pump, the pressure sensor configured to sample fluid pressure within the infusion line; a
memory adapted to store the fluid pressure values; and a processor in communication with the
pressure sensor and the memory, the processor configured to: calculate an actual fluid pressure
slope profile; compare the actual fluid pressure slope profile with an expected fluid pressure
slope profile; and alter operation of the infusion pump if a change i pressure of the actual fluid
pressure slope profile exceeds, by a predeternined threshold, a comncident change in pressure of
an expected fluid pressure slope profile.

{06019} Some embodiments of the present disclosure provide an alarm, wherem altermg
operation of the infusion pump mclodes activating the alarm. Some mmplementations provide an
mfusion pump mechanism configured to engage against the imfusion line to obstruct flow

through the infusion line. In certain instances of the present disclosure, altering operation of the
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infusion pump includes moving the infusion pump mechanism, engaged against the infusion line,
forward or backward to occlude flow through the infusion line. Some embodiments provide
calculating an actual rate of fluid pressure change, and altering operation of the infusion pump if
the actual fluid pressure slope profile is greater than zero. Some implementations provide a
fitting fluidly coupled to the infusion line upstream of the infusion pump, wherein the fitting is
configured to fluidly couple with any of a primary fluid source and a secondary fluid source. In
some embodiments of the present disclosure, a display is configured to provide any of a status of

the infusion pump and a pressure within the infusion line.

[0020] Some embodiments of the present disclosure provide, a system for detecting a
defective valve in an infusion line coupled to a first fluid source and a second fluid source: an
mfusion pump coupled with the infusion line; a pressure sensor coupled to the infusion line
upstream of the infusion pump, the pressure sensor configured to sample fluid pressure within
the infusion line; a memory adapted to store the fluid pressure values; and a processor in
communication with the pressure sensor and the memory, the processor configured to: calculate
an actual fluid pressure slope profile; compare the actual fluid pressure slope profile with an
expected fluid pressure slope profile; and alter operation of the infusion pump if a change in
pressure of the actual fluid pressure slope profile (i) exceeds a coincident change in pressure of
an expected first fluid pressure slope profile and then (ii) does not achieve a coincident change in

pressure of an expected second fluid pressure slope profile.

[0021] Some embodiments of the present disclosure provide, a system for controlling fluid
flow through an infusion pump from a first fluid source and a second fluid source: the infusion
pump coupled with an infusion line; a pressure sensor coupled to the infusion line upstream of
the infusion pump, the pressure sensor configured to sample fluid pressure within the infusion
line; a memory adapted to store the fluid pressure values; and a processor in communication with
the pressure sensor and the memory, the processor configured to: calculate an actual fluid
pressure slope profile; detect a decrease in a change in pressure of the fluid pressure slope profile
indicating equilibrium between a head height of the first and second fluid source; and maintain a

rate of fluid flow to direct all fluid from the second fluid source through the infusion line.

[0021a] In accordance with an aspect of an embodiment, there is provided a method of
detecting a defective valve in an infusion line coupled to a first fluid source and a second fluid
source, the method comprising: sampling fluid pressure of the first fluid source and the second
fluid source within an infusion linc upstream of an infusion pump; calculating an actual fhaud

pressure slope profile, the fluid pressure slope profile being a change in pressure over discrete
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intervals; and altering operation of the infusion pump if the change in pressure of the actual fluid
pressure slope profile (i) exceeds the change in pressure of an expected first fluid pressure slope
profile and then (ii) does not achieve the change in pressure of an expected second fluid pressure

slope profile, wherein the expected first and second fluid pressure slope profiles are different.

[0021b] In accordance with another aspect of an embodiment, there is provided a method
for controlling fluid flow through an infusion pump from a first fluid source and a second fluid
source, the method comprising: sampling fluid pressure of a first fluid source and a second fluid
source within an infusion line upstream of the infusion pump operating at a first fluid flow rate;
calculating a fluid pressure slope profile, the fluid pressure slope profile being a change in
pressure over discrete intervals; detecting equilibrium between a head height of the first and a
second fluid sources; detecting a change in pressure indicating the head height of the second
fluid source within a container of the second fluid source; detecting a change in pressure
indicating that the head height of the second fluid source passes through a drip chamber coupled
to the second fluid source; detecting a change in pressure indicating the head height of the
second fluid source passes within a tubing coupled to the second fluid source; detecting a change
in pressure indicating the head height of the second fluid source is equal to the head height of the
first fluid source, wherein the fluid pressure slope profile comprises first, second and third slope
profile segments associated with detected changes in pressure, and equilibrium between the first
and second fluid source head heights is detected when a slope of the third slope profile segment
is less than one-half of a slope of each of the preceding first slope profile segment and the
preceding second slope profile segment; and maintaining the rate of fluid flow until the second

fluid source is flushed to the infusion pump.

[0021¢] In accordance with yet another aspect of an embodiment, there is provided a
system for detecting a defective valve in an infusion line coupled to a first fluid source and a
second fluid source, the system comprising: an infusion pump coupled with the infusion line; a
pressure sensor coupled to the infusion line upstream of the infusion pump, the pressure sensor
configured to sample fluid pressure within the infusion line; a memory adapted to store the fluid
pressure values; and a processor in communication with the pressure sensor and the memory, the
processor configured to: calculate an actual fluid pressure slope profile; compare the actual fluid
pressure slope profile with an expected fluid pressure slope profile; and alter operation of the
mfusion pump if a change in pressure of the actual fluid pressure slope profile (i) exceeds a
coincident change in pressure of an expected first fluid pressure slope profile and then (ii) does
not achieve a coincident change in pressure of an expected second fluid pressure slope profile,

wherein the expected first and second fluid pressure slope profiles are different.
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[0021d] In accordance with yet another aspect of an embodiment, there is provided a
system for controlling fluid flow through an infusion pump from a first fluid source and a second
fluid source, the system comprising: the infusion pump coupled with an infusion line; a pressure
sensor coupled to the infusion line upstream of the infusion pump, the pressure sensor configured
to sample fluid pressure within the infusion line; a memory adapted to store the fluid pressure
values; and a processor in commumication with the pressure sensor and the memory, the
processor configured to: calculate an actual fluid pressure slope profile; detect a decrease in a
change in pressure of the fluid pressure slope profile indicating equilibrium between a head
height of the first and second fluid source; detect a change in pressure indicating the head height
of the second fluid source within a container of the second fluid source; detect a change in
pressure indicating that the head height of the second fluid source passes through a drip chamber
coupled to the second fluid source; detect a change in pressure indicating the head height of the
second fluid source passes within a tubing coupled to the second fluid source; detect a change in
pressure indicating the head height of the second fluid source is equal to the head height of the
first fluid source, wherein the fluid pressure slope profile comprises first, second and third slope
profile segments associated with the detected changes in pressure, and equilibrium between the
first and second fluid source head heights is detected when a slope of the third slope profile
segment is less than one-half of a slope of each of the preceding first slope profile segment and
the preceding second slope profile segment; and maintain a rate of fluid flow to direct all fluid

from the second fluid source through the infusion line.

