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(57) Abstract: Systems for predicting a drug delivery profile as described herein include at least one drug pump and/or a control -
lable valve that produce a drug flow. The drug pump and/or controllable valve dispense at least a tirst drug. The system also includes
at least one carrier fluid pump and/or another controllable valve that produces a carrier fluid flow, a flow junction structure con-
figured to receive the drug flow and the carrier fluid tlow to produce a mixed flow, and a fluid path for carrying the mixed flow
between the flow junction structure and a delivery point. The system further includes a processing device configured to predict the
drug delivery profile at the delivery point based on determining a predicted time variation of drug concentration at the delivery point
using at least a model of the mixed flow. The model includes a plurality of parameters related to propagation of the mixed flow

through the fluid path.
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PREDICTION, VISUALIZATION, AND CONTROL
OF DRUG DELIVERY BY INFUSION PUMPS

TECHNICAL FIELD

The present disclosure relates to control systems for mfusion puraps,

BACKGROUND

A drug infusion system used for adnunistering a drug to a patient typically includes a
pump for dispensing the drug and another pump for dispensing a carrier fluid. The drug and
the carrier fluid are mixed together at a junction such as a manifold and transported to the
patient via a fluid path. The volume of the fluid path s reforred to as “dead volame”
{sometimes reforred to as “dead space™) and constitutes a space traversed by the fluid before
the drug can reach the patient. The dead volurne can cause a considerable discordance
between an intended dehvery profile and an actual delivery profile of drug delivered to the
patient. Such discordance can cause a delay in delivering an intended dose of drug to the

patient at a desired time.

SUMMARY

The present disclosure features methods and systems for controlling one or more
mfusion pumps such that an actual delivery profile of one or more drugs can be controlied. A
delivery profile, as used in this application, refors to 4 rate of drug delivery at a delivery pomt
over a range of time. The present disclosure also features controllable valves that can be used
either independently or in conjunction with the one or wore wiusion pumps to control the
delivery profile of one or more drugs. The methods and systems described herein are based on
algorithms, some of which depend on predictively modelng the flow of the one or more drugs
and the carrier fluid in at least portions of a fluid path between the puraps aud a delivery porat.
Predictive models can take into consideration nultiple physical parameters including radial

diffusion (molecules moving toward the walls of the tubing or catheter), axial diffusion
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{molecules moving along the axis of flow), laminar 8ow (smooth bulk fhud flow), physical
chemical properties of the particular drug, and the mteractions thereof and can therefore be
more accurate than ermapirical modeks derived primarily through back fitting of data. Output of
the infusion pumps and/or controllable valves can be adjusted based on dehvery profiles
computed using one or more of the predictive models.

In one aspect, systems for predicting one or more drug delivery profiles include at least
one drug pump that produces a drug flow. The drug purup dispenses at least a first drug, The
systems ako mclude at least one carrier fuid purop that produces a camer fluid flow, a flow
junction structure configured to receive the drug flow and the carrier fluid flow to producea
nixed flow, and a fluid path for carrying the mixed flow between the flow junction structure
and a delivery pomt. The systems further mclude a processing device configured to predict the
drug delivery profile at the delivery pomt based on determining a predicted time vanation of
drug concentration at the delivery point using at least a model of the mixed flow. The model
mchades a plurality of parameters related to propagation of the nixed flow through the fluid
path.

I avother aspect, methods for predicting a delivery rate of a drug at a delivery porat
mclade receiving, at a processing device, one or more operating parameters related to a drog
punp that dispenses a drug and a carrier fluid punip that dispenses a carrier fluid. The methods
also inclade deternining, by the processing device, a delivery rate of the drug at the delivery
point by predicting time variation of a concentration of the drug at the delivery pomt based at
feast on a mathematical model of a mixed flow through a thiid path that terminates at the
delivery point. The mixed flow mchudes the drug and the carrier fluid, and the model inclides
the one or more operating paramcters and a plurality of tlow-parameters related to the
wmathematical model of the mixed fow.

I another aspect, systemss for controlling a drug delivery profile include at least one

drug pump that produces a drug flow and at least one carrier fluid pump that produces a carrier
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fluid flow. The drug pump dispenses at least a first drug. The systems also include a flow
junction structure configured to receive the drug flow and the carrier fluid flow to produce a
nuxed flow, and a fluid path for carrying the mixed flow between the flow junction structure
and a delivery pomt. The systems further joclude a control module configured to control the
drug delivery profile at the delivery pomnt by controlling a drug flow rate and a carrier fluid flow
rate such that a ratio between the drag flow rate and the carrier fluid flow rate is substantially
fixed over a range of time. The nuxed flow is varied to aclueve a particular drug delivery
profile.

I another aspect, methods for controlling a drug delivery profile inchide receiving, ata
processing device, mformation on a drug flow rate related to a drug pump that dispenses a
drug and mformation on a carrier fluid flow rate related to a camrier fluid punyp that dispenses a
carrier fluid. The methods also include controlling, by a control module, the drag dehvery
profile at the delivery point by adjusting the drag flow rate and the carrier fluid flow rate such
that a ratio between the drug flow rate and the carrier fluid flow rate is substantially fixed over
a range of tune.

I avother aspect, methods for predicting a delivery rate of a drug at a delivery porat
mclade receiving, at a processing device, one or more operating parameters related to a first
container that dispenses a drug and a second contaimner that dispenses a carrier fluid, both ata
constant predefined pressure. The predefined pressure can be regulated by an nhine pressure
control valve or a constant force such as gravity. The methods also include determining, by the
processing device, a delivery rate of the drug at the delivery point by predicting time variation
of a concentration of the drug at the delivery point based at least on a mathematical modelofa
mixed How through a fluid path that terminates at the delivery point. The nixed flow mcludes
the drug and the carrier thud, and the roodel includes the one or more operating parareters and
a plurality of flow-parameters related to the mathematical model of the mixed flow.

In another aspect, systems for controlling a drug delivery profile mclude a first

[}
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controllable valve that produces a drug flow and a second controllable valve that controls a
carrier fluid flow. The systems alse include a flow junction structure configured to receive the
drug flow and the carrier fhud flow to produce a mixed flow, and a thad path for carrying the
mmuxed fow between the flow junction structure and a delvery pomt. The systems furthe
inchude a control module configured to control the drug delivery profile at the delivery point by
controlling the resistance to flow under constant pressure carrier fluid flow rate such that a
ratio between the drug flow rate and the carrier thuid flow rate 1 substantially fixed over a
range of time. The ruixed How 18 varied to achieve a particular drug delivery profile.

Iy another aspect, computer readable storage devices have encoded thereon
mstructions that, when executed, cause a processor to receive one or more operating
parameters related to a drug pump that dispenses the drug and a carrier fhud pump that
dispenses a carrier thad. The wstructions {further cause a processor to determine a delivery rate
of the drug at the delivery point by predicting time vanation of a concentration of the drug at
the delivery pomnt based at least on a mathematical model of a nuixed flow through a fluid path
that termimates at the delivery point. The nuxed flow includes the drug and the carrier fluid,
and the model ncludes the one or more operating parameters and a plurality of flow-
parameters related to the mathematical model of the mixed flow,

I another aspect, computer readable storage devices have encoded thereon
mstructions that, when executed, cause a processor (o receive mtormation on a drug flow rate
related to a drug purap that dispenses a drug and mformation oun a carrier fluid flow rate related
to a carrier fhid pump that dispenses a carrier fhuid. The mstructions further cause a processor
to control a drug delivery profile at a delivery point by controlling the drug flow rate and the
carrier thuid tlow rate such that a ratio between the drag flow rate and the carrier fluid flow rate
18 substantially fixed over a range of time.

Implementations can include one or more of the following aspects, individually or in

combination. For example, various implementations can inchide combinations and sub-
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combinations of two or more of the following features.

A control module can be configured to control the drug flow and the carrier fluid flow
such that a particular drug dehvery profile 1 achieved at a future time pomt. The control
module can be further configured to compute a rate of the drug flow and a rate of the carrier
fluid flow at a given timie point such that the particalar drug delivery profile is achieved at the
future time point. A display device can display data on the predicted drug delivery profile. At
least one alarm can be configared to be triggered on detecting that at least one of 1) a current
drug flow rate, #} a current carrier fluid rate or 1) a predicied drag delivery profile 15 outside a
corresponding pre-defined desired or safe range associated with the drug, The safe range
associated with the drug can be retrieved from a database. At least one sensor can be
configured to provide data on a flow rate of the mixed How at a particular portion of the
delivery path. The control module can be configured to control the drag flow and the carrer
fluid flow such that a proportion of the drug and the carrier fluid m the mixed flow, overa
given portion of the fluid path, arc substantially fixed. The processing device can be further
configured to predict the drug delivery profile at the dehivery point based also on user-tput
parareters on the drug flow and the carrier flow.

The parameters related to propagation of the mixed flow through the fhuid path can
melude parameters characterizing one or more of 1} radial diffusion, ) axial diffusion, i)
famanar fow through the fluid path or v) a physical or chemmical property of the drug. In some
inplementations, the parareters related to propagation of the mixed flow through the fluid
path can consist of a combination of two or more parameters characterizing 1) radial diffission,
i1} axial diffusion, 11} laminar low through the fluid path and v} a physical or chemical property
of the drug. The model can melude structural parameters representing charactenstics of at
fcast one of the drug pump, the carrier fuid purap, the flow junction structure, or the fluid path.

In some mplementations, the model can consist of a combination of two or more structural

parameters representing characteristics of the drug pump, the carrier fluid pump, the flow
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junction structure, and the fluid path. The structural parameters can mchide a dead volume
associated with the fluid path. The dead volume can be empirically determined by examining a
series of candidate cropirical dead volumes and selecting one that best fits a control curve mna
feast squares sense. The processing device can be further conligured to access a storage device
that stores the structural parameters.

The processing device can be configured to identify at least one of the drug pumps, the
carrier thuid pump, the flow junction structure, and the fluid path based on anidentifier. The
wdentifier can be a vadio frequency identification (RFID) tag or a barcode and the processing
device is coupled to an RFID tag reader or a barcode reader.

At least one additional drag pump can dispense at least a second drug and the control
module can be contigured to control the second drug flow such that a particular delivery profile
of the second drug is achieved at the future time point. At least one of the drug pump or the
carrier fluid pump can be a syringe pump or an infusion punp. A display device can display
data on predicted drug delivery profiles of the first and second drugs.

The control module can be further configured to adjust a drug delivery rate at the
delivery point within the range of time by stuultancously controlling the drug flow rate and the
carrier fhuid flow rate. A drug concentration in the drug flow can be substantially fixed over the
range of time. The control module can adjust the drug delivery rate to achieve a predicted
drug delivery rate calculated using at least a model of the mixed flow. The control module can
be {urther configured to adjust the drag delivery profile such that excess volume delivery over
time is substantially reduced while maintaming target drug delivery within allowable tolerances.
The nwdel can inchude a plurality of parameters related to propagation of the mixed flow
through the thud path.

The control module can be further counfigured to set an ital drug flow rate and an
mitial carrier thid flow rate at substantially high values within corresponding allowable ranges

at an onset of the range of time, and reduce, after a predetermined amount of time has elapsed,

|
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the drug flow rate and the carrier fluid flow rate such that the drug delivery profile canbe
achicved at the delivery point. The predeterniined amount of time can be substantially equal to
a time taken by the mixed flow to traverse the fluid path when the drug flow rate and the
carrier fluid flow rate are set at the initial drug flow rate and the wital carvier {luid flow rate,
respectively. At least one controliable valve can be disposed upstream from the flow junction
structure, wherein the control module controls the drug delivery profile at the delivery pomnt by
controlling a flow through the countrollable valve, A constant pressure valve can be disposed
upstrean frora the controllable valve, wherein the constant pressure valve 18 coufigured to
maintain a constant pressure upstream of the controllable valve for a fluid that flows through
the controliable valve,

The methods and systerns described herein provide numerous benefits and advantages
{some of which may be achieved only i some of its various aspects and implementations)
inchuding the following. In general, controlling the one or more drug pumps and the camrier
fluid pump m conjunction with one another, using algorithms based m part on a mathematical
model, facilitates accurate control over changes i drug dehivery at the delivery pomt. For
exanple, the models deseribed herem can be used to predict when and how the output profile
at a drug infusion pump has to be changed such that a particular delivery profile s achieved at
the delivery point. The delay between an activation of a drug infusion pump and the time when
the appropriate amount of drug actually reaches the delivery pomt can be reduced signtficantly,
thereby facilitating quick drug delivery especially in enitical care settings. Accurate control over
drug delivery profiles, as well as warning systems for detecting dangerous conditions, avoid
potentially fife threatening drug delivery variations and make the drug mfusion pumps nmwuch
more reliable and safe. In addition, accurate control also enables the ability to munimize the
delivered volume of fluid, an wopottant consideration when delivering mfused medications to
patients with compromised organ function. The methods and systems described herein can

also be used to predict drug delivery profiles at the delivery point and trigger alarms if the
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predicted delivery profile lies outside an allowable or safe range. By using one or more
resistance valves, the resistance of which can be controlled substantially contimuously or
continuousty, the flow can be controlled i accordance with desired scttings under substantially
constant ypstrean pressure,

Unless otherwise defined, all technical and scientific terms used herein have the same
meaning as commonly understood by one of ordinary skill m the art. Although methods and
materials stmlar or equivalent to those described herein can be used, suttable methods and
waterials are described below. Al pubhications, patent appheations, patents, and other
references mentioned herein are incorporated by reference in their entirety. In case of conflict,
the present specification, inchiding definitions, will control. In addition, the materials, methods,
and examples are dlustrative only and not miended to be hmiting,

Other features and advantages of the invention will be apparent from the following

detailed description, and from the claims.

