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Field of the Technology
[0001 j

The present disclosure is directed to various systems and methods for impedance

modeling, assessment, prediction, utilization, and/or control for a fluid injection system having a
fluid pumping device for fluid delivery applications in medical diagnostic and therapeutic
procedures.

[0002]

In many medical diagnostic and therapeutic procedures, a physician or trained clinician

injects fluid into a patient. For example, a physician may inject saline and/or an imaging contrast
agent into a patient to help improve the visibility of internal body structures in one or more Xray, CT, MR, PET or other images that are taken during the procedure. To inject the saline
and/or contrast agent, the clinician may use a manual injection syringe or may, alternatively, use
a powered fluid injection system. A catheter is coupled to the manual injection syringe or
injection device and s used to inject the saline and/or contrast agent into the patient (such as into
a vessel in the patient's hand or arm). The contrast agent and saline are provided from separate
sources, such as bags, bottles, or syringes, and, i certain cases, may be mixed together before
injection into the patient. However, several problems may develop during use of certain flexible
capacitive pressure injection systems and syringes, including fluid flow rate spikes or real-time
injection ratio inaccuracies.
[0003]

One complication that is often created comes within the definition of system

boundaries. In a medical fluid injection system, some system definitions assume that once the
fluid leaves a catheter and enters a patient's veins, the fluid has left the system. However, this
fluid may exit the catheter with a significant velocity, which means a significant kinetic energy.
So while this energy could be recovered from the fluid if the fluid remained in the system, the

energy is considered to be lost from the system since the fluid leaves the system. The kinetic
energy is likely ultimately dissipated as heat in the patient. The useful work of the system is to
deliver the fluid at a desired flow rate, for example, several milliliters per second. The smaller
the exit area of the catheter, the higher the velocity of the exiting fluid and the more energy that
must be input by the system to achieve that desired flow rate. Many different factors can

contribute to the impedance of a medical fluid injection system, which can affect the amount of
energy required for fluid delivery and/or stored by the medical fluid injection system.
[0004]

As shown in FIG. 7, at the start of an injection protocol, no pressure is applied to the

contrast agent 710 or saline 712, resulting in no flow through the fluid injector system. Any
fluid that is present downstream in the fluid path, for example at 713, is a result of priming of the
system (usually with saline) during the initial setup. As shown in FIG. 8, pressure is then

applied to the contrast agent 710 resulting in a pressure build up and initial backflow of contrast
agent 710 into the saline fluid path 712 at point A . As a result, the flow rate of the contrast agent
710 to the patient may be reduced due to the effect of backflow and expansion in the contrast

agent 710 bag or syringe and the saline 712 bag or syringe due to the injection fluid pressure.
Further, the contrast agent 710 bag or syringe and the saline 712 bag or syringe may expand
depending on the particular capacitance (a component of impedance) of the respective bag or
syringe. As shown in FIG. 9, the flow rate and pressure of the contrast agent 710 may continue

to increase, thereby stabilizing the pressure in the injector system and delivering contrast to the
patient. As shown in FIG. 10, when the contrast agent delivery stops and the saline delivery

beings, the pressure applied to the saline 712 must be increased further such that the saline 712 is
directed to flow to point B . As the saline flow continues, the saline 712 will displace the contrast
agent 710 from the fluid path line to the patient. When the saline 7

piston begins immediately

after the contrast agent 710 injection stops and once the saline 712 replaces contrast agent 710 in
the significant portions of the fluid path, the flow rate of the saline 712 increases rapidly (higher
than the flow rate programmed for the saline 712), sending an increased amount of saline 712 to

mix with the contrast agent 710. This increased flow rate may occur because the saline 712 is
less viscous than the contrast agent 710, which causes the resistance of the fluid path (a
component of impedance) to decrease. With a decreased resistance, the pressure stored in the
capacitance of the syringe or syringes may drive the saline 712 at an increased flow rate. This
increased flow rate can cause a rapid fluid acceleration in the catheter. The syringes or bags of
the injector system will begin to deflate as the pressure within the syringes or bags decreases due
to the increased flow of contrast agent 710 and/or saline 712. The rapid increase in flow rate for
the saline 712 may create a transition to turbulence that causes the resistance to slightly rise
again, potentially causing oscillations in the flow. Eventually, a stable flo

rate is reached at a

lower equilibrium pressure. However, due to the initial backflow and increased pressure in the

fluid injector system, an increased injection pressure and/or flow rate of contrast agent 710 or
saline 712 may be experienced.
[0005]