[0021¢] In accordance with yet another aspect of an embodiment, there is provided a
method of detecting unintentional fluid flow through an infusion line, the method comprising:
detecting measurements of fluid pressure within the infusion line upstream of an infusion pump;
calculating a fluid pressure slope profile based at least in part on the detected fluid pressure
measurements, the fluid pressure slope profile indicating a change in the fluid pressure over
discrete intervals; prior to compressing intake and outlet valves of the infusion pump,
determining that the change in the fluid pressure varies from a coincident change in pressure of
an expected fluid slope profile by a threshold amount; and altering operation of the infusion
pump.

[00211] In accordance with yet another aspect of an embodiment, there is provided a
system for detecting unintentional fluid flow through an infusion line, the system comprising: an
infusion pump coupled with the infusion line, the infusion pump comprising an intake valve and
an outlet valve; a pressure sensor coupled to the infusion line upstream of the infusion pump, the

pressure sensor configured to sample fluid pressure within the infusion line; a memory adapted
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to store fluid pressure values; and a processor in communication with the pressure sensor and the
memory, the processor configured to: calculate an actual fluid pressure slope profile; compare
the actual fluid pressure slope profile with an expected fluid pressure slope profile when both
intake and outlet valves of the infusion pump are to be simultaneously compressed; and alter
operation of the infusion pump if a change in pressure of the actual fluid pressure slope profile
varies from a coincident change in pressure of an expected fluid pressure slope profile by a

predetermined threshold.

[0022] Additional features and advantages of the subject technology will be set forth in the
description below, and in part will be apparent from the description, or may be learned by
practice of the subject technology. The advantages of the subject technology will be realized and
attained by the structure particularly poinied out in the writien description and claims hercof as
well as the appended drawings.

-6C -
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{0023} It 1s to be understood that both the foregoing gencral description and the following
detailed description are exemplary and explanatory and are mtended to provide further

gxplanation of the subject technology as claimed.

BRIEF DESCRIPTION OF THE DRAWINGS

16024} The accompanying drawings, which are mcluded to provide further understanding
and arc incorporated in and constitutc a part of this specification, illustrate disclosed
embodiments and together with the description serve to explain the principles of the disclosed

embodiments. In the drawings:

{06025} FIG. | ilustrates an example mfusion system in accordance with aspects of the

present disclosure.

{06026} FIG. 2 illustrates a block diagram of an example infusion pumyp control module in

accordance with aspects of the present disclosure.
{06027} FIG. 3A illustrates an example infusion system.

{0028} FIG. 3B illustrates a graph of tluid pressure and fluid pressure slope profiles over

time in accordance with aspects of the present disclosure.

3029} FIG. 4 illustrates an example graph of processor logic, fhmd pressure, and fluid

pressure slope profiles over time in accordance with aspects of the present disclosure.

{0030} FIG. 5A illustrates an example mfusion system.

[0031] FIG. 5B illesirates a graph of fluid pressure and fhud pressure slope profiles over
time in accordance with aspects of the present disclosure.

{6032} FIG. 6 illustrates an example graph of processor logic, fluid pressure, and fluid
pressure slope profiles over time in accordance with aspects of the present disclosure.

{6033} FIG. 7 illustrates an example graph of fluid pressure and fluid pressure slope
profiles over time in accordance with aspects of the present disclosure.

DETAILED DESCRIPTION

j00341 The detailled description set forth below describes various configurations of the
subject technology and is not intended to represent the only configurations in which the subject
technology may be practiced. The detailed description mncludes specific details for the purpose
of providing a thorough understanding of the subject technology. Accordingly, values,

guantitics, and dimensions are provided in regard to certain aspects as non-limiting examples.

e
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However, 1t will be apparent to those skilled in the art that the subject technology may be
practiced without these specific detals.  In some mstances, well-known structures and
components are shown in block diagram form in order to avoid obscuring the concepts of the

subject techoology.

{0035} It is to be understood that the present disclosure includes examples of the subject
technology and does not limit the scope of the appended claims. Various aspects of the subject
technology will now be disclosed according to particular but non-hmiting examples. Various
embodiments described i the present disclosure may be carried out in different ways and

variations, and in accordance with a desired application or implementation.

{6036} FIG. 1 illustrates an example infusion system 10 coupled to a patient. In particular,
an infusion pump 19 is shown mounted to an intravenous (1.V.) pole 12 on which a fluid source
14 containing an LY. fluid is held. A drp chamber 24 is coupled to an outlet of the fluid source
14, and an upstream portion of the infusion line 16 is connected to an outlet of the drip chamber
24, The upstream infusion hne 16 is a conventional L.V, mfusion-type tube typically used in a
hospital or medical environment, and is made of any type of flexible tubing appropnate for use
to infuse therapeutic fluids into a patient, such as polyvinvichioride (PVC). The upstream
wfusion lise 16 is connected with another tube portion 18 that is flexible and 15 mounted in
operative engagement with an infusion pump 19 having a pumping mechanism, for directing
fluid through a downstream infusion line 20, for example, to a vein in the patient's arm 22. It
will be understood by those skilled in the art that the upsiream infusion line 16, the flexible
portion mfusion hine 18, and the downstream mifusion line 20 may be portions of a continuous

{ength of flexible tubing, with the portions defined by the location of the infusion pump 19.

{0037} Referring to FIG. 2, in some embodiments, the nfusion pump includes an infusion
pump control module 70 configured or programmed to control the operation of the wmfusion
pump mechanism so that a desired amount of medication or other fluid is directed into the patient
over a desired period of time. In some aspects, the infusion pump control module 70 mcludes a
microprocessor 75, a memory 80 associated with the microprocessor 75, one or more inpuis 85
for mputting signals to the microprocessor, and one or more outputs 90 for outputting signals
from the microprocessor. For example, the one or more inputs may include a keyboard 102, an

air detector 103, a downstream pressure sensor 104, or an upstream pressure sensor 105.

{0038} In some embodiments, the mfusion pump control module 70 is in communication
with other systems 100, such as a pharmacy mformation system, hospital administration gystem,

or other such systems in the institution using an input/output comnumications port 92 and a
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communication means 95, The input/output communications port 92 may be any port configured
to send and receive data using appropnate communication protocols, such as R$232 and the like.
For example, the input/output communications port 92 may be a serial port, a parallel port, a
USB. or other suitable port. It will also be understood that the input 85 and the output 90 may be
combined in such a manner that all signals to and/or from the processor are communicated

through one or more input/outpet ports 92, rather than through separate inputs and outputs.