BRILF DESCRIPTION OF THE DRAWINGS

FIG, 1A s a schematic block diagram of an exanple of a system for controlling thud
delivery.

FIG. 1B is a schematic block diagram of another example of a system for controlling
fluid dehivery.

FIG. 1C 18 a plot showing 4 relationship between an internal radius of 4 tube and a flow
through the tube,

FIG. 2 13 a diagram of an example of a flow junction structure.

FIG. 3A1s a flowchart of an exaniple of a sequence of operations for reducing drug
delivery onset delay.

FIG. 3B 1s a scheroatic graph of an exawple of a concentration of a drug along a thad

path.
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FIG. 3 13 a block diagram of a foedback loop.

FIG. 4 1s a flowchart of an cxample of a sequence of operations for controliing drug
delivery protiles.

FIG. 5 is a scheroatic diagram of a computer systen,

FiGs. 6A-6C are a set of plots that dllustrate reduction in examples of drug delivery
onset delay.

FIG. 7 18 a set of plots that tlustrate waproved control over examples of drug delivery

profiles.

10 DETAILED DESCRIPTION

The mventions described herem can be wuplemented m many ways. Some useful
imnplementations are described below. The descriptions of waplementations of the mventions

are not descriptions of the inventions, which are not limited to the detailed implenientations
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described in this section, but are described in broader terms in the clams.

System Overview

FIG. 1A shows a schematic block diagram of an example of a system 100 for

controlling fluid delivery, ¢.g., it infission pump systems, The system 100 inchdes multiple

20 mfusion punps 1053, 105b and 105¢ (105, n general) that dehver fluids (e.g. drugs and carrier
fluids) to a target 130, The fhuds from the nultiple infusion puraps 105 are mixed with each
other at a flow junction structure 120 and transported over a thud path 123 and delivered to
the target 130 at a delivery poirt 125, The fluid outputs of mfusion punips 105 canbe
controlled by a computing device 1135, possibly in comnumeation with an mterface module

25 110, Even though the nterface module 110 is shown as a separate untt fu FIG, 1A, m sore
implementations, the interface module 110 may reside on an infusion punmp 105 or computing

device 150.
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The drugs delivered by the infusion punps 105 can inchide any compound or
composition that can be admimistered at the target in a hquid form. For example, drugs can
mclide medicines, nutrients, vitamms, hormonges, tracer dies, pharmaceutical compounds,
chemicals, or any other substance dehivered at the target for preventive, therapeutic, or

diagnostic reasons. The target 130 can include any living being, for example a human patient,

(O3

an animal, or a plant. In some implementations, the target 130 can also melude nonliving

articles such as an apparatus (¢.g., a reaction chamber) where a fluid mixture 1 to be delivered

i a controlled fashion.

The infusion pump 105 is typically used for introducing fluids, for example the drugs

10 mentioned above, at a portion of the target. For example the mfusion pump 105 can be used to

mtroduce drugs mto a patient's circulatory system. In general, the infusion purip 105

adrotmsters a controlled amount of a fhuid over a peniod of tame. Tn some implementatious, the

infusion pump 105 dispenses the fhud at a continuous flow rate.  In some implerientations,

the mfusion pump 105 dispenses a predetermined amount of fiuid repeatedly after

[$a}

predetermined time ntervals, For example, the mdusion pump 105 can be configured to

pot

dispense 0.1 mi of a given drug every hour, every minute, ¢ie. In some waplementations the
mfirsion pump 105 can be configured to dispense a fluid on demand, for exanple as directed by
a healthcare persormel or even a patiert. In such cases, the mfusion pump 103 can also mclude
overdose protection systerns to protect against dispensing potentially hazardous amounts. For
20 example, the mfusion pump 105 can be a "start pump” that 1s equipped with safety {eatures
{c.g. alarms and pre-emptive shutdown ) that activate when there is a risk of an adverse drug
mtcraction, or when an operator sets the pumps’ parameters outside of specified safoty limits.
The mtiision pump 105 can operate n various ways. For exarnple the mifusion pump
105 can be a syringe pump where the fluid is held m the reservorr of a syringe, and a movable
25 piston controls dispensing of the fhud. In some implerentations, the mfusion pump 105 can be

an elastomeric pump where the fluid s held in the stretchable balloon reservoir, and pressure
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from elastic walls of the balloon dispenses the fhuid. The miusion pump 105 can also include a
peristaitic pump where a set of rollers presses down on a length of flexible tubing thereby
dispensing the fuid through the tubmg. Other propulsion mechanisrus may be used n some
inplementations of purop systems. The wiusion pump 105 can also be a multichanuel purap
where fluids are dispensed from multiple reservoirs, possibly at different rates.

The infirsion pump 105 can also include one or more ports to receive a control signal
that controls a fluid output from the mfusion purap. For example, the infusion pump 1035 can
mchade a Universal Serial Bus (USE) port for recetving control signals for an actuator that
regulates the pressure controlling the fluid cutput. In some implementations, the nfusion pump
105 can feature a wireless receiver (for example a Bluetooth receiver, an infrared receiver, etc.}
for recetving the control signal Tn some mplementations, the mfusion pump 105 may be Wi-Fi
enabled such that the nfusion pump can receive the control signal over a wireless network such
as a wireless local area network {WLAN). In some implementations, the infusion punyp 105
may be configured to receive the control signal over any combination of wired and wireless
networks,

I some implementations, one of the wiusion pumps (for example the mfusion pump
105¢) dispenses a carrier fhuid that is mixed with the drugs {dispensed fron one or nore other
infirsion pumps} at a flow junction structure, and the miixed fluid is delivered to the target. In
general, the amnount of volume from drugs that are delivered s small and thercfore the carrier
fluid constitutes a significant portion of the thud that is delivered to the target. Various
substances such as polymeric materials can be used as the carrier fluid. Some characterstics of
the carrier fuid can mclude an adequate drug-loading capacity, water solubility when drug-
loaded, a suttable molecule or weight range, a stable carrier-drug linkage i body fluids,
biodegradability, non~toxicity, and geveral biocowpatibiity. In some woplementations, the
carrier fluid may also be desired to be non~-tmimunogenic. Carrier flnids can transport drugs in

various ways. In some mplementations the carrier fluid acts as a matrix and the drug is carried
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uniformly distributed throughout the matrix. In some mplementations the carrier fluid acts as a
solvent and the drug is dissolved within the carrier fluid. In some implementations the drug can
also be chenucally or magnetically inked with molecules of the carnier fluid,  Various polyrmeric
matenals, e.g., soluble polymers, biodegradable or bicerodable polymers, and vucoadhesive
polymers, can be used as the carrier fhaid. Typical carrier fluids m common clinical use can
mchide 0.9% sodmn chlonide (Normal Saline) and Dextrose 5% i water (D5W} although
other carrier fluids can be eraployed wn some maplementations.

Even though FIG. 1A shows only two mfusion pumps 1035a and 105b for dispensing
drugs and only one miusion pump 105¢ for dispensing the carrier fhnd, higher or lower
numbers of nfirsion pumps are also possible. For example, a systern may feature only a single
mfhsion pump for dispensing a drug and a single mfusion purnp for dispensing the carrier fluid.

In some implementations, a hagher mumber of infusion purips (e.g., three or four or even
more} can be used for dispensing mmltiple drugs. In some mplementations multiple infusion
pumps can be used for dispensing two or more differert types of carrier fluid.

In general, the carrier hud dispensed frora the mfusion purnp 105¢ and the one or more
drugs dispensed froma the other mifusion pumps (e.g. 105a and 105b) are mixed together at the
flow junction structure 120, In some mmplementations the flow junction structure 120 s a
nmanifold with one main miet 121 for accommodating the carrier fhuid flow and multiple
auxthary mlets 122 for accommodating the drug flows. The shape, size, and number of nlets
of the flow pnction structure 120 can depend on the number of mfusion pumps 185 used m the
system. The flow junction structure 120 shown in FIG. 1A features two occupied auxiliary
mlets for accommodating drugs dispensed from the mfusion punips105a and 1056 and one
main wlet 121 for accommodating the carrier thuid dispensed fom the mfusion purnp 105¢,
However, for higher number of infusion pumps, the flow junction structure 120 can have
additional main ilets 121 and/or auxiliary inlets 122 as needed. In some implementations, the

flow junction structure 120 may include only one type of inlet rather than mam mlets and
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auxiliary mlsts. In some muplementations, the flow junction struchure can mcorporate
flow/pressure sensors to measure and compare actual fluid flow. Such flow junction structures
can provide additional data that can be used to confirm that the actual and mtended tlow rates
are in agreement.

In some muplementations, the system 100 includes an mterface module 110 that serves
as an interface between the computing device 115 and the nmultiple infusion punips 105, The
mieriace module 110 can feature 2 first set of ports to communicate with the computing device
115 and a second set of ports to commumicate with the mdfusion puraps 105, The ports for
communicating with the computing device 113 and the infusion pumps 105 can be substantially
different. In such cases, the interface module 110 can serve as a bridge between the computing
device 11S and the miusion pumps 105, For example, if an infusion pump 105a s configured
to accept wputs only via a serial port whereas the coraputing device 1135 features only 2 USB
port as an output port, the nterface module 110 can be used to provide commumications
between the mfusion pump 105a and the computing device 115, In this case, the mterface
module 110 can nchude a USB mput port to accept commumications from the computing
device 115 and a serial output port to comrounicate with the wfusion pump 105a. losacha
case, the mterface module 110 also includes circuitry that is configured to forward
communication received at the USB input port to the serial output port.

In some moplementations, the multiple mfusion pumps 105 m the systern 100 can have
different wput ports. o such cases, the interface module 110 way feature various output ports
configured to commmnicate with different infusion puraps 105, In general, the input and/or
output ports of the mterface module 110 can include, for exanple, a serial port, a parallel post,
a USB port, an IEEE 1394 mierface, an Ethemnet port, a wireless transnutter, a wireless
recewver, a Bluetooth module, a PR/2 port, a RS-232 port, or any other port configured to
support connections off the interface module 110 with the conputing device 115 and/or the

infirsion pumps 105, The mterface module 110 can also mchude additional cirenitry to facilitate
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communications between different types of input and output posts.

The mterface module 110 can be miplemented using any combination of software
and/or hardware modules, Interface module 110 may be wnplemented as a stand-alone unit or
could be incorporated within another device, e.g. the computing device 115 or the fusion
pump 103, In some cases, the mterface module 110 can mclude a processing device that
aliows implementation of additional functionalities on the interface module 110, For cxample,
the mterface module 110 can be configured to monitor the infusion pumps 105 (for exanple, in
conjunction with various sensors) and provide the computing device 115 with appropriate
feedback on the performance of the mfusion pumps 105, In such cases, the processing device
on the mterface module 110 can determine whether or not certain feedback information is to be
transmitted back to the computing device 115, In some mplenentations, the mterface module
110 can also facilitate comrupications between the infusion puraps 105, In some
implementations, the interface module 110 can also uniquely identify each mfusion pump and
corresponding data.