With further reference to FIG. 7 and the injection process described above, also due to

the initial backflow and increased pressure stored in the capacitance of the fluid injector system,
accurate flow rates of contrast agent 710 and saline 712 are not always provided. Accurate flow
rates of the contrast agent 710 and saline 712 may be achieved on average during the full course
of the injection protocol. However, for short periods of time until the system achieves a steady
state, the contrast agent 710 and saline 712 fluid flow rates may be ramping, slowing down,
peaking, and may not be particularly precise. In one scenario, the contrast agent 710 injection
may be followed by the saline 712 injection, which may cause the flow rate for saline 712 to be
too high, aka an "overrate." In another scenario, a dual flow simultaneous injection of contrast
agent 710 and saline 712 may cause inaccurate ratios of contrast agent 710 and saline 712 until
the system stabilizes.
[0006]

An additional factor that may contribute to the problem of inaccurate fluid mixing

ratios in multi-fluid injector systems is the backflow of fluid that occurs in injections where the
viscous contrast agent 710 is injected at a higher ratio than the less viscous saline 712. In such a
scenario, before a uniform fluid flow is established, the fluid pressure of the more viscous
contrast agent 710 that is injected at a higher ratio may act against the fluid pressure of the less
viscous saline 712 that is injected at a lower ratio to force the contrast agent 710 to reverse the
desired direction of flow.

After injections begin, pressures equalize and the fluid injection

system achieves a steady state operation where the contrast agent 710 and saline 712 are injected
at a desired ratio.

However, in small volume injections, steady state operation may not be

achieved prior to the completion of the injection process and the fluid mixing ratio of contrast
agent 710 and saline 712 being delivered may not be accurately achieved. Thus, even though a
desired ratio of contrast agent 710 and saline 712 may be 80% contrast agent 710 to 20% saline
712, the actual ratio due to backflow of contrast agent 710 into the saline 712 may be initially

higher.
[0007]

hile various approaches exist for characterizing the performance of a fluid delivery

system and correlating the desired performance with actual performance in terms of fluid flow
rate and volume delivered, these approaches do not address the differences between desired and
actual performance due to impedance and/or capacitance of the fluid delivery system in a

comprehensive manner. As a result, existing approaches fail to address the under-defivery or
over-delivery of fluid resulting from system impedance and/or capacitance. As a result, less than
optimal injection boluses or volumes may result and/or operation of the fluid delivery system can
result in relatively large amounts of wasted fluid.
[0008]

There is a need in the art for improved methods a d systems for controlling impedance

in a multiphase injection in a manner which accounts for such fluid differences. For example,
such systems may address problems of differences in flow velocity which can occur during an

injection. Desirably, a multiphase injection is performed at a substantially constant flow rate and
volume without discontinuities, spikes, or drops in flow rate between phases. The systems and
methods disclosed herein are adapted to address such issues.

BRIEF SUMMARY
[0009]

In view of the foregoing, a need exists for an improved fluid injection system for fluid

delivery applications in medical diagnostic and therapeutic procedures. There is an additional
need in the medical field for a fluid injection system that provides a modeling, assessment,
prediction, anticipation, compensation, control, and/or utilization of system impedance and
related energy storage and changes thereof for safety assessment or fluid delivery performance
improvement.
[0010]

In one example, fluid injection systems utilize a method of improving fluid delivery

performance, the method comprises modeling one or more factor that affects impedance of the
fluid injection system based upon one or more known, estimated and measured parameter,
initiating delivery of at least a first fluid to a patient at a first flow rate; measuring one or more
characteristic of the fluid deliver}', modeling one or more factor that affects impedance of the
fluid injection system based upon one or more measurement of the one or more characteristic of
the fluid delivery; and adjusting one or more characteristic of the fluid injection system based
upon the one or more factor that affects impedance of the fluid injection system modeled on the
one or more known, estimated and measured parameter or modeled on the one or more

measurement of the one or more characteristic of the fluid delivery to improve fluid delivery
performance. The method may further comprise initiating delivery of at least a second fluid to
the patient at a second flow rate. The method may further comprise making the adjustment prior

to fluid delivery or during delivery of either both of the first and second fluid or the first or
second fluid individually.
[0011]