{6039} The communication means 95 may be a hard wired or wircless connection to
another computer, a local area network, a wide area network, a telephone line to a remote server
or client system, or the Internet. The communication means may include specialized connection
devices for connecting to optical fiber, coaxial cable, Ethernet cabling, or other communication
Iimes. Alternatively, wireless connections may be used, which may also include the use of
suitable transmitters and receivers as is known in the art.  Souch wireless connectivity may
include use of mfrared, RF, Bluctooth or Wi-Fi (I[EEE 802.11b) communication means and the
fike. Additionally, the microprocessor 75 is commonly programmed using cither embedded
programining mstructions or suitable software so that the microprocessor can carry out the tasks
desired of it.

{0040] In some cmbodiments, the microprocessor 75 receives signals from an upstream
pressure sensor 105 through the input 85 (typically an amplifier and A/D converter). The
upstream pressure sensor 1035 is disposed adjacent an upstream infusion line so as to monitor the
pressure within the upstream infusion line, and provide signals representative of the sensed
pressure within the infusion line to the microprocessor 75. The microprocessor 75, as described
above, 1s programmed using appropriate software or embedded commands to analyze the signals
received from the upstream pressure senmsor 105, After analysis of the received upstream
pressure signals is completed, the processor may output a signal through the output 90. This

signal output may be directed to the pump motor 115 to control the mfusion of fhud to the

patient.
106041} In some embodiments, the output signal is directed to a display 120 to inform an

operator of the status of the pump and/or the pressure within the upstream infusion line. This
display may also include a meang of providing a visual alert, such as a flashing display, blinking
light, or a change in text color on the display to alert an operator that the infusion set-up requires

attention.

6042} In some embodiments, the output signal is directed to an alert module 125, Thg

alert module may be a separate module of the processor 75 that is controlling the infusion pump,
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or it may be located at a location remote from the pump, and/or associated and in communication
with a separate processor remote from the pump. The alert module 125 may be configured to
provide visual, auditory, or a combination of visual and auditory notifications to care givers to
alert the carcgiver that attention must be given to the infusion system. The alert module may
produce signals that are communicated to consoles at the bed side, the nurse station, or a
centrally located monitoring system. Additionally, various combinations of display changes and
auditory alerts may be used to signify a priority of an alert, so that alerts that do not require
immediate attention are less noticeable than alerts that require imimediate attention to correct a
problem before harm to the patient being nfused can occur. The alert module 125, in some
embodiments, may be configured to control the pump when activated. For example, the alert
module 125 may control the pump to decrease pumping operation of the pump until a caregiver
manually addresses the alert module 125, For example, the pumping operation may be decreased
by one-third, one-half, or one-fourth of the normal pumping operation. Under some applications,
for example, if 1t is detected a pump is not operating properly, the alert module 125 may alter the

pumping operation to deviate from the normal pumping operation,

{06043} The alert module 125 may also provide signals representing the progress of the
nfusion, including any alerts generated due to a sensed reduced or negative pressure in the
upstream infusion hne 16 (FIG. 1), to a database where the information is stored for later
mspection and analysis. The database may be associated with the pump, or the database may be
remote from the pump. For example, where the pump is controlled by a remote controller, the
database may be located and associated with the remote controller. In another embodiment, the
database may be part of an institutional information system that may be part of an enterprise

wide network.

{00441 In cach embodiment, the microprocessor 75 is configured to receive signals from a
pump motor sensor 110 through the input 85., The microprocessor 75 may monitor the tunction
of the pump, collecting, analyzing, and storing information related to the infusion, such as, for
example, the start time and completion time of the infusion, the amount of fhid infused, and the
number of pump cycles that have been completed since the start of the mfusion or since a
selected time 1n the past. This mformation may be stored in the memory 80 for later retrieval
and analysig, or the mmformation may be communicated to another, romote, system using the

communication means 95,

[0045] Referring to FIGS. 3A and 3B, an example of an infusion system and a design and

software analysis of an embodiment of the present invention are illustrated, respectively. The
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infusion system includes a fluid container 205 that 1s filled with a fluid. A drip chamber 210 is
generally located adjacent the bottom of the container 205, A length of flexible infusion line
extends from the bottom of the drip chamber 210 and into an infusion pump 220, The infusion
pump 220 includes an upstream pressure sensor as well as a pumping mechanism, such as a
peristaltic mechanism.  In some embodiments, the upstream pressure sensor is a separate

component coupled to the infusion pump or infusion line.

{0046] As fluid is directed by the infusion pump 220 from the fluid source 205 and
mnfusion line 215 to the patient 22, the level of fluid decreases or lowers. The upstream pressure
sensor, in some embodiments, measures gauge or relative hydrostatic “head” pressure which is
determined by the clevation of the top of the fluid level above the intake sensor. During an
mfusion, the processor controlling the mfusion pump motor also samples the output of the
upstream pressure sensor.  As the fhud level i the system decreases, moving towards the
mfusion pump 220, the measured fluid hydrostatic pressure reduces. By sampling the fluid
pressure, an algorithm detects the mean intake pressure over selected intervals such as the
mechamism cvele volume, Using the averages of mean mtake pressure, a rate of reduction (L.e,
change) in pressure is compuied as a differential. Finally, the processor records profiles of the
pressure slope over at least portions of the delivery. In some aspects, the fluid pressure slope
profiles represent changes in pressure over discrete intervals. The discrete intervals may be time,
such that the flmd pressure slope profiles reflect change in pressure over time. In some
embodiments, the discrete intervals may be volume of fluid, such that the fluid pressure slope
profiles reflect change in pressure over a pumped fluid volume, preferentially the mechanism
cyele volume.,  Under normal infusion circumstances, the fluid pressure slope profiles are
represented by line S1 in the graph of FIG. 3B. The hydrostatic head pressure change due to the
decreasing level of fluid within the upstream infusion line 213 is represented by line P1 in the
graph of FIG. 3B. In some aspects, the fluid pressure slope profiles represent a slope by linear
least square fit in water/mL, and the hydrostatic head pressure represemts a revolution

syvnchronous mean pressure in inches water.