The computing device 115 can mchude, for exanple, a laptop, a desktop computer, or
a wireless device such as a smoart phone, a personal digital assistant (PDA), an (Phone, and a
tablet device such as an 1Pad®. The computing device 115 can be configured to execute
algorithms that deternine the amount of fluids to be dispensed from the infusion pumps 105,
In some nnplementations, the algorithins are implermented via software that can inclade a set of
coraputer readable wmstructions tangibly embodied on a computer readable storage device. In
some implementations, the computer readable storage device can be a non-transitory computer
readable medium, for example, a hard disk, compact disk or a memory device. In some
whplementations, the corputing device 115 can be configured to determaine the amount of
fluids to be dispensed from the mifusion pumps 105 based i some implerentations, ou a
mathematical model that characterizes fluid flow along the thuid path 123, For examiple, based

on the mathematical model of fluid flow along the fluid path 123, the computing device 115



(O3

[$a}

pot

20
ey

WO 2013/078179 PCT/US2012/066019

may determine amounts of fluid to be dispensed fron the miusion pumps 105 such that a
particular drug delivery profile is achieved at the delivery point 125, The computing device
115 comwmnumnicates the determimed amourts to the musion pumps 103 cither divectly or via the
wnterface module 110, The computing device 115 can be configured to coromumcate with the
interface module 110 and/or the infusion pumps 105 via wired connections, a wireless network,
or anty combination thereof.

In some mplermentations, the systern 100 meludes at least one display. The display can
be a part of one or roore computing device 115, the nterface module 110 or the mfusion
purps 105, In other implenientations, the display can also be a stand-alone unit coupled to
one or more of the mfusion pumps 105, or the mterface module 110, The display can also be
configured to present a console to the user that displays not only the numerical parameters,
medication type, and details of the systern, but alo presents real time graphical representations
of projected drug delivery profiles based on the parameters entered by a user. Based on these
parameters, associated software can be configured to calculate and graphically display the
mtended druag delivery profile (the values sclected by the user) as well as the projected drug
delivery time course, or exaraple, as determined by the model. When relevant, upper and
lower safe boundaries for medication delivery rates can be superimposed on the graphs, and
key mflection points and time mtervals can also be indicated. The graphical displays can be
updated m real time to reflect changes m parameters such as the carrier fluid flow rate and the
drug flow rate. In some mmplementations, the display can include an E Ink screen, a liquad
crystal display (LCD) or a hight entting diode (LED) screen. Wireless handheld devices such
as an iPhone® or iPad® or the like can also be used as the display.

In some mplementations, the cormputing device 115 can be configured to monitor flow
profiles in various parts of the system 100, One or wore sensors can be deployed in the various
pats to detect such flow profiles. For example, a sensor may detect the actual amount of drug

dispensed by the mfusion pump 1052 and provide the mformation to the computing device 115
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via a feedback loop. Smlarly, a sensor can also be deployed to detect the amount of carrier
fluid dispensed by the mfusion pump 105¢. In some implenientations, one or more sensors can
detect various paramcters of the mixed fhud w the fluid path 123, Such parameters can
include, {or exarmple, a flow rate or velocity at a particular pomt, amount of a particular drug m
the mixture, amount of carrier fhud m the mixture, etc. The data from the sensors canbe
analyzed at the computing device 115 {or possibly the interface module 110) and graphically
represented on a display,

I some implementations, a visual and/or audible alarm can be triggered f certamn
parameters of the drug delivery profiles are detected to be out of a normal or safe range. For
example, if an amount of drug predicted (.. by a predictive model) to be delivered at a future
time is determuned to be outside a perrmssible range, an audible and/or visual alarm can be
triggered. In sorue woplementations, an alarm can be triggered based on detecting when at
feast one of a current drug flow rate, a current carvier fluid rate or a predicted drag delivery
profile is outside a corresponding pre-defined range. The corresponding pre-defined range can
be pre-stored {¢.g. in a drug-library or a database for storing drug related paramcters) and
made available to a computing device that determines whether an alavm should be triggered.
The graphical displays can also be configured to visually reflect these alarms (for example, with
flashing valaes or with color changes). The software can also be configured to trigger an alarm
or warring based not only on uncxpected or unsafe values at the current moment 1 time, but
also based on such values that are predicted to occur m the future if current settings are
mamtained. Furthermore, the software can be configured to monitor for malfimctions via
feedback ffom the punips, such as the unplanned cessation of carrier flow, and provide
warnings accordingly. Whether or not an alarm is to be triggered can be determined by the
computing device 115, the interface wodule 110, or an infusion pump 105, Such alarms and
drug libraries of acceptable drug parameters to which a particular drug profils is compared are

described in further details n U.S. Patent No. 5,681,285, the entire content of which is
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mcorporated herein by reference.

The flaid path 123 facilitates propagation of fluids dispensed from the infusion pumyps
105 (and mixed together at the low junction structure 120) to the target 130, In general, the
fload path 123 terroates at the delivery point 125, When the target 130 is a buman patient or
an amimal, the delivery pomt 125 can facilitate, for exanple, mtravenous, ntra-osseous,
subcutancous, arterial, intrathecal, or epidural delivery of fluid propagated through the fluid
path 123,

The fluid path 123 canmclude oue or more components. In some maplementations, the
flow junction structure 120 {e.g., a manifold) can be considered as a part of the fluid path 123.
The fhnd path 123 can also mclude, for exanple, one or more of a tube (e.g., an mtravenous
tube), a catheter {e.g., a vascular access catheter), a needle, a stopeock, and a jomt, In some
inplementations, the components of the fluid path 123 can be represented using one or more
corresponding structural parameters. Structural parameters can inclade, for example, mimber
of mlcts in a manifold, length, diameter or volume of a catheter, number of bends in the fhuid
path, and volume of the fluid path 123, In sone mplersentations, the fluid path 123 can also
mnchade at least portions of a thud path between an wfusion purop 105 and the flow junction
structare 128, 1o some implementations, the volume of the fluid path 123 s referred to as
"dead volume." In some implementations the term “dead space” is used as an equivalent term
for “dead volune”.

FIG, 18 shows a schematic block diagram of another example of a system 150 for
controlling fluid delivery. The systen 150 meludes multiple fhuid sources 152a, 152b, and 152¢
{152, m general) that deliver fluids (e.2., drugs and carier fluids} to a target 130, The fluids
from the multiple sources 152 are mixed with cach other at the flow junction structure 120 and
transported along the thad path 123 and dehivered to the target 130 at the delivery pout 1285,
One or more of the fluid sources 152 can be a container (such as an mira-venous (IV) fluid

contamer} from which the fluid flows to the flow junction structure 120 due to gravity or
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additional methods of fluid delivery inchiding, but not limuted to, pressurization (internally or
externally applied). One or more of the fluid sources 152 can be an infusion pump such as the
mtiision pump 105 described above with reference to FIG. TA. In some wnplementations a
combination of containers and mfusion a pumps can be used as the plurality of fhud sources
152. For example, a drug can be provided from a container whereas the carvier fluid i
provided from an infusion punp.

The systern 150 firther melades a controllable valve 155 between a source 152 and the
flow junction structure 120, In some mmplementations, a controllable valve 155 can be placed
between each source 152 and the flow junction stracture 120. Alternatively, at least one of the
sources 152 can be directly connected to the flow junction structure without an intervening
cortrollable valve 135, In some mnplermentations, when a controllable valve 155 s placed
between a source 152 and the flow junction structure 120, the system 150 can also chude a
constant pressure valve 160 between the corresponding source 152 and the countroliable valve
155, Thus, the constant pressure valve 160 s located “upstream” from the controllable vatve

15

(941

The constant pressure valve can be configured to mamtaim a constant upstreary
pressure for a fhud that flows through the controllable valve 155, In some mplementations,
the constant upstream pressure can also be mamtamed by the source 152, For exanmple, if the
source 152 is a controlled mfusion pump, the mfusion purmp can be configured to maintam the
constant upstrearn pressure, In soroe cases, the constant pressure can also be roaintamed by
gravity flow, mntravenous pump flow, or other mechanisms. In some mmplementations, the
mtravenous pump can be used to provide a pressure difference in excess of a rated capacity of
an i line constant pressure valve 160,

The controllable valve 155 can be configured to exert a controllable resistance to the
flow that enters the flow junction structure 120, For example, the controllable valve 155 can

be configured to restrict the flow i accordance with desired settings under constant upstream
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pressure. The desired settings can be deduced from fluid dynaniics principles, for example, by

applying the following equation:

Q= (K-P-Y(nl) 1

where (@ represents the flow,

K is a constant,

P represents the difference between upstrearn and downstream pressure,

1 is the radius of the tube connecting the constant pressure valve and the controllable

valve,

n represents viscosity of the fluid, and

11is the length of the tube.

Because the length of the tube is fixed, for a fluid of substantially constant viscosity, the
flow 18 proportional to the fourth power of the radius. Therefore, the flow can be controlied if
the radius {(or cross sectional area) of the tube can be controlled using the controllable valve
155, Various types of controllable valves 155 can be used m methods and systems described
herein. In some implementations, the controllable valve 155 is a pinch valve that can be
configured to alter the cross-sectional area of a tube on which the valve is disposed. For
exanmple, the controllable valve 155 can nclude a jaw or clamp that can exert force on the tube
to alter the cross-sectional area of the tube, In some wplementations, a substantially
continuous management of the internal diameter or cross-sectional area of the ftubing 157 can
provide for precise delivery of specified fluid volumes. Resistance to the flow, m some cases,
can be proportional to an cnergy supphed to the valves 155, The supphied cnergy can be
electrical, preumatic, or of another form.

I some implenentations, the controllable valve 155 can inchude one or more actuators

that can be electrically controlled to vary the force exerted by the valve on the tube. The one
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or more actuators can inclade, for example, a shape memory alloy that changes shape based on
a magnitude of an clectric current passed through the alloy. The amount of force exerted by
the controllable valve 155 can be controlled by varving, for exarople, the current through the
shape memory alloy.

An examiple of a shape memory alloy is Ni-T1, a nickel-titanium alloy. Other suitable
shape memory alloy such as copper-zinc-alummumenickel, or copper-alununum-nickel can
also be used. Shape memory alloys typically undergo a thermo-elastic phase transformation
from a moartensitic phase when at a temperature below the waterial’s phase change transition
temperature to an austenitic phase when heated through the phase change transition
temperature. Below the phase change transition temperature, the alloy is plastically deformed,
and remains deformed until heated through the phase change transition teraperature at which
point it reverts to an oniginal shape. The resistivity characteristic of the shape memory alloy
material can be used for heating 1 to temperatures above the corresponding phase change
tenperature. For example, as current flows through an elenent made of a shape memory alloy,
the elemment can be heated to 4 teraperature above the phase transition temperature, Thas in
turn can change the shape of the element. The shape memory alloy element can be disposed in
the controllable valve 155 such that the element exerts a variable force on the jaw or clanp of
the valve 135 in various states of deformuty.

In some maplementations, one or more of the controllable valves 155 can be controlied
by electrical coutrol signals from the mtertace moodule 110, The control signals can be base
on a desired amount of flow through the corresponding controliable valve 155 and can be
determined using the predictive models described herein. In some implementations, the fow
rates from the sources are not controlied by the mterface module, mstead, the flow 1s controlled
by coutrolling the controllable valves 155 under a constant pressure, which can be ensured by
the constant pressure valve 160, In some implerientations, the mterface module 110 canbe

used to control one or more sources 152 and one or more controllable valves 155, For
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example, a drug flow can be controlled via a controllable valve 155, while the carrier fluid is
controlled by controlling the output of the source. In some implementations, the control signal
from the interface module can be converted to a different form {e.g., a mechanical or
preumatic force} to drive the actuator,

The tubing 157 on which a controllable valve s disposed is typically made of a flexible
material {e.g., silicone) such that a force exerted on the tubing 157 can alter the cross-section
of the tubmg therehy mpacting an amount of fluid that can flow through the cross-sectional
area, However, other muaterials or stractures that allow alteration of flow rates through the
tube by a controllable valve 155 are within the scope of this disclosure.

Using equation (1}, a relationship between the flow Q and the internal radius » (and
consequently the cross-sectional area) can be calculated for any given change i the pressure P,
tubing length / and fluid viscosities . FIG. 1C shows a relationship between an ioternal radins
of a tube and the flow Q assuming a constant pressure drop, constant tubing length, and
constant fluid viscosity. The example m FIG. 1C shows that the flow rate reduces at a non-
tinear rate as the radius of the tube 1 reduced to about 10% (0.1X) of the ongmal radius (1X),

Because the amount of power consumed to control the controllable valves is typically less than
the amount of powser consumed to control the sources 152, the controllable valve approach can
be used for low power applications such as portable and/or battery operated drug delivery
systerns,  Other setiimgs in which the systern 150 can be used melude, for exaruple, critical care
units, mehuding those specializing in the care of eritically il pediatric patients, operating rooms
for the delivery of intravenous anesthesia, and interventional procedure rooms inchiding cardiac
catheterization rooms.