In this and other methods disclosed herein, the system may be configured to notify an

operator of the fluid injection system of at least one adjustment made or suggested by the one or
more factor that affects impedance of the fluid injection system modeled o the one or more
known, estimated and measured parameter or modeled on the one or more measurement of the
one or more characteristic of the fluid deliver}'. Further, the one or more parameter may be

temperature, viscosity, pressure, bulk modulus, concentration, catheter size, hydraulic resistance,
desired flow rate, and/or system capacitance; and the one or more characteristic of the fluid
delivery may be temperature, viscosity, pressure, bulk modulus, hydraulic resistance, actual flow
rate, and/or system capacitance.
[0012]

In this method, the system may be configured to re-measure one or more characteristic

of the fluid delivery; re-model one or more factor that affects impedance of the fluid injection
system based upon one or more known, estimated and measured parameter or one or more re-

measurement of the one or more characteristic of the fluid delivery; and re-adjust the one or
more characteristic of the fluid injection system based upon the one or more factor that affects
impedance of the fluid injection system re-modeled on the one or more known, estimated and
measured parameter or re-modeled on the one or more re-measurement of the one or more
characteristic of the fluid delivery during delivery of either both of the first and second fluid or
the first or second fluid individually.
[0013]

In this method, the system may be configured to continuously re-measure one or more

characteristic of the fluid delivery; continuously re-model one or more factor that affects
impedance of the fluid injection system based upon one or more known, estimated and measured
parameter or one or more re-measurement of the one or more characteristic of the fluid delivery;
and continuously re-adjust the one or more characteristic of the fluid injection system based upon

the one or more factor that affects impedance of the fluid injection system re-modeled on the one
or more known, estimated and measured parameter or re-modeled on the one or more remeasurement of the one or more characteristic of the fluid delivery during delivery of either both
of the first and second fluid or the first or second fluid individually.
[0014]

In one example, fluid injection systems utilize a method of improving fluid delivery

performance, the method comprises delivering at least a first fluid into the patient's blood vessel

at a first flow rate; delivering at least a second fluid into the patient's blood vessel at a second

flow rate, and adjusting at least one characteristic of the fluid injection system based upon at
least one aspect of the fluid injection system impedance to improve the fluid delivery
performance of the fluid injection system
[00 5

In another example, fluid injection systems utilize a method of relieving pressure in the

fluid injection system, the method comprises (a) conducting an injection process using the fluid
injection system; (b) recording an initial position of a piston in at least o e syringe of the fluid
injection system; (c) removing power from a motor arrangement of the fluid injection system for
a predetermined amount of time to permit a piston of the fluid injection system to be pushed
towards a distal end of the at least one syringe in the fluid injection system; (d) supplying power
to the motor arrangement of the fluid injection system; (e) recording a second displacement
position of the piston in the at least one syringe; and (f) conducting one of the following:
repeating items (b)-(e) when the piston of the at least one syringe no longer moves within the at
least one syringe when power is removed from the motor arrangement; or repeating items (b)-(e)
for a predetermined amount of time.
[0016]

In the examples disclosed herein, fluid injection systems utilize methods that model

and adjust factors that affect impedance and prevent or reduce backflow, reduce the likelihood of

fluid flow rate spikes and provide more accurate flow rates and mixing ratios of fluids; each may
be repeated or happen essentially continuously during an injection. The adjustments may be
determined before the injection or determined and/or adjusted during the injection.

The

determination may include sensor feedback commonly used in injectors such as pressure and
position feedback as well as other sensors listed herein. In all cases, the user can be notified of
adjustments through on-screen notices and/or through the recordation of the injection data by the
electronic control device of the injector at the conclusion of the injection, such as through a
report.
[0017]

In one embodiment of the present disclosure, fluid injection systems utilize a method

of delivering multiple fluids, the method comprises providing a fluid deliver}' system for a
multiphase fluid injection comprising at least a first syringe containing a first fluid, at least a
second syringe containing a second fluid, a fluid conduit for conducting fluid from the first
syringe and the second syringe to a patient, and an injector comprising at least a first piston for

expelling fluid from the first syringe and at least a second piston for expelling fluid from the

second syringe. The method advances the first piston to expel fluid from the first syringe into
the conduit during a first phase of the injection, measures one or more parameter of the injection
during the first phase of the injection, calculates a retraction distance for the second piston based
on the one or more measured parameter and a desired fluid flow rate, retracts the second piston

by the calculated retraction distance to a retracted position; and performs a second phase of the
injection by advancing the second piston from the retracted position through at least a portion of
the second syringe to expel fluid from the second syringe and into the conduit. The one or more
measured parameter can be temperature, viscosity, pressure, bulk modulus, catheter size,
hydraulic resistance, actual flow rate, system capacitance, system impedance, and factors that
affect system capacitance, impedance and hydraulic resistance. The method can also calculate a
new flow rate for the second phase of the injection based on the one or more measured parameter
and perform the second phase of the injection at the new flow rate.
[0018]