18047} Because the volume of fluid bemg withdrawn from the contammer 205 by the
infusion pamp 220, in a typical mechanism pressare sensing cyele, is small relative to the
volume of fluid within the container 205, the fluid level within the container decreases or lowers
relatively slowly. The change of pressure when the flind surface level is within the container
203 is represented by segment Al of line PI. However, when the fluid surface level reaches the

cannula 206 of the drip chamber 210, which typically has much less volume than the container

-11 -



CA 03035491 2015-04-04

WO 2018/067319 PCT/US2017/052784

205, the amount of fluid removed during each pressure sensor sampling cycle resulis in a
relatively large change i fluid level with each sample. This rapid reduction in the level of the
fluid appears as a large negative-going pressure signal, or negatively-oriented pressure signal,
represented by segment Bl of line P1. The change of pressure when the fluid surface level is
within the drip chamber 210 is represented by segment C1 of ine PI. Once the drp chamber
210 empties, the fluid surface level enters the relatively small bore of the infusion line 2185,
resulting in a more rapid pressure decrease and large negative-going pressure signal, or
negatively-oriented pressure signal, represented by segment D1 of line P1. The described
pressure values, together with their rate of change and sequence of occurrence, form the basis by
which the infusion pump of the present disclosure is capable of estimating the position of the top

of the fluid at several points in its jowrney through the container, drip chamber and mfusion line,

{0043} Under some circumstances, the mfusion pomp fails to control the rate of fluid flow
through the system. This “unintentional fluid flow™ through the nfusion line causes fluid to be
dirccted by the force of gravity to the patient 22 or out of the system and into the environment.
Although a various circumstances may cause the umintentional thud flow, several non-hmiting
circumstances are discussed herein. In an example, umintentional fluid flow occurs when the
wnfusion pump 220 fails to stop fluid flow through the infusion line. The infusion pump 220 may
fail to stop fluid flow through the infusion line when a pumping mechanism within the infusion
pumyp fails to occlude the passage within the infusion line because debris or a forcign object is
lodged in the tobing. In another example, unintentional fhud flow occurs when an infusion
pump component is broken or missing, or the infusion line contains a hole or faulty connection
to another component. It is important to detect ummnientional fluid flow through an infusion line
because uncontrolied fluid flow may cause fluid to be direcied by the force of gravity at greater
rates than therapeutically acceptable, possibly causing over-mfusion and physical harm to the

patient and/or loss of medication.

{6049} Referring to FIG. 4, a graphical analysis of unintentional fluid flow through the
mfision line of the system is lustrated. The graph illustrates an abnormal fluid pressure slope
profile 52 and the head pressure change P2 duc to the decreasing level of flwd within the

upstream infusion line.

{6030} When a fluid source is coupled to the system, the fluid level within the container
decreases or lowers relatively slowly. The change of pressure when the fluid surface level 1s

within the container is represented by segment A2 of line P2. However, when unintentional flaid
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flow occurs, the fluid level within the systemn and the head pressure may decrease rapidly. An

unintentional fluid flow 1s represented by segment B2 of line P2.

j0051] Because the infusion pump has tailed to countrol the rate of fluid flow, the fluid
pressure slope profile 52 illustrates a negative slope profile that deviates from a nommal fluid
pressure slope profile S1 (F1G. 3B). In some embodiments, the system detects when a negative
slope profile reaches a pre-determined threshold value, represented by the line T2, This
threshold may be estimated since the pump “knows’ the volume to be infused which allows an
estimate of the container size and thus its cross sectional area. This cross section, together with
the flow rate provides an approximation of the normal slope value. When a fluid pressure slope
profile 82 exceeds the threshold value T2, the logic of the processor is programmed to alter
operation of the infusion pump. Optionally, operation of the infusion pump is stopped and/or an
urgent alarm activated so that the operator or a caregiver may intervene and correct the abnormal
flow condition. The logic of the processor is represented by the line L2, In a non-limiting
cxample using logic of the processor to alter operation of the infusion pump, the logic cquals
zero i the fluid pressure slope profile 52 15 Iess than the threshold value T2, otherwise, logic
equals zero.

{0052] In some aspects, the system compares the measured or actual fluid pressure slope
profiles with expected fluid pressure slope profiles. 1f the change in pressure of an actual fluid
pressure slope profile varies from the change in pressure of an expected fluid pressure slope
profile by a predetermined threshold, the logic of the processor is programmed to alter operation

of the infusion pump.

j0053] The processor may alter operation of the infusion pump in a number of ways,
including for example, activating an alarm signal to a carcgiver indicating that the infusion
svatermn needs attention. In some aspects, the processor may respond by occluding flow through
the mfusion line. For example, a mechanical brake or occluder is activated to compress the
tubing of infusion line, thereby preventing fluid flow. In some aspects, the mechanical occluder

is a mechanism independent of the pumping mechanism.

1060541 In some cmbodiments, the processor may respond by moving or rotating an
mfusion pump mechanism engaged against the infusion hine forward or backward to occlude
fluid flow through the infusion line. For example, a penstaltic pump mechanism with a first
point engaged against the infusion line when umintentional fluid flow through an infusion system
is detected, can be moved to engage a second point against the infusion line. By moving the

mechanism, debris is permitted to be dislodged from within the infuston line.
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[0035] In some cmbodiments, the puwmping mechanism can have an intake valve and an
outlet valve, with which there are certain positions within the mechanism cycle when both the
intake and ocutlet valves are simultancously compressed. In certain circumstances, should a
spring which applies this compression fail, the effectiveness of the control of flow is reduced.
However, the processor may alier operation of the infusion pump to rotate a driveshaft of the
pumping mechanism o attempt 1o occlude one of the two valves. By occluding one of the two

valves, a greater force may be applied to the infusion line to restore full control.

{6056} In some emboduments, the system confirms that occlusion of the mfusion line is
achieved. For example, the processor may sample the pressure and calculate a fluid pressure
stope profile 1o determine if a slope of the fluid pressure slope profile is greater than zero over a
period of time. If the slope of the fluid pressure slope profile 1s greater than zero over a period of
time (e.g., 2 seconds, 10 seconds, 30 seconds, I munute, 5 minutes, etc.}, there is unintentional
fluid flow through an infusion system, prompting subscquent alteration of the infusion pump
operation as explained above. For cxample, the processor may again respond by moving or
rotating an infusion pump mechanism engaged against the wnfusion line forward or backward to
occlude fluid flow through the infusion hine. In this manner, the processor can test whether the
pump is adequately stopping fluid through the LV, set and find effective punp positions 1o

increase the pump’s ability to stop the fluid.