Referrmg now to FIG. 2, an example of the dead volume i illustrated via a manifold
208, an exarmple of a low junction structure. The manifold 205 includes tour awxiliary wlets
222 and one mam inlet 221, The awaliary inlets 222 facilitate connections with tubes 225

originating from drug mfusion pumps. The mam inlet 221 facilitates a connection with a tube
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30 originating from a carrier infusion pump. In some mplementations, the drug infusion
pumps and the carrier mfusion punip can be substantially similar to the infirsion pumps 105
desertbed with reference to FIG. 1A, A tube 235 15 cormected to the outlet 232 of the mamfold
205. The tube 235 connects the maarafold 205 to a catheter 240, In some implementatious, the
catheter 244 can nclude an introducer or sheath of various sizes, such as a 9 Fr Introducer, an
8 Fr sheath, or an 8.5 Fr. sheath. In some mplemertations, the catheter can include any
standard smgle or multiport central venous catheter (ncluding catheters sized for adults or
catheters sized for pediatric patients}, and pulmonary artery catheters. In some
implementations, the catheter can be a peripheral venous catheter, or an intra-arterial, intra~
osseous, intrathecal, epidural, subcutaneous or other catheter or cannula device. In this
example, the dead volume 8 the volume between the asterisk 210 and the asterisk 220, The
asterisk 210 represents the powt where a drog fiest jons the carnier fluid and the asterisk 220
denotes the pomnt where a mixture of the drugs and the carrier fhunid enters a target (e.g.
patient's bloodstream). In this example, the asterisk 220 also represents the delivery pomt 125
described with reference to F1G, 1A

In general, the dead volurue constitutes a space that viust be traversed by the mipdare
of drugs and carrier fhuid before reaching the target 130, In some mplementation, the carrier
fluid can be used to speed propagation across the dead volame. However, in some cases,
mcluding those mnplementations where drug and/or carrier lows are low, the dead volume can
cause a considerable delay for a drag dispensed by an infusion pump w reaching the target 130

In some implementations, the dead volume acts as a reservoir for a drug that is madvertently
delivered when flows are altered. In some implementations, discordance between the intended
delvery profile (based on drugs dispensed at a corresponding mfusion purmp 105) and the
actual delivery profile at the delivery point 123 can be avoided by algorithmically controlling
the flow n the fluid path 123, based, for exanple, on a predictive miodel of the flow. Such

algorithms can take mto account factors mcluding, for exanple, the dead volume, parameters
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of the flow junction structure 120(e.g. a maniold}, components of the fluid path 123 (e.g. an
miravenous tube, and an mtravascular catheter, otc.}, alterations in flow rates of the drugs and
the carrier fluid, and relationships between such flow rates. In some implermentations,
appropriate algorithmic coutrol of the flow m the fluid path reduces (or at least renders

deterministic} a delay in delivering an intended dose of drug to the target 130 at a desired time.

Modeling the Mixed Flow

Modeling the mixed flow (ie., muxture of the one or more drugs and the carrier fluid)
can allow for algorithmically controlling the time course of the delivery (delivery profile) of the
drugs thereby rendering the use of drag mfusion systems safer and more predictable. In some
implementations, the model of the mixed flow can be used to provide guidance, monitoring,
visuahization and control of drug mfusion,

In some maplementations, visualizations based on the model can enhance the safety of
drug infusions by providing graphical displays of future drug delivery profiles. For example,
graphical representations based on the model can show clinicians the predicted results of their
decisions about drug dosing, carrier flow rates, and selection of vascular access catheters and
manifolds. In some mplementations, the model can also be used for training purposes. For
example, the model can be used as the basis of an educational software package or simulator
for trainimg climcians (nurses, physicians, pharmacists) n the real-life behavior of drug mfusion
systerns,

In some muplementations, modeling the mixed flow includes characterizing the flow
using differential equations derived from physical principles. Because various parameters are
considered and accounted for m the model, the model is also referred to as a umfied model
The unified model takes into account multiple factors, ncluding, for example radial diffusion
{molecules moving toward the walls of a tubing or catheter), axial diffusion {molecules moving

along the axis of flow}, laminar flow (smooth bulk fluid flow), and physical chenmcal properties
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ofthe drugs, and the interactions between these and other factors.
In some implenentations, only the drug flow {or the drug concentration along the fluid
path over ime) can be modeled to control the delivery profile of the drug. Various predictive

models can be used for modeling the drag flow, drug concentration and/or the mixed fluid
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flow. Anexample of a model 1s described next m connection with modeling the mixed flow.
The described model can be readily extended for modeling other flows such as the drug flow or
the carmer {fluid flow. It should also be noted that the following model s described for
ustrative purposes and should vot be considered limiting.  Other predictive rodels that
characterize the drug concentration along the fluid path over time, drag flow, carmier flow, or
10 mixed flow are within the scope of the disclosure.

In some maplementations, the mixed flow 18 modeled using a Taylor dispersion
equation that includes parameters for radial diffusion, axal diffusion, and lamnar flow, Taylor
dispersion typically deals with longttudmal dispersion in flow tubes, but can also be expanded

for any kind of flow where there are velocity gradients. In some mmplementations, the Taylor
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dispersion used for modehng the mixed flow can be represented as:

2)

where D represents a molecular diffusion coeflicient, u represents an axial velocity of fluid

20 through a tube, x represents an axial distance along the tube, 7 represents time, R represents a
radius of the tube, and ¢ represents a concentration of a substance (e.g., adye or adrug). The
small bar over the parameters v and ¢ represents 4 mean or average value, The average of the
concentration of the substance s calculated over a cross-section of the tube. The flow is

generally assumed to be non-turbulent and can be represented using a low Reynolds number.

N
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eynolds nmumber 1s a dimensionless number that gives a measure of the ratio of nertial forces
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to viscous forces and quantifies the relative maportance of these two types of forces for given
flow conditions.

In some maplementations, equation (2) can be mmplemented numerically using forward
difference moodek. Under an experimental setap, the model represented by equation (2) can be
verified by tracking a dye as it flows through a fluid pathway via quantitative
spectrophotometry measurements. The parameters in the model can be determined i various
ways. For example, the molecular diffusion coeflicient D (the unit of which can be cm’/sec)
can be retrieved or calcudated based on known measurements, or ¢an be estimated
experimentally based on the properties of the drug molecules. In such cases, the value of 3 can
vary from one drug to another. In some mplementations, the mean axial velocity of the fluid
can be calenlated frora the total flow rate and properties of the fluid path 123, In some
inplementations, the equations related o the model are solved for the concentration of the
substance {drugs, carrier thud etc.) averaged over the cross section of the fluid path 123, The
equations can be solved over the length of the fluid path for a given time.

In some mplermentations, the model uses an erpirical dead volume of the fluid path
123 rather than a measured dead volume. The empirical dead volume accounts for
wrregularities in the fluid path 123 mchiding, for example, changes in diameter between
stopeocks, manifolds, tubes, etc., and changes in angles (e.z., stopcock ports can mieet
manitolds at right angles) in the fluid path 123, The enpirical dead volurme can be determined
experimentally, for example, by exaruining a series of candidate empinical dead volumes and
selecting one that best fits an experimental control curve i a least squares sense. In some
mmplementations, other model parameters may also be deternuned experimentaily. The use of
empirically-determined parameters can avoid the need for complicated, cormputationally-
mtensive modeling based on precise physical charactenstics of mofusion setups that may vary
between chinical situations.  Similarly, other parameters (e.g. parameters related to fluid

propagation propertics through the fluid path 123) can also be empirically estimated or
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calibrated using an appropriate control curve.
I some implenentations, parameters, inchuding empirical dead volumes, can be stored
in an clectronic hbrary that includes nformation on mfusion sets and their mdividual

coraponents such as drug pumps, manifolds, tubing, catheters (including individual lumeuns of
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rulti-lumen catheters}), connectors, stopeocks, ete. This infusion system component library
can be used in conjunction with the systemn described m this document. Physical parameters
that can be stored m such g library mclude the dead volunre of cach mdvidual clement, and
structaral mformation such as mner diameter, length, and architecture of the fluid path. Such
architecture wformation can include a number of right angle bends m the fluid path (or other

10 flow angle changes) and changes in the diameter of the fluid path. The stored mformation can
be spectfic tor cach physical elerrent that 18 used within a thud dehvery pathway, The
electronic library can be integrated with the system desenbed in this document for use w any of
the visualization, prediction, and control modes. Inn some implementations, the details of each

fluid pathway physical clement available to a clinician within an mstitution are loaded within an
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mstitution specitic component hbrary .

In some miplementations, the catheters and other mfusion system elenents can be
wlentificd via barcode, RFID, or sivalar tagging technology to tacilitate easy, automated or
sewi-automated identification of the catheters or the other infusion system elements.
Alternatively, or in conjunction with such dentification methods, the elements can be selected
20 from the mfusion system component library via, for example, scrollable or pull-down merus
provided as a part of a user interface.

In some roplementations, sobving the unified model equations vields the concentration
of drug along the fhud path 123 from the point where a drug joins the carrier stream (e.g., the

point 210 m FIG. 2} to the distal tip of an miravascular catheter {¢.g., the pomt 220 in FIG. 2)
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at any given time and predicts how the concentration will evolve along the fluid path 123,

Knowledge of the drug concentration at various portions of the fud path 123 can be usetolin
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predicting a time course of drug delivery to the target 130, Knowledge of such a time course
can be used to create control algorithins that achieve precise control of drug dosing. In some
implementations, the cquations can be solved using approxumation methods such as a forward
difference rurverical approximation. The forward difference nuroerical approximation can
inchude dividing the fluid path 123 (that, in some implementations, can include a maunifold, an
mtravenous tube and a catheter) into many small discrete segments. In such cases, a solution
for the concentration of drug m cach segment can be calculated for cach incremental time step,
thereby yielding an accurate estimate of the drag dehvery (for example, at the delivery pout
125y over time.  In some implementations, other numerical approximation algorithms, including
other finite difference methods such as backward difference or central difference mumerical
approximations, can also be used to solve the equations.

In some woplementations, rapid control of ongoing changes i drug delivery is based on
physical principles that include one or more of a relationship of flow rate and drug
concentration to drug delivery, a relationship of the drug concentration in the mixed fluid to the
ratio of drug flow to carnier flow, rapid transrmssion of low alterations based on the
meonpressibility of the thud and hmited compliance of the clements of the mfusion system fluid
path. In some cases, drug delivery (mass/time} can be considered as substantially equal to flow
rate {volume/time} times drug concentration {mass/volume). The drug concentration in the
nuxed flud is substantially equal to the ratio of drug fluid flow divided by total (nuxed) fluid
flow (the ratio being a dimensionless number) multiphed by the origival drug concentration in
the (anmixed) drug flow. In some implenientations, alterations of the drug flow and carrier
flow can be made m parallel, keeping the ratio of drug flow to mixed fluid flow at a constant
value. Tn some implementations, this type of control facilitates mamtaining a constant drug
concentration i the mixed fluid and making precise changes i drug delivery as described
further in the next section. In some implementations, mamtaining constant mixed drug

concentrations can be done i conjunction with algorithins based on predictive models or other
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algorithms that do not directly depend on predictive models.

In some implenentations, algorithms based on maintaining a constant mixed drug
concentration (as described above) can be used m comunction with algorithms built on
predictive models to mnirnize total fiud dehvery while enabling rapid and precise changes n

drug delivery.

Applications

The methods and systems described berem can be used t vanous ways to achieve
useful results. For example, predictive models such as the model described above and other
principles described above, including maintenance of constant mixed drug concentration, can
be applicd at various stages of'a drug delivery process in a drug delivery system {(e.g., the
systern 100 described with reference to FIG. 1A}, Some such apphications are described below

as examples.

Reduction of Drug Delivery QOuset Delay

I some cases, drug delivery onset delays can be reduced by controlling drag mfusion
purips using algorithms based on a model of the flow in the fluid path. Such an onset delay
can be manifested i a lag between an activation of a drag mfusion pump and the time when the
appropriate amount of drug actually reaches the target such as the patient’s bloodstream. Such
lags can have high clinical significance and consequences, particularly i critical care settings
where rapid drug admimistration could be important and carrier and drag mfusion flow rates are
typicaily low. Reducing the lag by simply increasing the carrier fluid flow rate can have
undesirable results, For example, a high level of carvier fhud flow (if maintamned) can
sometimes lead o excessive volurne delivery to patients. Decreasing the cawvier fluid flow, on
the other hand, can also decrease drug delivery.