In some embodiments of the present disclosure, fluid injection systems that utilize a

method of delivering multiple fluids to a patient via a multi-phase injection with the fluid
injector are provided. The method comprises injecting a first fluid during a first phase of the
injection with a first pressure limit, wherein the first fluid has a first viscosity; and injecting a
second fluid during a second phase of the injection with a second pressure limit, wherein the
second phase has a second viscosity. The first viscosity is greater than the second viscosity. The
second pressure limit is less than the first pressure limit in order to minimize a flow rate
fluctuation in a fluid path at a transition from the first phase to the second phase
[0019]

This method may further comprise deriving the second pressure limit from at least one

of a table or equation or pressure measured during the first phase. The second pressure limit may
be derived according to at least one or more of: characteristics of the first fluid, characteristics of
the second fluid, catheter gauge, a predetermined desired flow rate, a position of a piston in a
syringe of the fluid injector, and combinations thereof.
[0020]

This method may further comprise applying the second pressure limit while injecting

an initial amount of the second fluid and applying the first pressure limit while injecting a

remaining amount of the second fluid. A third pressure limit, different from the first and second
pressure limits may also be derived and applied by the injector while injecting the remaining
amount of the second fluid.

[0021]

It is expressly understood that all embodiments disclosed herein can apply to syringes

as well as different types of pumps with at least two fluids, such as piston pumps or peristaltic

pumps.

Combinations of different pumps may also be utilized in multiphase fluid delivery

injections where fluid flow rates and phase transitions may be controlled using calculation
processes and various methods described herein.
[0022]

These and other features and characteristics of a fluid injection system, as well as the

methods of operation and functions of the related elements of structures and the combination of
parts and economies of manufacture, will become more apparent upon consideration of the
following description and the appended claims with reference to the accompanying drawings, all
of which form a part of this specification, wherein like reference numerals designate
corresponding parts in the various figures. It is to be expressly understood, however, that the
drawings are for the purpose of illustration and description only, and are not intended as a
definition of the limits of the disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS
[0023]

F G. 1 is a perspective view of a fluid deliver}' system according to an example of the

present disclosure;
[0024]

FIG. 2 is a side cross-sectional view of a syringe configured for use with the fluid

delivery system of FIG. 1;
[0025]

FIG. 3 is a perspective view of a fluid delivery system according to another example of

the present disclosure,
[0026]

FIG. 4 is a side cross-sectional view of a syringe configured for use with the fluid

delivery system of FIG. 3;
[0027]

FIG. 5 is a perspective view of a fluid delivery system according to another example of

the present disclosure,
[0028]

FIG. 6 is a front perspective view of a multi-use disposable system configured for use

with the fluid delivery system of FIG. 5;
[0029]

FIGS. 7-10 are schematic views depicting known methods of injecting a first fluid and

a second fluid to a patient using a fluid injection system;
[0030]

FIGS. 1 1 and 12 are schematic views depicting a fluid injection system according to

one example of the present disclosure;

[0031]

FIG. 13 is a schematic view depicting a fluid injection system according to another

example of the present disclosure;
[0032]

FIG. 14 is a schematic view depicting a fluid injection system according to another

example of the present disclosure,
[0033]

FIG. 15 is a schematic view depicting a fluid injection system according to another

example of the present disclosure:
[0034]

FIG. 16 is a schematic view depicting a fluid injection system according to another

example of the present disclosure showing a plunger in an extended position;
[0035]

FIG. 17 is a schematic view depicting the fluid injection system of FIG. 16 with the

plunger in an over-travel position;
[0036]

FIG. 18 is a schematic view depicting a fluid injection system according to another

example of the present disclosure;
[0037]

FIG. 19 is a front view of the syringe according to one example of the present

disclosure;
[0038]