{6057} Referring to FIGS. 5A and 5B, an example of an infusion system and a design and
software analysis of an embodiment of the present invention are illustrated, respectively. An
example of an infusion systern 1s illustrated with a primary fluid source container 272 and a
secondary fluid source contaimer 274 connected to an upsiream infusion line to infuse a primary
and/or secondary fluid to the patient 22. The prmary fluid source container 272 and the
secondary fluid source container 274 cach include a drip chamber 278 and 280 respectively. A
fitting 288, mcluding a port, connects a secondary infusion line 290 from the secondary fluid
source contamer 274 to the upstream infusion hine. A primary infosion line 282 includes a
check valve 284 and fluidly connects the primary fluid source container 272 to the fitting 288.
The secondary container source container 274 is positioned higher than the primary source
container 272 so that pressure from the sccondary flusd will cause the check valve 284 1o
obstruct the flow of primary fluid toward the infusion pump 286, and direct the flow of
sccondary fluid toward the infusion pump 286. A pressure scnsor samples the pressure in

upstream mfusion line,
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{6058} Under normal wfusion circumstances, the fluid pressure slope profiles are
represented by line S3 in the graph of FIG. 5B. The head pressure change due to the decreasing
level of fluid within the upstream nxfusion lines is represented by line P3. The portion of line P3,
indicated by segment A3, represents the pressure change of sccondary fluid within the secondary
Hluid source contamer 274, which is slowly decreasing as the flund surface Ifevel in the secondary
container 274 decreases. When the fluid surface level reaches the drip chamber cannula 275, the

pressure change, indicated by segment B3 of line P3, decreases at a faster rate than segment A3,

{6059} When the fluid surface level reaches the drip chamber 280, the pressure change,
indicated by segment €3 of ine P3, decreases at a slower rate than segment B3, When the fluid
surface level reaches the secondary infusion hine 290, the pressure change {indicated by segment
D3 of lme P3) decreases at a faster rate, and for more fluid/time, than segments A3 and C3.
When the level of fhud i the secondary infusion line 290 decreases 1o at or near the level of
primary fluid in the prmary fluid source container 272, the pressure against the check valve 284
is reduced such that the check valve opens, permitting the primary fluid and secondary fluid to
enter upstream infusion line. When primary and secondary flind are permitied to entor upstream
infusion line, the pressure change, mdicated by segment E3 of line P3, decicases at a slower rate
than segments B3 and D3, Algorithmic analysis of the changes in fluid pressure slope profiles,
and the sequence in which the changes occur relative to the start of infusion, form the basis by
which the infusion pump of the present disclosure is capable of altering operation, including, for
example, trangitioning from a secondary flow rate to a primary flow rate, and/or directing a

“pre-flush”™ or “post-flush” operation.

{6060} Under some circumstances, a defective check valve 284 in the primary infusion line
permits a portion of the secondary fluid to be diverted into the primary infusion line instead of
being directed entirely to the infusion pump 286, If the check valve 284 fails to obstruct the
prmary infusion line when a secondary fluid is coupled to the system, the secondary fluid will
not be infused as intended, resulting m incomplete treatment, delayed treatment, undesired

medication interaction, or missed dosage of medication among other circomstances.

0061} Referring to FIG. 6, a graphical analysis of the fhud flow through an infusion
system having a defective check valve ig illustrated. The graph illustrates fluid pressure slope
profiles S4 and the head pressure change P4 due to the decreasing level of fluid within the
upstream infusion line. Because the check valve 284 (FIG. 5A) fails to obstruct the primary
infusion line 282, the graphical analysis deviates from the graph in FIG. 5B. When a secondary

fluid source is coupled to the system with the secondary fluid source container 274 positioned
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above the primary fluid source container 272, the sccondary fluid flows toward the infasion
pump 286, The change of pressure when the secondary fluid source is coupled to the system is
represented by segment A4 of line P4, Because of the defective check valve 284, the secondary
fluid flows rapidly past the check valve 284 into the primary infusion line 282 and the primary
Hluid source contamer 272 until an equilibrium between the level of primary and secondary fluid
is reached. The decreasing secondary fluid level results in an abnormally rapid decrease in fluid
pressure, thereby producing the head pressure change represented by segment B4 of line P4,
When equilibrinm between the level of primary and secondary fluid is reached, the head pressure
change, indicated by segment C4 of line P4, decreases at a slower rate than segment B4 of line
P4. The corresponding fluid pressure slope profiles are represented by line 84 of the graph in
FIG. 6.

{0062} In some embodiments, the system detects when a fluid pressure slope profiles reach
a pre~-deternuned threshold value, represented by the line T4 in the graph of FIG. 6. When fluid
pressure slope profiles S4 reach the threshold value, the logic of the processor is programmed to

alter operation of the infusion purp. The logic of the processor is represented by line L4,

[0063] In some aspects, the system compares the measured or actual fluid pressure slope
profiles with an expected first fluid pressure slope profile, and determines if the actual fluid
pressure slope profile achieves an expected second fluid pressure slope profile. If the change of
pressure in an actual fluid pressure slope profile exceeds the change in pressure of an expected
first fluid pressure slope profile and then does not achieve the change in pressure of an expected
second fluid pressure slope profile, the logic of the processor is programmed to alter operation of

the infusion pump.

{00641 The processor may alter operation of the infusion pump in a number of ways,
including for example, activating an alarm signal to a caregiver indicating that the infusion
systemn needs attention. In some aspects, the processor may respond by occluding flow through
the infusion line. For example, a mechanical brake or occluder is activated to compress the
tubing of the infusion line to prevent fluid flow. In some aspects, the mechamical occluder 1s a

mechanism independent of the pumping mechanism,

{0065} Under some circumstances, the infusion of a sccondary fluid does not occur as
mtended due to incorrect determination of a fluid source container volume or inaccurate setting
of the secondary volume-to-be-infused. For example, referring to the infusion system of FIG.
3A, a secondary fluid source contamer 274 is coupled to an upstream infusion line between a

check valve 284 and an nfusion pump 286, To fill, or “prime,” the secondary mfusion ling 290
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with fluid, the sccondary fluid source container 274 is lowered below the primary fluid source
contamer 272, Afier the secondary infusion line 290 is filled with the primary fluid, the primary
and secondary fluid source containers are secured so that the primary fluid source container 274
is below the secondary fluid source container 274. With the sccondary fluid source container
274 positioned higher than the pomary fluid scurce container 272, the pressure exerted by the
secondary fluid causes the check valve 284 to prevent flow of the primary fluid foward the

infusion pump 286, but permits flow of the secondary fluid to the infusion pump 286.

{6066} If, during configuration of the infusion pump, the volume of fluid m the primed
secondary mnfusion hine 290, the volume of fluid in the secondary fluid source container 274, the
total fhud volume-to-be-infused, the secondary fluid infusion rate, or the secondary fhud
mfusion time are not considered, or are incorrectly programmed, the secondary fluid will not be

directed by the nfusion pump as intended.