In some implementations, the carrier fluid and drug flow proportions can be mamtained
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i lock-step (1.e., at a constant ratio} to achieve a fixed concentration of drug along the fluid
path 123. A coordinated control ot the carrier fluid infusion punmp in conjunction with the drug
mthision pumps (¢.g., the miusion pumps 105a and 105b m FIG. 1A} can provide rapid and
responsive control by mattaining proportionality between the drugs and the carrier fluid in the
fluid path 123,

In some miplementations, reduction of drug delivery onset delay can be achieved by
wutially setting high carrier and drug flows and mantaining those flows for a given period of
tirne, €.g., oue tirue constant (with the time constant defined as the dead vohue, or erapuical
dead volume, divided by the total flow rate}, then turning the carrier and drug flows
immediately down to steady state levels. In some implementations, this involves mitially setting
carrier flow to the maximum allowable rate and setting the drog fluid flow at a rate that
achicves a drug concentration i the thud path equal to what the drug concentration will be
when the carrier and drug flow are reduced to steady state levels. Carrier and drug flows are
mitially kept at high levels for one time constant and then reduced to target lovels. As
deseribed m the previous section, mamtaining proportionality between carrier and drug flows
keeps drug concentration constant. In such implerventations, there may be a brict undershoot
of drug delivery as flows are tured down, but target drug delivery rates are achieved relatively
guickly. This also provides a means to limit fluid volume delivery to the patient.

FIG, 3A shows a flowchart 300 depicting an example of a sequence of operations for
reducig drog dehvery onset delay. The sequence of operations shown i the flowchart 300
can be executed, for exanple, in a system substantially similar to the system 100 described with
reference to FIG. 1AL

Operations can mchude receiving (310) systern information at a processing device, The
system wformation can inclade wtormation and parameters related to a drug mfusion systera
substantially sinilar to the system 100 described with reference to FIG. 1A, In some

implementations, the system mformation inchides parameters related to one or more of a flow
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junction structure {e.g., a nanifold), a drug mfusion pump, an ntravascular catheter, an
intravenous tubing ctc. For cxample, the systermn information can include mformation on the
diameter of cross section of an miravenous tube, maxmmuim output rate of an infusion pump, a
length of an wtravenous catheter, number of inlets of a manifold, position of stopcocks na
tube, and the material of a tube. The system mformation can be used for deterniining the
parameters in equations used i modeling the flow i a fhud path.

In some mplermentations, the systern mformation 18 roanually mput by a user (e.g., a
chnician} via an input device coupled to a computing device (e.g. the computing device 115},
In some implementations, the computing device can be configured to access a database that
stores the system information {e.g., organized, for example, as libraries) for various systoms.
For example, relovant mformation for an mitusion pumyp 105 can be stored in the database as a
hbrary linked to the particalar type of mfusion pump. Similarly, formation on other
components of the system, such as manifolds, tubes, catheters, etc., can also be stored m the
database. The database can, in some implemientations, store information about physical or
chernical properties of imdividual mfused drogs.  The database can also be configured to store,
for example, a visual and/or numencal history of pump foput parareters and calculated drug
deltvery profiles.

The computing device can be configured to access the database to retrieve mformation
on a component device upon detecting and/or wentifymng the presence of the component device
in the system. In some wuplementations, the computing device identifies the compouent device
based on a manual user input. In some mplementations, the computing device can also be
configured to automatically identify the component device automatically, for example upon
reading an wentification tag (¢.g., a radio frequency wlentification (RFID) tag, or a barcode) of
the component device. In such cases, the computing device may commumicate with a tag
reader {e.g., a RFID reader or a barcode scanner) to identify the component device. The tag

reader can identify a conmponent device and provide the computing device with related
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parameters {e.g. structural parameters} assoctated with the component device. In some cases,
the parameters associated with the component device can be retricved from a database. In
some such dentification may also be facilitated by near ficld cormmunication (NFC) technology.

Operations also mnchude recewving (320 dosage information at a computing device.
The dosage imformation can be received at the computing device manually from a user (8.2, a
climician) or retricved automatically ffom a database, The dosage mtormation can include
various parameters, for example, a target amount of drug to be delivered to the target, a time
of drug delvery, a carrier flow rate {J, a drug fow rate (J,, a total flow rate Uy, a drug delivery
rate i, a target drug delivery rate ddia., 8 steady state rate ss, maximum allowable carrier
flow O, & target steady state carrier flow (.., a stock drug concentration ¢, ¢tc, Some of
these paramcters can be calculated from the other parameters; for example, the total flow rate
can be calenlated as the sum of the drug flow rate @y and the carvier fluid flow rate @.. In
some implementations, the dosage information can also include information on safe ranges
associated with a given drug. Such information can be used for triggering alarms for overdose.

Operations can ako mclude deterrommng (330) flow parameters. The fow parameters
can inchude, {or exarople, drug How rate at steady state O, total flow rate at steady state O,
mixed How concentration at steady state ¢, a proportionality constant between the steady state
carrier flow rate and the steady state drug flow rate, ete. In some miplementations, the initial
flow parameters are determined as a combmation of recerved and calculated values, For
example, the wmitial carrier flow level can be set at the meamum level .. and the mitial drug
flow can be set at a rate that achieves a mixed drug concentration (in the most proxinal,
upstream, portion of the mixed fhud) equal to the desired steady state drug concentration.

In some mplementations, determining the flow parameters can melude deternuning the
steady state concentration ¢, of the mixed flow (Le., mixture of drug and carrier fhuid) (333}
The steady state concentration of the mixed flow can be calculated, for example, from values of

(asand O, Such calculations can be represented using the following equations:
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Qass = Adtargee / Ca (3)
QTSS = chs + Qdas (4)

Cag = iQﬂdas f Q’TSS } * Ca {5y

Determining the flow parameters can also inchade determining the proportionality
constant p (335). In some wnplementations, the proportionality constant represents the ratio

between the steady state carrier flow and the steady state drug flow and s given by:

{6}

Operations can also include initiating drug and carrier fluid flows (340}, in accordance
with the determined flow parameters, and the received systern and dosage miormation. In
some implementations, the carrier fluid flow s initiated at the waximum allowable rate such

that:
Qc = Qcmax (7

In some mplementations, the drug flow can be mitiated such that the proportionality
constant 13 mamtained for the maximum allowable carrier flow, In such cases, the drug flow is

given by

Qd = Q;_f.m;auv:;"'r e (8)
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Operations further mclude monitoring drug concentration (350) along the fluid path
over time using, for example, the forward difference model based on the Taylor dispersion
equation (equation 2. This can nclude solving for the drug concentration as a function of the
axial distance x along the fhuid path and time ¢. The drug concentration can therefore be
represented as ofx, #. In some mmplementations, the drug delivery rate dd at the delivery point
18 monitored.  Representing the effective length of the tube or fluid path as £, the arsount of

drug delivered can be represented as:
— ®
dd = (L, 1) *Qr {9}

Operations further mclude periodically checking (360) it the dmyg delivery rate at the
delivery pomt substantially matches the target drug delivery rate ddiug.,. Insome
inplementations, the time mtervals can be represented as df. H the drug delivery rate does not
match the target delivery rate, the monttoring s repeated affer another time interval dt.

If'the drug debivery rate dd at the delivery point substantially matches the target drug
In some implerientations, one or more of (. and Jy are reduced in a coutrolled fashion. For
example, just after dd reaches the target drug dehivery rate ddtarget, . and/or Oy can still be at
the high witial values. In such cases, ¢, and {0, may have to be reduced while mamntaming the
target drug delivery rate dd,... as well as the proportion of drug flow and carrier fluid ow
represented by p. lu some inplementations, {J. and @, are adjusted by countrolling the
respective mfusion pumps.

In some mplementations, O, and/or Oy are adjusted based on predicting a
concentration of drug that will arrive at the dehvery pomt after a particular time. This can be

done using the wodel of How 1 the fluid path. For example, a current velocity of the mixed
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fluid (derived, for exanple, from Jr and possibly the architecture of the fhuid path} can be used
to find a position x; that would arrive at the delivery point afier a time df if the currernt Oris

maintamed. This posttion can be determined, tor example, as:

¥ =L~ ﬁ{tmfram} dt

w

(10)

where L is the length of the fluid path used in the model and u? e/ 1S the current velocity of

the mixed fluid. In the above case, the concentration of drug expected after time dt is therefore

gven by ofX), Loy calculated using the model In some maplementations, the caleulated drug
10 concentration can be used to calculate new flow rates that woukl maiutain the target drug

delivery rate did.,.at the delivery point. For example, the new flow rates can be calculated as:

Q’Tnew = ddtaﬁgat ;f E{f’ii; tcurmut}

(b
Qanew= Qraer / (1+P) 1
anaw - QT{U&E ;e stmw (13}

where Qe Qinews 800 Qunews Tepresent the new total flow rate, the new drug flow rate, and
20 the new carrier fluid flow rate, respectively. The existing carrier fhud flow rate and the existing
drug flow rate can then be replaced by the new calculated flow rates as:

(14
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Qd = Ydnew (15)
Operations can also inclade checking (380} if the drug concentration at the delivery

poit substantially matches the steady state concentration ¢, This can be represented as:
- Y - ¥
K,{L; i:} - Lgs H (iﬁ)

In some miplementations, the check can be performed periodically after time mtervals

dr. 1fthe steady state concentration s not reached, operations can melude adjusting (370) the

10 drug and carrier fluids flow agam, If the steady state concentration is reached, operations can
mnchide maintaining (390 the drog and carrier fluid flows at the last calculated levels. In such

cases, the following conditions are fulfilled:

dd = ddiarge (17
c(x, ] = Css (18)

for all x along the fluid path.
Iy an example use case of the sequence of operations described above, a clinician can
2c  itially choose a target carrier flow and a maxinum allowable carrier flow, as well as the target
drug delivery rate. The choice of the clinician 1 then received at the cormputing device
controlling the mifusion pumps. Characteristics of the infusion system (mantdold, miravascular
catheter, and any intravenous tubing that may be used) are also entered, detected or received,
such that the dead volume or the empirical dead volume can be considered i the computations.

25 Imtially the carrier flow is kept at the maximum possible level and the drug flow 15 set at a level
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that achieves a drug concentration along the upstream portion of the fluid path identical to
what the final drug concentration will be when carrier and drug flows are reduced to steady
state levels. As the infusion pumps start, the drug 1s quickly swept down the fluid path toward
the patient, traversing the dead volurne of the mfusion system.  As the drug moves along the
fluid path, the model is used to track the progress. FHG. 3B shows an example schematic graph
of the concentration of drug along the fluid path (referred to in the figure as ‘distance along
fluid path’y at a given moment i time., The pomt 395 represents the location where the drug
and the carner fluid come together, and the point 396 represents the location where the mixed
flow enters the patient’s bloodstrean. The curve 392 shows diffusion of the leading edge of
the drug, which is why it has the appearance of a wave rather than a step function.

Continuing with the example, the model keeps track of the drug flow and
concentration {drug delvery) reaching the patient (e reaching the point where the vascular
access catheter terminates in the blood streamy). The drug delivery rate (mass/time) can be
represented as the fluid flow rate (volume/time )} times the concentration of drug
{mass/volume). Referring agam to FIG. 3B, as the kadmg edge of the wavefront reaches the
patient, drug delivery rises until at some porat 393, the target drug delivery is reached. At this
point, the model calculations can be used in a form of “intelligent feedback™ or “adaptive”
control to anticipate the drug concentration that would reach the patient one tiny merement of
time later if low were to remamn unchanged. Based on this knowledge of the potential
upcoming drug delivery, the carrier and drug flows can be adjusted to mamtamn drug delivery at
the target rate. The proportionality between carrier and drag flow is mamtained such that drug
concentration along the rest of the fluid path remains at the same fixed level. At cach time
merement, the drug and carrier flows are adjusted downward, always mamtaming fixed drug
concentration along the rest of the fluid path, until the plateau drug couceutration hits the
patient’s bloodstream. At that point, carrier and drag flow are both at the desired steady-state

rates; and drug delivery s also at the steady-state target.
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Although the changes to carrier and drug flow are made at the mfusion pumps, these
changes in flow are approximately instantanecusly transmitted to the “patient end” of the fluid
path due to the meompressible nature of the fluid.

In some oplementations, algorithiis as deseribed for controlling rapid onset of drug
delivery also provide a means to himit fhud volume delivery to the patient; this may be most
amportant for pationts who, due to organ system dysfunction, may not tolerate excess volume.
Compared to conventional means of mitiating drug onset (introducing a drug at the desired
flow rate while leaving carrier thud flow unchauged), rapid ouset algorithrus, such as described
here, deliver minimal additional total fhud.