FIG. 20 is a cross-sectional view depicting a syringe of a fluid injection system

according to the example in FIG. 19 along line A-A;
[0039]

FIG. 2 1 is a cross-sectional view depicting a syringe of a fluid injection system

according to another example of the present disclosure,
[0040]

FIG. 22 is a schematic view depicting a fluid injection system according to another

example of the present disclosure;
[0041]

FIG. 23 is a schematic view depicting a fluid injection system according to another

example of the present disclosure;
[0042]

FIG. 24 is a graphical illustration of a transition period between injecting contrast

agent and injecting saline during current mu t -fluid injection procedures;
[0043]

FIG. 25 is a graphical illustration of an extended transition period between injecting

contrast agent and injecting saline according to the present disclosure;
[0044]

FIG. 26 is a graph depicting a variable pressure limit over time for an injection

according to one embodiment of the present disclosure;
[0045]

FIG. 27 is a graph depicting a comparison of flow rate and pressure characteristics for

an injection according to one embodiment of the present disclosure;

[0046]

FIG. 28A is a graph depicting flow rate over time when variable pressure limits are

utilized during an injection according to one embodiment of the present disclosure,
[0047]

FIG. 28B is a graph depicting flow rate over time when certain actions are taken

during an injection according to one embodiment of the present disclosure,
[0048]

FIG. 29 is a graph depicting an overall flow rate of fluid exiting a catheter with a

contrast agent to saline transition;
[0049]

FIG. 30 is a graph depicting an overall fl o

rate of fluid exiting a catheter with a

saline to saline transition;
[0050]

FIG. 3 1 is an annotated graph depicting an overall flow rate of fluid exiting a catheter

with a contrast agent to saline transition;
[0051]

FIG. 32 is a graph depicting several different overall catheter flow rates of varying

contrast agent viscosity;
[0052]

FIG. 33 is a graph depicting several different overall catheter flow rates;

[0053]

FIG. 34 is a schematic of a multi-fluid injection system according to an example of the

present disclosure;
[0054]

FIG. 35 is a schematic view depicting a fluid injection system according to another

example of the present disclosure;
[0055]

FIG. 36 is a graphical illustration of a pressure relief method used in a fluid injection

system according to another example of the present disclosure;
[0056]

FIG. 37 is a schematic illustration of a multi-fluid injection system according to the

present disclosure;
[0057]

FIG. 38 is an example of a known open loop control system;

[0058]

FIG. 39 is an example of a known closed loop control system;

[0059]

FIG. 40 shows an example of a multi-loop and/or muitivariable feedback control

system according to one embodiment of the present disclosure;
[0060]

FIG. 41 is the feedback controller system of FIG. 40 further depicting additional

aspects of the system according to the present disclosure;
[0061]

FIG.

42 is the feedback controller system of FIG.

4 1 further

illustrating

communication channel lines according to the present disclosure;
[0062]

F GS. 43 and 44 are graphs depicting the viscosities of various concentration levels of

contrast agents plotted against iodine concentration as a function of temperature;

[0063]

FIGS. 45 and 46 depict the flow rates and iodine delivery' rates for various contrast

agents over pressure;
[0064]

FIG. 47 depicts iodine delivery rate vs. flow rate for various contrast agents;

[0065]

FIG. 48 depicts iodine delivery rate and contrast concentration as compared to flow

rate;
[0066]

FIG. 49 is a graph illustrating flow rate with respect to time for a multiphase injection

with motor control of the piston to avoid saline overrate according to an example of the
disclosure;
[0067]

FIG. 50 is a flow char of a fluid delivery process for a multiphase injection which

reduces flow overrate according to an example of the present disclosure;
[0068]

FIG. 5 1 is a graph illustrating flow rate with respect to time for a multiphase injection,

[0069]

FIGS. 52A and 52B are graphs of three-dimensional surfaces showing a residual

volume of undelivered fluid in a syringe with respect to injection volume and pressure. FIG.
52A reflects characteristics of linear elastic material for the syringe, piston, and plu ger FIG.
52B illustrates characteristics of non-linear materials for the same components;
[0070]

FIG. 53 is a graph illustrating syringe barrel diameter with respect to pressure during

an injection at different temperatures;
[0071]

FIG. 54 is a pseudocode for implementing aspects of a fluid deliver}' procedure to

reduce overrate by adjusting piston position according to an example of the disclosure;
[0072]