{0667} For example, a secondary infusion linc 290 contains 5 ml of fluid when fully
primed. The secondary flind source 274 is nominally 50 mL with an over-fill of 4 mL and 10
mi of medication added. The total volume of priming fluid {e.g., primarv fluid) in the path from
the secondary fluid source 274 to the infusion pump 286 is approximately 25 mbL (f.e., 5 mL in
the secondary infusion line 290 and 20 mbL in the upstream infusion line). If the infusion pump
286 1s programmed to direct a secondary fluid volume of 50 ml in one hour followed by
switching the pump to a rate of primary fluid flow {e.g.. 20 mL/hr), then only the priming fluid in
the path from the secondary fluid source 274 to the infusion pump 286 will be directed by the
infusion pump during the first 30 munutes. During an additional 30 minutes, a portion of the
total secondary fhuid will be directed by the infusion pump. After the programmed one hour, the
infusion pump will switch the pump to a rate of primary fluid flow {e.g., 20 mU/hr), resulting in
the remaining 25 mL of secondary fluid requining more than one hour o be direct to the paticnt.
Therefore, SO mL of secondary fluid that is intended to be infused to the patient in one hour will
not start until 30 nunutes after initiating delivery of the secondary fluid, and will then take more

than one hour to deliver to the patient.

10068] Referring to FIG. 7, in some embodiments, fluid pressure slope profiles are utilized
to detect the position of fluid within the system, thereby permitting the system to mfuse the
secondary fluid and primary fluid at the intended time, volume, and flow rate. The graphical
analyvsis of FIG. 7 corresponds to a graphucal analysis of the fhud flow through the system
illustrated in FIG. 5A.  As explained with reference to the infusion system in FIG. SA, fluid

pressure slope profiles are represented by line 83, and head pressure change due to the
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decreasing level of fluid upstream of the infusion pump 286 arc represented by line P3. The
system detects when fhud pressure slope profiles reach or pass a pre-deternuned threshold value,
represented by the line T3, When a fluid pressure slope profiles reach or exceed the threshold
value, the logic of the processor, represented by the line L3, is programmed to provide an cutput
value. For example, the logic output equals zero if the fluid pressure slope profile 83 is greater
than the threshold value T3, and the logic output equals one if the fluid pressure slope profike §3
is less than the threshold value T3, In some aspects, the system detects when a fluid pressure

slope profile reaches or exceeds more than one pre-determined threshold value.

10065} Referring to FIGS. 5B and 7, an upstream pressure sensor samples the pressure of a
fluid upstrecam of the infusion pump 286. The sysiem calculates floid pressure slope profiles 53
representing changes in pressure over discrete mtervals due to the decreasing level of fluid
within the upstream infusion lines. The calculated, or actual, fhuid pressure slope profiles 83
mndicate the fluid surface level within the system, including cquilibrivin between the primary and
secondary fluid surface level, When equilibrium is reached, fluid is drawn from the primary

infusion line 282 and the secondary mfusion line 290 toward the infusion pump 286.

{0070} In some embodiments, the system detects equilibrium between the primary and
secondary flurd surface level when the level of fluid in the secondary mfusion line 290 is equal
to the level of fluid in the primary fluid source container 272. In some aspects, equilibrium
between the primary and secondary fluid surface level is detected by two strong negative slopes,
segments b’—c” and d’~¢’ of line S3, followed by a near zero slope, scgment e’ to £ of line S3.
The first negative slope corresponds to the fluid surface level in the drip chamber cannula 275
(segment B3 of line P3), the second negative slope corresponds to the fluid surface level in the
secondary mfusion line 290 (segment B3 of line P3). In some embodiments, after detecting
equilibrium, the systerm maintains the rate of fluid flow until the secondary fluid is flushed to the

mfusion pumyp 286.

0671} in some embodiments, the svstem directs fluid at a “pre-flush™ flow rate when
infusion of the secondary fhud 1s imitrated. The system directs fluid at the pre-flush flow rate 1o
transfer the priming fluid from the secondary nfusion line 290 to the Infusion pump 286, In
some aspects, the pre-flush flow rate is higher than the rate of secondary fluid flow. After
durecting the priming fluid from the secondary infusion line 290, the system directs fluid at the

programmed rate of secondary fluid flow.

6072} In some embodiments, the system directs fhud at the “post-flush™ flow rate after

detecting equilibrium between the primary and secondary fluid surface level. The system directs
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fluid at the post-flush flow rate after detecting equilibrium to transfer the remaining secondary
fluid from the secondary mfusion line 290 to the infusion pump 286 before switching to direct
fluid and the rate of primary fluid flow. In some aspects, the post-flush flow rate is higher than
the rate of primary fluid flow. In some aspects, the post-flush flow rate is higher than the rate of
primary fluid flow and the rate of secondary fluid flow. In some aspects, the post-flush flow rate

and pre-flush flow rate are equal.

{0073] In some aspects, the system prompts a caregiver to indicate if the transfer of fluid at
the pre-flush rate is to occur when mfusion of the secondary fluid is mitiated. In some aspects,
the system prompts a caregiver to mdicate if the transfer of fluid at the post-flush rate is to occur
after detecting equilibrium between the primary and secondary fluid surface level In some
embodiments, the post-flush and pre-flush flow rate of preprogrammed into the system, or
selected by a caregiver. In some embodiments, the system prompis a caregiver to indicate the
length of time or volume of fluid for the post-flush and/or pre-flush flow rate.

0074} It 18 undersiood that any specific order or hierarchy of blocks in the processes
disclosed is an illustration of example approaches. Based upon design or implementation
preferences, it is understood that the specific order or hierarchy of blocks in the processes may
be rearranged, or that all illustrated blocks be performed. fu some implementations, any of the

blocks may be performed simultaneously.

{0075} The present disclosure is provided to enable any person skilled in the art to practice
the various aspects described herein. The disclosure provides various examples of the subject
technology, and the subject technology is not imited to these examples. Various modifications
to these aspects will be readily apparent to those skilled in the art, and the generic principles

defined herein may be applied to other aspects.

{6076} A reference to an clement in the singular is not mtended to mean “one and only
one” unless specifically so stated, but rather “one or more.” Unless specifically stated otherwise,
the term “some” refers to one or more. Pronouns i the masculine {e.g., his) include the
feminine and neuter gender (e.g., her and its) and vice versa. Headings and subheadings, if any,

arc used for convenience only and do not limit the imvention.

{6077} The word “exemplary” is used herein to mean “serving as an example or
illustration.” Any aspect or design described herein as “exemplary” is not necessarily to be

construed as preferred or advantageous over other aspects or designs. In one aspect, various
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alternative configurations and operations described hercin may be considered to be at least
equivalent.

{0078} As used herein, the phrase “at least one of” preceding a series of items, with the
termn “or” to separate any of the items, modifies the list as a whole, rather than each item of the
list. The phrase “at least one of” does not require selection of at least one item; rather, the phrase
allows a meaning that includes at least one of any one of the items, and/or at least one of any
combination of the items, and/or at least one of cach of the items. By way of example, the
phrase “at least one of A, B, or C” may refer to: only A, only B, or only C; or any combination of

A B, and C.