An exanple of an algorithm feedback loop is shown schematically in FIG. 3C. Inthis
illustration, the mput (1) 397 s the drug and carrier lows, for exarmple, as set at the wfusion
pumps. Between the purops and the patient, factors such as diffusion and dead volume can
affect the time course of the drug reaching the patient (O) 398. Feedback gleaned using the
model described above can be used to make appropriate adjustments 399 to the mput 397 as

mdicated by a foedback loop m FIG.3C.

Controlling Changes in Drug Delivery Profiles

In some cases, the mfusion pumps can be adpsted to change a drug delivery profile
{for cxample to change a dose) to be delivered to the target. In some cases, the disparity
between the timing of changes to the punp settings and the actual time that the target drug
dose reaches the target {(€.g. a patient’s bloodstream) can be signmificant. The methods and
systems described herein can also be used for achieving precise control of changes i drug
delvery profiles.

I some implernentations, ougoing changes i drug delivery profiles {e.g., increases or
decreases) can be achieved almost instantaneously via adjustments in the total flow (drug plus

carrier). Such adjustments can be based on mamtamning proportionality between carrier and



(O3

[$a}

pot

20
ey

N
[$a}

WO 2013/078179 PCT/US2012/066019

drug flows, and hence a fixed concentration of drug along the fluid path. For example, to
double drug delivery, total flow can be mereased two-told by doubling cach of the carrier and
drug flows, Typically, the incompressibility of the fluid allows such changes m the flow to be
reflected immediately at the target end of the fluid path. In some mnplementations, because the
drug concentration 18 kept constant along the fluid path, changes in target drug delivery profiles
{mass/timic} can be reduced to changes in the total flow (volume/time), with the model being
used in calculating appropriate drug and carrier lows.

FIG. 4 shows a flowchart 400 depicting an exarple sequence of operations for
controlling drug delivery profiles. The sequence of operations shown in the flowchart 400 can
be exccuted, for cxample, i a systemn substantially similar to the system 100 described with
reference to FIG. TA

Operations can inclade receiving (410) system wformation at a processing device. The
system information recetved can be substantially similar to the system information described
above with reference to operation 310 i FIG. 3A. The systerm information may be received
via manual or automatic mputs. For example, the systern mformation can be manually input by
a user {e.g. a chmcian via an wput device coupled to a computing device {e.g. the computing
device 115). Alternatively, the system mnformation may also be retrieved (e.g. from a database)
or automatically identified {¢.g. by reading an RFID tag, or a barcode} of a component device.

Operations also include receiving (420) dosage mformation. In some mplernentations,
the dosage information can include an initial carrier fluid flow and drag flow (represented as
{0 and (g, respectively). In some cases, the initial flows can be the flows at the steady state.

The dosage information can be receved from a user {¢.g. a clinician} or retrieved
automatically. For exanmple, the wutial flow values can be recetved from the mfusion puraps, or
from one or sensors roonitoring the flow rates dispensed by the pumps. The dosage
information can also include desirod changes in target drug dolivery profiles Gdgger 8t one or

niore future time points. The desired changes may be received upfront or on a real time basis
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{1.e. at time points substantially close to when the changes are desired). In some
implementations, there can be a plurality of target drug delivery profiles corresponding to
different future time pomts. The watial target drug delivery profile can be represented as
Ay e, and the subsequent target drug delivery profiles can be represented as gz e/,
dd!argetb ete.

Operations also inchude determuning (430) initial parameters related to the drug flow
and carrier fhud flow. For example, determinmng the mitial parameters can mehude calculating
an mitial drug concentration and the proportionality factor p between the carvier and drug
flows. In some mplementations, the initial state 8 the steady state, that 18, the drug and carrier
fluids have previously been running long enough to achicve some steady state drug delivery.
Dictermining the mitial parameters can also melude calculating the wutial drug dehvery profile

that, for example, can be calculated as:

e Y an K
dduigsﬁu Q_uﬂ Ld (i%

In some muplementations, the mitial parameters can also include the total flow rate at
the wutial state, which can be calculated as the sum of the flow rates for the drug and the carrier

fluid, as:
Qo= Qoo+ Quao 20y

The mixed drug concentration at the initial state can also be calculated, for example, as:

Css = {Qao / Q1o }* ¢q
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The proportionality can be calculated, for example, as:
p = Qe / Qao (22)

5 Operations also include receving (440} receiving new target dehivery profile. The new
target delivery profile can be retricved from a pre-loaded hst {e.g. provided by a user with the
dosage mformation} or received on a real time basis. I some implementations, new target
delivery profiles can be retrigved from the pre-loaded list at pre-set time points.

Operations further mclude determiming (450) new flow rates to conform to the new
10 target debvery profile. The new flow rates can then be used by a computing device to adjust
the miusion punps at particular time points corresponding to the delivery profile changes. For
example, the new flow rates corresponding to the delivery profile ddwgg 7 cannbe used to
adjust the nfusion pumps such that the delivery profile ddtargel ; goes into effect a particular
time £;. In some implementations, the new flow rates are determined ahead of the particular
15 time pownts. In some implenentations, calculating the new flow rates is based on mamntaining
the steady state drug concentration Oy constant by keeping the proportionality factor p

unchanged. Insome mplementations, the new total flow rate Oy can be calculated as:

Q_T'l = ddtargeti ,j Csx (23)
20 The new drug flow can be calculated, for exanyple, as:
Qa1 = Qm f { 1+p } (24)

The new carrier flow can be calculated, {or example, as a difference between the new

25 total flow and the new drug flow as:
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Qo1 = Qr1 ~ Qa1 (25)
Exasting flow rates can then be replaced with the calenlated new flow rates such that
the new delivery profile goes into effect at a particular time point. Operations also inchude
maintainmg (460) the new flow rates until a time pomtt (e.g., T2) when the next delivery profile
change takes place. In some mmplementations, the operation 440 15 ropeated at T2 for a
corresponding drug delivery profile ddfgrge0, and possibly a now total flow (. In some
shplementations, the mixed drug concentration ¢, and the proportionality factor p is

unchanged for the new drug delivery profile ddger.

Maintenance of Steady Siate

Iy some implenentations, after a target drug delivery profile has been achieved, there
may be a period of time during which the drug and the carrier flows are maintained at particular
lovels and no substantial changes are anticipated for 4 period of time.  In some
inplementations, the methods and systerus described herein can be used to mundmize the
amount of carrier fhuid that is delivered to the target. This can be done, for example, by slowly
ramping down the carrier fluid flow rate to a specified target flow rate during the mamtenance
phase. The rate of decrease m the carrier thud tlow can be chosen based on the modelto keep
drug delivery substantially within a particular range aroond the target dehvery rate. The
particular range can be chosen, for example, by a clinician. In some mplementations, as the
carrier fluid flow rate is gradually adjusted downward, the drug concentration slowly increases
along the fhuid path. In such cases, the target carrier fluid flow can be achieved over a period
of tirne, thereby allowing optimization of total fluid delivery, The model can be used to track

the calculated concentration of drug along the fluid path. In some cases, ifa drug delivery
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change becomes necessary at any point during the maintenance phase {(either during ramping
down the carrier fhuid rate or after the target carmier flow has been achieved), such a change can
be made as described m the previous section to achiove a new desired target drug delivery
profile.

Druo Cessation Phase

In general cessation of drug delivery can be achieved substantially sinularly to a
decrease m drug delivery, In somne wnplementations, the proportionality pr between the carrier
and drug fows s gradually changed during the drug cessation phase. Thas allows a typically
small carrier flow to be maintained during the cessation phase, for example, to keep venous
access to the patient and deliver drug within the dead volume at a negligible rate of delivery to
the patient. In some mmplernentations, the model allows for calculation of the remaming
concentration of drug along the {luid path during this “washout” period. |, {or some reason,
the carrier and/or the drug flow are turmed up during this time, such calculation accounts for
the reraining druyg along the fluid path and ensures that an undesirable bolus of drug is not

delivered at the target.

Controlling Multiple Drugs and Carviers

Even though, the above applications have been generally described with reference to
only one drug low and one carrier thud tlow, a higher number of flows can be controlled
without deviating frova the scope of the present disclosure. o some implementations, vltiple
drugs can be delivered through the same fluid path using a single carrier fhuid flow. Insome
irplementations, an appropriate data repository, for example a multi-drug electronic library,
can provide guidance as to which drugs can be safely delivered together through the same fluid
path. The data repository, such as the multi-drug electronic ibrary, can be accessed by the
computing device controlling the infusion pumps to achieve safe delivery profiles. In case non-

compatible drugs {e.g. drags that may react with one another to produce harmful substances or
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drugs that may reduce the efficacy of one another} are attempted to be delivered together, the
computing device can be configured to trigger an alarm or otherwise stall the attempted
delivery based on mformation from the data repository.

In addition to identifying these types of drug-drug mieractions, i some
implementations, when two or more drugs are delivered over a fluid path with a single carrier
fluid, each drug may be assigned a “criticality” based on chinical parameters. Criticality ratings
may i some implerentations be related to drug half-life and poteney (e.g. degree of ability to
change hemodynamic parameters for a given dose of vasoactive drug) as well as biological
target, among other factors. Allowable variances for each drug may be assigned, providing the
ability to control delivery of a given drug while maintaining delivery levels of the other drugs
nfised via the same line within safe and therapeutically desirable ranges. The allowable
variances for individual drugs, as well as the “criticality” ratings, may i some iplementations
be mcorporated into a new, extended version of the multi-drug library (data repository
mentioned above.

When multiple drugs are delivered together, e.g., to the same patient, m some
mplementations the drugs can be mixed together in appropriate amounts and dispensed from a
single drug infusion pump. In some implementations, each of the multiple drugs can be
dispensed from a separate drug infision pump and mixed together at a tlow junction structure
such as a manifold. In such cases, each of the multiple drug wfusion pumps as well as the
carrier fluid miusion pump can be controlled in the coordmated way as described above. For
example, the miodel can be used to calculate concentrations of each of the drugs along the fluid
path at any moment i time. The model can also be used to calculate the delivery profile of
cach drug at the delivery pomt. For cach drug, all of the other drug tlows combmed with the
carrier flow can be treated as a single combined carvier flow, and the model can be applied to
predict dehivery profile of each drug.  In some muplementations, these predictions can also

serve as the basis for visualizations as described for the single drug plus carrier case in this
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document.

To enhance control of delivery of nwiltiple drugs from multiple drug mfusion pumps via
a smgle thud path (as described above), m some mnplementations, depending on eriticality and
allowable vanauce, mdividual drugs could be assigned to appropriate ports ou a flow junction
structure such as a manifold. This process of assignment may make use of parameters such as
dead volume or empirical dead volume retrieved from an electronic library of catheter or
mfusion set parameters. For example, a drag with high eniticality may be assigned to
{recommended to be adromistered via) the roanifold port that has the smallest dead volume of
available ports.

In some implementations, various algorithms can be used to ensure optimization of
delivery for cach mdividual drug and for the drugs i combmation, In addition to the
assignment of drags to manifold ports based on eriticality, allowable variances, and
catheter/infusion set parameters, the algorithms can, in some implementations, be designed to
maintain each drug within its allowable variance as changes to other drugs are made. For
rultiple drugs delivered through a single fluid path, m some cases, 1t may not be possible to
wmaintain all drogs at deswred levels determnmstically when changes are miade {o a subset of
those drugs. In these cases, some implementations may involve constrained optimization,
where some degree of drift withm allowable variances is allowed for each drug, with the goal
of mamtaimng tighter tolerances for more critical drugs while still keeping less eritical drugs
within safe and efficacious ranges.

As an example of such control, consider a case where four drugs are delivered via a
four port manifold. The four drugs join with a carrier thuid and are transmitted as mixed fluid
via g single fluid path, Supposc that 1t is desired to double the dosc of the most critical drug
{say, drug 1) at a given tine.  Using previously described algonthns, the flow of drug 1 canbe
doubled and the carrier flow can also be raised so as to mamntamn the concentration of drug 1 in

the fluid path. Ifthe flows of drug 2, drug 3, and drug 4 are kept constant, the techniques
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deseribed previously can be used to calculate the temporary increases in delivery of drugs 2, 3,
and 4 as the masses of those drugs already in the fluid path are moved more quickly (due to the
higher flow} mto the patient. Ithe peak levels of those less critical drugs stays within thew
allowable vanauces, this provides a solution to quickly and accurately altering the delivery of
the most critical drug. Flows may be further adjusted after the initial change to minimize
excess volume delivery, using the algorithms previously described.

To extend this example, m the case where the sccond most eritical drug (call it drug 2)
would move outside its allowable range using the above method of changing drug 1 dosing, the
flow of drug 2 {and/or drag 3, drug 4, and the carrier fhuid) can be altered so that drag 1 still
comes quickly to target levels, but aliows drug 2 to stay within aliowable levels. This enters the
realm of constrained optumization previously mentioned.  In some mplernentations, drug 1
could also be allowed to vary within specified tolerances to enable this type of optimization.