FIG. 55 is an model involving syringe capacitance as a function of pressure in the

syringe and plunger position in the syringe; and
[0073]

FIG. 56 is a model illustrating adjustments that may be made to an estimation of air

volume based upon a baseline plunger position and the actual air check plunger positi on
DESCRIPTION OF THE DISCLOSURE
[0074]

As used herein, the singular form of "a", "an", and "the" include plural referents unless

the context clearly dictates otherwise.
[0075]

For purposes of the description hereinafter, the terms "upper", "lower", "right", "left",

"vertical", "horizontal", "top", "bottom", "lateral", "longitudinal", and derivatives thereof shall
relate to the disclosure as it is oriented in the drawing figures.

[0076]

Spatial or directional terms, such as "left", "right", "inner", "outer", "above", "below",

and the like, are not to be considered as limiting as the claimed invention can assume various

alternative orientations.
[0077]

All numbers used herein are to be understood as being modified in all instances by the

term "about." The term "about" means a range of plus or minus te percent of the stated value.
[0078]

Unless otherwise indicated, all ranges or ratios disclosed herein are to be understood to

encompass any and all subranges or subratios subsumed therein. For example, a stated range or
ratio of " to 10" should be considered to include any and all subranges between (and inclusive
of) the minimum value of 1 and the maximum value of 10; that is, all subranges or subratios

beginning with a minimum value of 1 or more and ending with a maximum value of 0 or less,
such as but not limited to, 1 to 6 . 1, 3.5 to 7.8, and 5 5 to 10.
[0079]

The term "at least" means "greater than or equal to."

[0080]

The term "includes" is synonymous with "comprises."

[0081]

When used in relation to a syringe and/or a plunger, the term "proximal" refers to a

portion of a syringe and/or a plunger nearest a fluid injector when a syringe and/or a plunger is
oriented for connecting to a fluid injector. The term "distal" refers to a portion of a syringe
and/or a plunger farthest away from a fluid injector when a syringe and/or a plunger is oriented
for connecting to a fluid injector. The term "radial" refers to a direction in a cross-sectional
plane normal to a longitudinal axis of a syringe, a plunger, and/or a piston extending between
proximal and distal ends. The term "circumferential" refers to a direction around an inner or
outer surface of a sidewall of a syringe, a plunger, and/or a piston. The term "axial" refers to a
direction along a longitudinal axis of a syringe, a piston, and/or a piston extending between the
proximal and distal ends. The term "open" when used to refer to a fluid deliver}' component
means that the system is in fluid connection with an outlet, for example through a nozzle or the
open end of a tubing component or catheter. In an open system, fluid flow may be constrained,
for example by forcing a fluid through a small diameter fluid path where flow may be
determined by physical parameters of the system and the fluid, such as tubing diameter, fluid
path constrictions, applied pressure, viscosity, etc. The term "closed" when used to refer to a
fluid delivery component means that the system is not in fluid connection with an outlet, for
example where fluid flow is stopped by a valve, such as a stopcock, high crack pressure valve,
pinch valve, and the like.

[0082]

Impedance is a term generally used to describe how energy from a source of energy is

used in or moves through a system. The energy output or loss from a system is either in the form
of work done or heat through frictionai losses. This energy, ultimately dissipated as heat, may be
called resistive, frictionai, or dissipative loss. There are several forms of energy storage. One
form of energy storage is potential energy, for example, a capacitance i electricity, compression

or strain energy in a solid, liquid, or a gas, or height differences in a hydraulic system. Another
form of storage energy is kinetic energy, for example, inductance in electrical systems and
motion of a mass in mechanical or fluid systems.
[0083]

Impedance as an engineering term is generally meant to designate the relationship

between a driving force and a resulting action. For example, in electrical engineering, it is the
relationship between voltage and current. In mechanics it is the relationship between force and
motion or torque and rotational motion. In fluid flows it is between pressure and flow. One
might also define it as the resistance to the movement of energy through a system. Transfer
function is a term often used to describe the relationship between driving force or action in one
form of energy and driving force or action into a different form of energy. For example an
electrical current in a motor creates mechanical torque on the shaft, so electrical energy is

inputted and transferred or transformed into mechanical energy output.
[0084]

In this disclosure, impedance is used to encompass all relationships between input

actions, forces, or energies and output actions, forces, or energies and includes stored and nonrecoverable actions, forces, or energies of all types. It also includes inaction or delayed action,
such as mechanical slop.
[0085]

Impedance may be relatively linear in the common or designed operating ranges and so

may be represented by a simple constant. However, many impedances are not.