{0079} A phrase such as an “aspect” does not imply that such aspect is casential to the
subject technology or that such aspect applhies to all configurations of the subject technology. A
disclosure relating to an aspect may apply to all configurations, or one or more configurations.
An aspect may provide one or more examples. A phrase such as an aspect may refer to one or
more aspects and vice versa. A phrase such as an “embodiment” does not imply that such
embodiment is essential to the subject technology or that such embodiment applies to all
configurations of the subject technology. A disclosure relating to an embodiment may apply to
all embodiments, or one or more embodiments. An embodiment may provide one or more
examples. A phrase such an embodiment may refer to one or more embodiments and vice versa.
A phrase such as a “configuration” does not imply that such configuration is essential to the
subject technology or that such configuration applies to all configurations of the subject
technology. A disclosure relating to a configuration may apply to all configurations, or one or
more configurations. A configuration may provide one or more examples. A phrase such a

configuration may refer to one or more configurations and vice versa.

{6080} In one aspect, unless otherwise stated, all measurements, values, ratings, positions,
magnitudes, sizes, and other specifications that are set forth in this specification, including in the
clanms that follow, are approximate, not exact. In one aspect, they are mtended to bave a
reasonable range that 1s consistent with the functions to which they relate and with what is

customary in the art to which they pertain.

[6081] It is understood that the specific order or hierarchy of steps, operations or processes
disclosed is an illustration of exemplary approaches. Based upon design preferences, it is
understood that the specific order or hicrarchy of steps, operations or processes mayv be

rearranged. Some of the steps, operations or processes may be performed simultaneously. Some
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or all of the steps, operations, or processes may be performed automatically, without the
mtervention of a user. The accompanying method claims, if any, present elements of the various
steps, operations or processes in a sample order, and are not meant to be limited to the specific

order or hierarchy presented.

{0082} All structural and functional equivalents to the elements of the various aspects
described throughout this disclosure that are konown or later come to be known to those of
ordinary skill i the art are expressly incorporated herein by reference and are intended to be
encompassed by the claims. Moreover, nothing disclosed herein is intended to be dedicated to
the public regardless of whether such disclosure i1s explicitly recited m the claims. No claim
clement is to be construed under the provisions of 353 US.C. §112 {f} unless the clement is
expressly recited using the phrase “means for” or, i the case of a method claim, the element is
recited using the phrase “step for.” Furthermore, to the exient that the term “inclade,” “have,” or
the hike is used, such term is intended to be inclusive in a manner similar to the terin “comprise”™

as “comprise” is interpreted when employed as a transitional word in a claim.

10083} The Title, Background, Summary, Brief Description of the Drawings and Abstract
of the disclosure are hereby incorporated into the disclosure and are provided as illustrative
examples of the disclosure, not as restrictive descrptions. It is submitied with the understanding
that they will not be used to limit the scope or meaning of the claims. In addition, in the Detailed
Description, it can be seen that the description provides illustrative examples and the various
features are grouped together in varous embodiments for the purpose of streamlining the
disclosure. This method of disclosure 1s not to be mterpreted as reflecting an intention that the
claimed subject matier requires more features than are expressly recited in each claim. Rather,
as the following claims reflect, inventive subject matter lies in less than all features of a single
disclosed configuration or operation. The following claims are bercby incorporated into the

Detailed Description, with each claim standing on its own as a separately claimed subject matter.

{0084} The claims arc not intended to be himited to the aspects described herein, but is to
be accorded the full scope consistent with the language claims and to encompass all legal
equivalents. Notwithstanding, none of the claims are intended to embrace subject matter that
fails to satisfy the requirement of 35 U.8.C. § 101, 102, or 103, nor should they be interpreted in

such a way.

-21 -



What is claimed is:

1. A method of detecting a defective valve in an infusion line coupled to a first fluid

source and a second fluid source, the method comprising:

sampling fluid pressure of the first fluid source and the second fluid source within an

nfusion line upstream of an infusion pump;

calculating an actual fluid pressure slope profile, the fluid pressure slope profile being

a change in pressure over discrete intervals; and

altering operation of the infusion pump if the change in pressure of the actual fluid
pressure slope profile (i) exceeds the change in pressure of an expected first fluid pressure
slope profile and then (ii) does not achieve the change in pressure of an expected second fluid
pressure slope profile, wherein the expected first and second fluid pressure slope profiles are
different.

2. The method of claim 1, wherein altering operation of the infusion pump includes

activating an alarm.

3. The method of claim 1, wherein altering operation of the infusion pump includes

occluding flow through the infusion line.
4. The method of claim 3 further comprising:

detecting a decrease in the actual fluid pressure slope profile indicating equilibrium

between a head height of the first and second fluid source; and

altering operation of the infusion pump if an actual volume of fluid directed through
the infusion line is less than an expected volume of fluid to be directed through the infusion

line.

5. The method of claim 1, further comprising positioning the second fluid source at a

higher elevation than the first fluid source.

6. A method for controlling fluid flow through an infusion pump from a first fluid source

and a second fluid source, the method comprising:

sampling fluid pressure of a first fluid source and a second fluid source within an

mfusion line upstream of the infusion pump operating at a first fluid flow rate;

calculating a fluid pressure slope profile, the fluid pressure slope profile being a

change in pressure over discrete intervals;
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detecting equilibrium between a head height of the first and a second fluid sources;

detecting a change in pressure indicating the head height of the second fluid source

within a container of the second fluid source;

detecting a change in pressure indicating that the head height of the second fluid

source passes through a drip chamber coupled to the second fluid source;

detecting a change in pressure indicating the head height of the second fluid source

passes within a tubing coupled to the second fluid source;

detecting a change in pressure indicating the head height of the second fluid source is

equal to the head height of the first fluid source,

wherein the fluid pressure slope profile comprises first, second and third slope profile
segments associated with detected changes in pressure, and equilibrium between the first and
second fluid source head heights is detected when a slope of the third slope profile segment is
less than one-half of a slope of each of the preceding first slope profile segment and the

preceding second slope profile segment; and

maintaining the rate of fluid flow until the second fluid source is flushed to the

nfusion pump.

7. The method of claim 6 wherein maintaining the rate of fluid flow until the second
fluid source is flushed to the infusion pump comprises an additional volume predetermined

based on known parameters of the infusion set.

8. The method of claim 6, wherein maintaining the rate of fluid flow until the second
fluid source is flushed to the infusion pump comprises an additional volume selected by a

Uuscr.