As a second example of nulti-drug control, consider the case where rapid mitiation
{rapid onset) of all four drugs {for the four drug phus carrier architecture described above} is
destred. In such a case, the rapid onsct algorithm previously described for a single drug plus
carrier also applies. Each of the four drug flows and the carvier flow would inttially be set to a
high level, mitially setting carrier flow to the maximum allowable rate and setting each drag
fluid flow at a rate that achieves a drug concentration in the fluid path equal to what the drug
concentration will be when the carricr and drug flow are reduced to steady state levels. Alter
models, such as those previously described, have determimed that the most critical drag has
reached the target drug delivery rate, alterations of the drug flows (for each of the four
concurrently delivered drugs} and carrier flow can be made in parallel, kecping the ratio of drug
flow to nuxed flud fow at a constant value for each of the drags,

The methods and examples described here are equally valid for manifolds where dead
volumes differ between access points {e.g. lincar manifolds) as well as manifolds where

there is little or no difference in the dead volumes for the different access pomts (e.g.
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manifolds with access ports aligned in radial fashion or in parallel onientation).

In some implementations, the methods and systems described herein allow users to
account for changes miroduced by the concurrent use of multiple pumps. For exanple, the
multiple nfusion puraps can be mtegrated as part of an overall system, a coordimnated countrol of
which allows more precise control of administration of multiple drugs, for example, at points of

transition m therapies.

Examples of Use

I some implementations, the methods and systems described herein can be used inan
“assist” mode,” where the software uses the model to give guidance i achieving a target drug
delivery protile. In such a case, 4 clinician may manually manipulate the parameters for the
infusion pumps.  Alternatively, i a “control” mode, the software can be coufigured to make
recommended changes in pump settings for clinician approval. In some mplementations, the
system miay operate in a “visualization” mode, where the system is used primarily to display
predicted drug dehivery based on valaes the clinician has chosen.  In this mode, the clinician
operates the mfusion pamps, and the system monttors what the punips are doing. Evenin the
“visualization” miode, however, visual and andible warnings as well as the ability to seea
graphical display of predicted drug delivery can facilitate informed decision-making. Providing
user guidance m the form of warnings, recommendations, or direct changes to pumyp settings
can be important in cases involving coordination of multiple pumps as part of the overall
clinical management using the system.

For decision support and for teaching purposes, the system may also operate ina
“predictive” mode. In this predictive mode, clrucians or learners can enter different choices of
mnfusion tubing, mamnfolds, or vascular access catheters into the software, along with the pamp
settings. They can then view the resulting predictions for drug delivery profiles, and explore

various hypothetical scenarios without actually admimnistering medication. This explotts the

.
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capabilitics of the system as a tool for teaching.

In some implementations, at least portions of the system could be incorporated mto
mtegrated chips, and could therefore be mtegrated with other electrome devices such as the
infusion pumps. The ability of the system to ran on laptops, tablet PCs, and other portable
devices, can enhance portability, thereby extending use of the system to various chinical
situations including, for example, critical care at an emergency scene. Portability can also
facilitate safe management of mfusion therapy, when, for cxarople, a patient travels from an
mtensive care unit (ICU) to an operating room (OR) or to a radiology suite, or from an
emergency room (ER} to the ICU, OR, ete.

In some implementations, at least a portion of the pump-control system can be
ermbedded n the microprocessor control mechanistas of the miusion punp iself. Suchan
infision pump can serve as a standalone unit for delivering a drug, without integration with the
output of other pumps.

In some miplementations, the methods and systems described herein can be used m the
delvery of Total Intravenous Anesthesia (TIVA) for patienis requiring surgery. Traditional
anesthesia delivery systerns have requived the capability to supply measured amounts of
nhalation anesthetics {e.g., mitrous oxxle, sevofhurane, ete.). However, with the development
of short acting intravenous agents that have analgesic {e.z., remufentanil), sedative/hypnotic
{e.g., propofol), and muscle relaxant properties (e.g., cisatracuriurn}, i 18 possible to provide
anesthesia entirely by mtravenous wfusion. To some implementations, the methods and systems
described herein can be configured for field use, such as in a military or trauma/rescue situation,
and m remote location situations such as acrospace medicine. The mterface module,
processing device {e.g. a rugged laptop or tablet PC), and a small rurnber of mfusion purops,
syringes and tubing could be transported in a small container (e.g., 8 backpack) of lintted
weight and bulk, vet provide the ability to control the delivery of combinations of anesthetic

agents by mtravencus infusion in various enviromments.
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I some implenentations, the methods and systems described herein allow precise
control of drug and fluid delivery in settings where the volumes of fluid nmwst be limited for
clinical reasons, For exanmple, an mfant or a small child undergoing surgery or treatment m an
ICU or OR may not tolerate large volomes of fund. Critically il adult patients or aduli patients
with advanced medical conditions {e.g., kidney failure} may also be mtolerant of large volames
of fluid administered mn the course of treatment with mfused medications. In such cases,
precisely controlled (time and dose) wmfusions of sedative, analgesie, anesthetic, cardiac, or

vasoactive redications may be delivered using the wethods and systerns descrabed herein,

Overview of a2 Computing Device

FIG. 5 1 a schermatic diagram of a computer system 500, The system SO0 can be used
for the operations described m association with any of the computer-implerented methods
described herein, according to one implementation. The systerm 500 can be incorporated
various conputing devices such as a desktop computer 501, server 502, and/or a laptop
computer 503, The system 500 mchudes a processor 510, a memory 520, a storage device 530,
and an input/output device 540. Each of the components 510, 520, 530, and 540 are
nterconnected using a system bus 5358, The processor 510 18 capable of processing
mstructions for execution within the systemn 5300, i one implementation, the processor 510 1is a
single-threaded processor. In another implernentation, the processor 510 1s 8 muli-threaded
processor. The processor 510 i capable of processing nstractions stored i the memory 5320
or on the storage device 530 to display graphical imformation for a user interface on the
mput/output device 540.

The memory 520 stores information within the system 500, In some zuplementations,
the memory 320 1s a cormputer-readable medium. The memory 520 caninclude volatile
memory and/or non-volatile memory.

The storage device 530 s capable of providing mass storage for the system 500, In
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one implementation, the storage device 530 is a computer-readable medium. In varions
different implementations, the storage device 530 may be a floppy disk device, a hard disk
device, an optical disk device, or a tape device.

The mput/output device 540 provides mput/output operations for the systern 500, Tu
some implementations, the mput/output device 540 mehudes a keyboard and/or pointing device.

In some implementations, the input/output device 540 mchudes a display unit for displaying
graphical user interfaces, In some implementations the input/output device can be configured to
accept verbal {e.g. spoken) inputs. For exawaple, the clinician can provide the wput by speaking
nto the input device.

The features described can be implemented in digital electronic circuitry, or in
cormputer hardware, firmware, or in cornbmations of these, The features can be woplemented
in a computer program product tangibly eruobodied i an mformation carrier, e.g., i a machine-
readable storage device, for execution by a programmable processor; and features can be
performed by a programmable processor executing a program of mstructions o perform
functions of the described mmplersentations by operating on wput data and generating output.
The described features can be implersented in one or more coraputer programs that are
executable on a programmable system including at least one programmable processor coupled
to receive data and mstructions from, and to transmit data and mstructions to, a data storage
systern, at least one mput device, and at least one oulput device, A computer program meludes
a set of msiructions that can be used, directly or indwectly, 1 a computer to perforra a certain
activity or bring about a certam result. A computer program can be written in any form of
programiming language, including conpiled or interpreted languages, and i can be deployed in
any torm, mehiding as a stand-alone program or as a module, component, subroutine, or other
unit suitable for use w a computing covironment,

Suitable processors for the execution of a program of instructions mchude, by way of

example, both general and special purpose microprocessors, and the sole processor or one of
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nultiple processors of any kind of computer. Generally, a processor will receive instructions
and data from a read-only memory or a random access memory or both, Computers melude a
processor for exccuting mstructions and one or more memorics for storing mstructions and
data. Generally, a computer will alko wclude, or be operatively coupled to corumunicate with,

one or more mass storage devices for storing data files; such devices include magnetic disks,

(O3

such as internal hard disks and removable disks; magneto-optical disks; and optical disks.
Storage devices suitable for tangibly embodying corputer progrars mstructions and data
mnchade all forras of non~volatile roerory, chiding by way of example sercounductor memory
devices, such as EPROM, EEPROM, and flash memory devices; magnetic disks such as

10 internal hard disks and removable disks; magneto-optical disks; and CD-ROM and DVD-ROM
disks. The processor and the memory can be supplemented by, or mcorporated in, ASICs
{application-specific ntegrated circuits).

To provide for interaction with a user, the features can be implemented on a computer

having a display device such as a CRT (cathode ray tube) or LCD (liquid erystal display)

[$a}

monitor for displayving wformation to the user and a keyboard and a pomting device such asa

pot

wouse or a irackball by whach the user can provide foput to the computer,

The featares can be implemented in a computer system that inclades a back-end
component, such as a data server, or that includes a muddleware component, such as an
application server or an Internet server, or that includes a front-end component, such as a chient

20 compuler having a graphical user interface or an Internet browser, or any cotbination of them.
The components of the system can be connected by any form or medium of digital data
comumunication such as a communication network. Examples of communication networks
mclude, e.g., a LAN, a WAN, and the computers and networks forming the Internet.

The coraputer syster can include clients and servers. A chient and server are generally

25 remote from each other and typically interact through a network, such as the described one.

The relationship of client and server arises by virtue of computer programs running on the
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respective conmputers and having a chent-server relationship to each other.

The processor 510 carries out instructions related to a computer program. The
processor 510 may melude hardware such as logie gates, adders, multiphers and counters. The
processor S10 may further inclade a separate arithmetic logic uot (ALU) that performs

arithmetic and logical operations.

EXAMPLES

The methods and systems described heremn are further dlustrated using the

following results, which do vot hoit the scope of the mvention descrbed in the clams.

Example 1 - Reduction in Dyug Delivery Onset Delay

FIG. 6A shows a sct of exanple plots that dlustrate the reduction m drug delivery onset
delay due to using the ruethods and systems descnibed herew, The plots represent the
concentration of drug (in mg/mb} at the delivery point as functions of time.  In this experiment,
the mfusion punip for the drug was switched on at the 6 minute mark., Methylene Blue was
used as the drug. An adult sized catheter (9 Fr Introducer) was used for these experiments.
The flow juuction structure was a huear stopcock mauifold where the drug entered the thad
path at position 3. The plot 610 (reforred to as “Conventional”) represents the case where no
algorithims were used to control the drug and carrier flows which were kept constant at 3
mbhour and 10 mbhour, respectively, The plot 620 (referred to as “Algorithn”) represents the
case where the model described above was used to control the drag and carrier fud puraps
using a measured dead volame. The plot 630 (referred to as “Algorithm Empiric Vd™)
represents the case where the model described above was used to control the drug and carrier
fluid pumps using an empirical dead volume, The predicted steady state rate of drug delivery
was 0.005 mg/mi or 0.005 mg/min. As seen from the plot 610, without using the algorithimic

controls described herein, the time of onset of the steady state is about 50 minutes. However,
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the onset delay was reduced significantly by using the model in conjunction with a measured
dead volume (as seen from the plot 620} or an empirical dead volume (as seen from the plot
630).

FIG, 68 shows another set of example plots that llusirate the reduction n drug
delivery onset delay due to using the methods and systems described herein. In this case, the
catheter used was a 16g lumen of triple lumnen central venous line.  All other parameters were
substantially the sarne as the corresponding parameters of the experment described m FIG, 6A.
The plot 640 (reforred to as “Conventional”) represents the case where no algorithros were
used to control the drug and camvier flows. The plot 650 {referred to as “Algorithm Empiric
Vd”} represents the case where the model described above was used to control the drug and
carrier fluid pumps using an eropiical dead volome, Comparing the plots 640 and 650, it can
be seen that the onset delay is significantly reduced on coutrolling the camer and drug flows
using the methods and systems described herem.

FIG. 6C shows another st of exanmple plots that lustrate the reduction i drug
delivery onset delay due to using the methods and systems described herem. In this case, a 4Fr
pediatric central venous hne catheter was used. The flow junction structure was a stopcock
gang manifold where the drug entered the fluid path at position 1. The drog used was
Methylene Blue and the corresponding infission pumyp was switched on at the 6 minute mark.
The plot 660 (reforred to as “Natve™) represents the case where no algorithms were used to
control the drug and carrier flows which were kept constant at 0.5 vaVhour and 1.5 vaVhour,
respectively. The plot 670 (referred to as “Algorithny”} represents the case where the model
described above was used to control the drug and carrier fluid punips using a measured dead
volume, The plot 680 (referred to as “Predicted Delivery™) represents the predicted steady
state rate of drug dehvery that was fixed at 0.00085 mg/ml. Comparing the plots 660 and 670,
it can be seen that the onset delay is significantly reduced on controlling the carrier and drug

flows using the methods and systems described herein.
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Example 2 - Control Of Drug Belivery Profiles

FIG, 7 shows a set of example plots that dlustrate the mproved control of drug
delivery profiles achieved using the methods and systems described herein. The plots represent
the concentration of drug (in mg/ml) at the delivery point as functions of time for an adult
subject. In this experiment, rapid step changes were made from the steady state {represented
as the plot “predicted Steady State” 730) with and without using the algorithmic control of the
mfusion puraps, The ideal or ntended step changes are represented by the broken line 735, As
mndicated by the broken Iine 735, the drug pump settings were halved fron the steady state
valie at about the time point 740 and doubled from the steady state value at about the time
point 750, The miusion punp for the drog was switched on at the 6 minute mark., Methylene
Bhue was used as the drug. The catheter used was a 16g lumen of triple lomen central venous
fine. The flow junction structure was a stopcock gang manifold where the drug entered the
fluid path at posttion 3. The plot 720 (reforred to as “Conventional”) represents the case where
no algorithm was used to control the drug and carrier flows which were kept constant at 3
mihour and 10 mbhour, respectively, The plot 710 (referred to as “Algorithm”) represents the
case where the model described above was used to control the drug and carrier fhuid punps
using a measured dead volume. The predicted steady state rate {plot 730) of drug delivery was
0.00S mg/mi or 0.005 mg/min. Comparing the plots 710 and 720, 1 can be seen that the rapid

changes can be controlled much betier using the methods and systems described heretn

OTHER EMBODIMENTS

It 1s to be understood that while the invention has been described in conjunction with

the detailed description thereof] the foregoing description is intended to tlustrate and not imit



WO 2013/078179 PCT/US2012/066019

the scope of the invention, which is defined by the scope of the appended claims. For example,
the miethods and systenss described herein can be used for controlling pumps other than
mthision pumps. Other aspects, advantages, and modifications are within the scope of the

following clamms.
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CLAIMS
What is claimed

1. A systen for predicting a drug delivery profile, the system comprising:

at least one drug pump that produces a drug flow, wherein the at least one
drug pump dispenses at least a first drug;

at least one carrier fhud pump that produces a carrier flnd flow;

a flow junction structure configured to recetve the drug flow and the
carrier fluid flow to produce a mixed flow;

a fluid path for carrying the mixed flow between the flow junction structure
and a dehvery point; and

a processing device configured to predict the drug delivery profile at the
delivery point based on determining a predicted time variation of drug
concentration at the delivery pomt using at least a rmodel of the mixed flow,
wherein the model includes a plurality of pararueters related to propagation of the

mixed flow through the fluid path.

The system of clam 1, further comprising a control module configured to control

B

the drug flow and the carrier flund flow such that a particalar drug dehvery profile

is achieved at a future time point.

3. The system of clamm 2, wherein the control module is further configured to
compute a rate of the drug flow and a rate of the carrier fluid flow at a given time
point such that the particular drug delivery profile is achieved at the future time

point,

4. The system of any one of claims 1-3, further comprising a display device for

displaymg data on the predicted drug delivery profile.
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Lh

10,

it

The system of any one of claims 1-3, further comprising at least one alarm
configured to be triggered on detecting that at lcast one of 1} a current drug flow
rate, 1) a current carrier fluid rate and 1) a predicted drug delivery profile is

ouiside a correspounding pre-defined desived or safe range associated with the drug.

The system of claim 5, wherein the safe range associated with the drug is retrieved

from a database.

The system of any one of clamms 1-3, further comprising at least one sensor
configured to provide data oun a flow rate of the mixed flow at a particular portion

of the delivery path.

The system of ¢lawn 2, wherein the control module 8 configured to control the
drug flow and the carrier fhuid flow such that a proportion of the drug and the
carrier fluid in the mixed flow, over a given portion of the fluid path, 18

substantially fixed.

The system of any one of clamms 1-3 and 8, wherein the processing device is
turther configured to predict the drag delivery profile at the delivery point based

also on user~-input parameters on the drug flow and the carrier flow.

The system of any one of claims 1-3 and 8, wherein the parameters related to
propagation of the mixed flow through the fluid path includes parameters
characterizing one or more of 1} radial diffusion, 1) axial diffusion, ui} lanmunar flow

through the fluid path and iv} a physical or chemical property of the drug.

The system of any one of claims 1-3 and &, wherein the model includes structural
parameters representing characteristics of at least one of the drug pump, the carrier

fluid pump, the flow junction structure, or the fluid path,
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i3

i6.

[y
~3

8.

9.

. The system of claim 11, wheremn the structural parameters include a dead volume

associated with the fluid path.

The system of claim 12, wherein the dead vohume is empirically determined by
exantning a scries of candidate empirical dead volumes and selecting one that best

fits a control curve m a least squares sense.

. The system of claim 11, wherein the processing device 1s further configured to

access a storage device that stores the structural parameters.

. The system of any one of claims 1-3 and &, wherein the processing device 18

configured to identify at least one of the drug pumy, the carrier fluid pump, the

flow junction structure, and the fluid path based on an identifier,

The system of claim 15, wherem the identifier 1s a radio frequency identification
(RFID) tag or a barcode and the processing device is coupled to an RFID tag

reader or a barcode reader.

. The system of clawn 2, further comprising at least one additional drug pump that

dispenses at least a second drug and the control module is configured to control
the second drug flow such that a particular delivery profile of the second drug is

achieved at the future tume pomt.

The system of any one of clams 1-3, 8, and 17 wherein at least one of the drug

pump and the carrier fluid pump is a syringe pump or an miusion purmp.

The system of claim 17, further comprising a display device for displaying data on

predicted drug delivery profiles of the first and second drugs.

i
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20. A method for predicting a delivery rate of a drug at a delivery pomnt, the method

21

COMprisimg:

receiving, at a processing device, one or more operating parameters related
to a drug pump that dispenses a drug and a carrier fliid pump that dispenses a
carrier Huid: and

determining, by the processing device, a delivery rate of the drug at a
delivery point by predicting fime variation of a concentration of the drug at the
delivery poiut based at least on a muatheratical mode] of a mixed flow through a
fluid path that terminates at the delivery point,

wherein the mixed flow comprises the drug and the carrier fluid, and
wherein the model mcludes the onc or more operating parameters and a plurality

of flow-parameters related to the mathematical model of the mixed flow,

A system for controlling a drug delivery profile, the system comprising:

at least one drug pump that produces a drug flow, wherein the at least one
drug purup dispenses at least a first drog;

at least one carrier fluid punip that produces a carrier fluid flow;

a flow junction structure configured to receive the drug flow and the
carrier fluid tlow to produce a mixed flow;

a flnd path for carrying the mixed flow between the flow junction structure
and a delivery point; and

a control module configured to control the drug delivery profile at the
delivery point by controlling a drug flow rate and a carrier flmd flow rate such that
a ratio between the drug flow rate and the carvier fluid flow rate 8 substantially
fixed over a range of time, and the mixed flow is varied to achieve a particular

drug delivery profile.
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23.

24.
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. The system of claim 21, further comprising at least one controlable valve disposed

upstream from the flow junction structure and wheremn the control module controls
the drug delivery profile at the delivery point by controlling a flow through the

controliable valve,

The system of clawn 22, further comprising a coustant pressure valve disposed
upstream from the controllable valve, wherem the constant pressure valve is
configured to maintain a constant pressure upstream of the controllable valve for a

thuid that flows through the controllable valve,

The system of any one of the claims 21-23, wherein the control module is further
configured to adjust a drug delivery rate at the delivery point within the range of
tirwe by simultaneously controlhng the drug flow rate and the carrier fluid fow

rate.

. The systern of any one of the claims 21-23, wherein a drug concentration in the

drug flow is substantially fixed over the range of time.

. The systern of any one of the claims 21-23, wherein the control module adjusts the

drug delivery rate to achieve a predicted drug delivery rate calculated using at least

a mode! of the mixed flow.

. The system of any one of the claims 21-23, whersin the control module s further

configured to adjust the drug delivery profile such that excess volume delivery
over tune 18 substantially reduced while mamtaming target drug dehvery within

allowable tolerances.
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28. The system of claim 26, wherein the model includes a plurality of parameters

29,

30

o

related to propagation of the mixed flow through the fluid path.

The system of any one of the claims 21-23, wherein the control module s further
configured to:

set an mitial drug flow rate and an mitial carrier fluid flow rate at
substantially high values within corresponding allowable rapges at an onset of the
range of time; and

reduce, after a predetermined amount of time has elapsed, the drug flow
rate and the carrier flud flow rate such that the drug delivery profile is achieved at

the delivery point.

The system of clamm 29, wheren the predetermined amount of time is substantially
equal to a time taken by the ruixed fow to traverse the fhud path when the drug
flow rate and the carrier fluid flow rate are set at the initial drug flow rate and the

nitial carrier fluid flow rate, respectively.

. A method for controlling a drug delivery profile, the method comprising:

receiving, at a processing device, mformation on a drug flow rate related to
a drug pump that dispenses a drug and information on a carrier thuid dow rate
related to a carrier thud pump that dispenses a carrier fluid; and

controlling, by a control module, the drug delivery profile at the delivery
point by adjusting the drug flow rate and the carrier fluid flow rate such that a ratio
between the drug flow rate and the carrier fluid flow rate is substantially fixed over

a range of time.

. The method of claim 31, further comprising varying a flow rate of a mixed flow

mcludmg the drug and the carrier fluid to achicve a particular drug delivery profile.

18
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33. A computer readable storage device having encoded thereon mstructions which,

(U]

W

when executed, cause a processor to:

receive one or more operating parameters related to a drug pump that
dispenses the drug and a carrier fluid pump that dispenses a carrier fluid; and

determine a delivery rate of the drug at the delivery point by predicting
tirne vartation of a concentration of the drug at the delivery point based at least on
a mathersatical model of a mixed flow through a fluid path that termunates at the
delivery point,

wherein the mixed flow comprises the drug and the carrier fluid, and
wherein the model mcludes the onc or more operating parameters and a plurality

of flow-parameters related to the mathematical model of the mixed flow,

. A computer readable storage device having encoded thercon mstructions which,

when executed, cause a processor to:

receive information on a drug flow rate related to a drug punp that
dispenses a drug and information on a carrier fluid flow rate related to a carrier
thuid pumyp that dispenses a carrier flud; and

control a drug delivery profile at a delivery point by controlling the drug
flow rate and the carrier fluid flow rate such that a ratio between the drug flow

rate and the carrier thuid flow rate is substantially fixed over a range of time.

. A method for predicting delivery rate at a delivery point, the method comprising:

receiving, at a processing device, one or more operating parameters related
to a first contamer that dispenses a drug and 4 second contamer that dispenses a
carvier fluid, wherein at least one of the drug and the carnier fluid 8 dispensed at a

predefined pressure; and
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37.

38,

determining, by the processing device, a delivery rate of the drug at the
delivery point by predicting time variation of a concentration of the drug at the
delivery pomt based at least on a mathematical model of a mixed flow through a
fluid path that terrmnates at the delivery powmnt,

wherein the mixed flow inclades the drug and the carrier fhud, and the
model includes the one or more operating parameters and a plurality of flow-

parameters related to the mathematical model of the mixed flow,

. The method of claim 35 wherein the pre-defined pressure is controlied by an mline

pressure control valve.

The method of claim 35 wherem the pre-defined pressure is controlled by a

substantially constant force.

The method of claim 37 wherem the substantially constant force is provided by

gravity.

. A system for controlling a drug delivery profile, the system comprising:

a first controllable valve that controls a flow of a drug;

a second controllable valve that controls a carrier fld flow;

a flow junction structure configured to receive the drug flow and the
carrier fluid flow to produce a mixed flow;

a fluid path for carrying the mixed flow between the flow junction structure
and a dehivery point; and
a control module configured to control the drag delivery profile at the delivery
point by controlling a drug flow rate and a carrier fluid flow rate such that a ratio
between the drug flow rate and the carrier finid flow rate is substantially fixed over
a range of time, and the mixed flow 18 varied to achieve a particular drug delivery

profile.
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