9. A system for detecting a defective valve in an infusion line coupled to a first fluid

source and a second fluid source, the system comprising:
an infusion pump coupled with the infusion line;

a pressure sensor coupled to the infusion line upstream of the infusion pump, the

pressure sensor configured to sample fluid pressure within the infusion line;
amemory adapted to store the fluid pressure values; and

a processor in communication with the pressure sensor and the memory, the processor

configured to:
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calculate an actual fluid pressure slope profile;

compare the actual fluid pressure slope profile with an expected fluid pressure

slope profile; and

alter operation of the infusion pump if a change in pressure of the actual fluid
pressure slope profile (i) exceeds a coincident change in pressure of an expected first fluid
pressure slope profile and then (ii) does not achieve a coincident change in pressure of an
expected second fluid pressure slope profile, wherein the expected first and second fluid

pressure slope profiles are different.

10. A system for controlling fluid flow through an infusion pump from a first fluid source

and a second fluid source, the system comprising:
the infusion pump coupled with an infusion line;

a pressure sensor coupled to the infusion line upstream of the infusion pump, the

pressure sensor configured to sample fluid pressure within the infusion line;
amemory adapted to store the fluid pressure values; and

a processor in communication with the pressure sensor and the memory, the processor

configured to:
calculate an actual fluid pressure slope profile;

detect a decrease in a change in pressure of the fluid pressure slope profile

indicating equilibrium between a head height of the first and second fluid source;

detect a change in pressure indicating the head height of the second fluid

source within a container of the second fluid source;

detect a change in pressure indicating that the head height of the second fluid

source passes through a drip chamber coupled to the second fluid source;

detect a change in pressure indicating the head height of the second fluid

source passes within a tubing coupled to the second fluid source;

detect a change in pressure indicating the head height of the second fluid

source is equal to the head height of the first fluid source,

wherein the fluid pressure slope profile comprises first, second and third slope

profile segments associated with the detected changes in pressure, and equilibrium between
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the first and second fluid source head heights is detected when a slope of the third slope
profile segment is less than one-half of a slope of each of the preceding first slope profile

segment and the preceding second slope profile segment; and

maintain a rate of fluid flow to direct all fluid from the second fluid source
through the infusion line.

11. A method of detecting unintentional fluid flow through an infusion line, the method

comprising:

detecting measurements of fluid pressure within the infusion line upstream of an

mfusion pump;

calculating a fluid pressure slope profile based at least in part on the detected fluid
pressure measurements, the fluid pressure slope profile indicating a change in the fluid

pressure over discrete intervals;

prior to compressing intake and outlet valves of the infusion pump, determining that
the change in the fluid pressure varies from a coincident change in pressure of an expected

fluid slope profile by a threshold amount; and
altering operation of the infusion pump.

12. Themethod of claim 11, further comprising detecting a failure of the compression of
at least one of the intake valve or the outlet valve, and wherein said altering is performed in

response to detecting the failure.

13.  The method of claim 12, wherein altering operation of the infusion pump includes
rotating a driveshaft of the infusion pump to occlude at least one of the intake valve or the

outlet valve.

14.  The method of claim 11, wherein altering operation of the infusion pump includes

activating an alarm.

15. The method of claim 11, wherein altering operation of the infusion pump includes
occluding flow of a fluid through the infusion line.

16.  The method of claim 11, wherein altering operation of the infusion pump includes
moving an infusion pump mechanism engaged against the infusion line forward or backward

to occlude flow of a fluid through the infusion line.
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17.  The method of claim 16, further comprising:

calculating a new fluid pressure slope profile after occluding flow of the fluid through

the infusion line; and

further altering operation of the infusion pump if the new fluid pressure slope profile

is greater than zero.

18.  The method of claim 17, wherein further altering operation of the infusion pump
includes moving the infusion pump mechanism of the infusion pump engaged against the

infusion line forward or backward to occlude flow of the fluid through the infusion line.

19.  The method of claim 17, wherein further altering operation of the infusion pump

includes occluding flow of the fluid through the infusion line.
20.  Themethod of claim 11, further comprising:

detecting a decrease in the fluid pressure slope profile indicating equilibrium between

a head height of first and second fluid sources; and

altering operation of the infusion pump when a volume of fluid directed through the

infusion line is less than a volume of fluid expected to be directed through the infusion line.

21.  The method of claim 11, wherein the discrete intervals correspond to volume of fluid,
wherein the fluid pressure slope profile reflects change in pressure over a pumped fluid

volume.

22. The method of claim 11, wherein the threshold amount is determined based on a fluid

volume to be infused.

23.  The method of claim 22, further comprising:
estimating a fluid container size based on the volume to be infused;
determining a cross-sectional area of the estimated container size; and

determining the threshold amount as an approximated normal slope value based on

the cross-sectional area and a fluid flow rate through the infusion line.

24. A system for detecting unintentional fluid flow through an infusion line, the system

comprising:

an infusion pump coupled with the infusion line, the infusion pump comprising an

intake valve and an outlet valve;
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a pressure sensor coupled to the infusion line upstream of the infusion pump, the

pressure sensor configured to sample fluid pressure within the infusion line;
amemory adapted to store fluid pressure values; and

a processor in communication with the pressure sensor and the memory, the processor

configured to:
calculate an actual fluid pressure slope profile;

compare the actual fluid pressure slope profile with an expected fluid pressure
slope profile when both intake and outlet valves of the infusion pump are to be

simultaneously compressed; and

alter operation of the infusion pump if a change in pressure of the actual fluid
pressure slope profile varies from a coincident change in pressure of an expected fluid

pressure slope profile by a predetermined threshold.

25.  The system of claim 24, the processor further configured to detect a failure of
compression of at least one of the intake valve or the outlet valve, wherein said altering the

operation of the infusion pump is performed in response to detecting the failure.

26.  The system of claim 24, wherein the infusion pump further comprises a driveshaft,
and wherein said altering the operation of the infusion pump comprises rotating the driveshaft

to occlude one of the intake and outlet valves.

27.  The system of claim 24, further comprising an infusion pump mechanism engaged
against the infusion line, wherein said altering the operation of the infusion pump includes
moving the infusion pump mechanism forward or backward to occlude flow of a fluid
through the infusion line.

28.  The system of claim 24, further comprising an alarm, wherein said altering operation

of the infusion pump includes activating the alarm.
29.  The system of claim 24, the processor further configured to:

detect a decrease in the actual fluid pressure slope profile indicating equilibrium

between a head height of first and second fluid sources; and

alter operation of the infusion pump when a volume of fluid directed through the

mfusion line is less than a volume of fluid expected to be directed through the infusion line.
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30.  The system of claim 24, the processor further configured to:
estimate a fluid container size based on a fluid volume to be infused;
determine a cross-sectional area of the estimated container size; and

determine the threshold as an approximated normal slope value based on the cross-

sectional area and a fluid flow rate through the infusion line.
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