Many

impedances depend upon the operating conditions, such as temperature, position, or operating
history of one or more aspects of the system. Some impedances may be represented by one or
more response surfaces. One example of a non-linear impedance is mechanical slack or slop, in
which a mechanical effector initially has a gap between itself and the recipient par on which it is
to act. The effector initially moves with no force on the recipient part. Once the slack is taken
up, it then exerts a force on the recipient part. Stiction or static friction is similarly non-linear. It
is common for a syringe plunger to not move when force is initially applied to it by a piston.

Once the force exceeds a breakaway force, the plunger moves with the piston, although in some

conditions it may be a jerky motion alternating between movement and non-movement. Further,
impedances mentioned herein are not necessarily static or fixed over time or for a particular
situation, because in some instances some aspects of impedance will affect the fluid viscosity or
density in each segment of each element of the fluid path. Impedances may also be dependent
upon (i) prior fluid delivery causing various fluids to already be in the fluid paths, (ii) heat
accumulation in the motor over time, (iii) pressures causing plastic deformation over time, or (iv)
plunger positio
[0086]

It is to be understood that the disclosure may assume alternative variations and

sequences, except where expressly specified to the contrary. It is also to be understood that the

specific devices and processes illustrated in the attached drawings, and described in the
following specification, are simply exemplary embodiments of the disclosure. Hence, specific
dimensions and other physical characteristics related to the examples disclosed herein are not to
be considered as limiting.
[0087]

For the purposes of the description hereinafter, spatial orientation terms, if used, shall

relate to the referenced example as it is oriented in the accompanying drawings, figures, or
otherwise described in the following detailed description. However, it is to be understood that the
examples described hereinafter may assume many alternative variations and examples. It is also
to be understood tha the specific systems illustrated in the accompanying drawings, figures, and
described herein are simply exemplary and should not be considered as limiting.
[0088]

Referring to the drawings in which like reference characters refer to like parts

throughout the several views thereof, several systems and methods are provided for reducing the
likelihood of fluid flow rate spikes and delivering more accurate flow rates and mixing ratios of
fluids, informing the operator what flow rates are possible and what changes may be made to
achieve desired or possible flow rates. In a typical multi-fluid injection procedure, an injection
fluid, such as saline, is first used to fill the lines with fluid and check patency. Next, a contrast
agent is usually delivered from a contrast agent source using a powered or manual injector. The
injected contrast agent is delivered to a desired site in a patient's body through a catheter inserted
into the patient's body, such as the patient's arm. Once the contrast agent is delivered to the
desired site, that area is imaged using a conventional imaging technique, such as CT, MR,
nuclear medicine, ultrasonic, or angiography imaging or scanning. The contrast agent becomes
clearly visible against the background of the surrounding tissue.

However, it is generally

desirable to reduce the amount of contrast agent that is given to the patient while maintaining an
effective amount of contrast necessary for effective imaging.

By supplementing the overall

contrast agent delivery procedure with saline, the saline flushes the contrast agent to the area of
interest and in addition, hydrates the patient and aids the body in removing the contrast agent.
Introduction of saline at clinically significant pressures and fl o

rates also allows higher fl o

rates to be achieved at lower pressure settings on the injector.

For some procedures,

simultaneous, prior, or subsequent saline delivery is necessary to prevent too high a
concentration of contrast from causing artifacts, inaccuracies, and/or poor image quality or to
reduce overall contrast dose to the patient
[0089]

With reference to FIG. 1, a fluid injector 10, such as an automated or powered fluid

injector, is adapted to interface with and actuate one or more syringes 12, which may be filed
with a fluid F, such as contrast media, saline solution, or any desired medical fluid. The injector
10 may be used during a medical procedure to inject the medical fluid into the body of a patient

by driving a plunger 14 of each syringe 12 with a drive member, such as piston 19 (shown in
FIG. 2), such as a linear actuator or a piston element. The injector 10 may be a multi-syringe
injector having two, three or more syringes, wherein the several syringes 12 may be oriented in a
side-by-side or other relationship and may be separately actuated by respective drive
members/pistons 19 associated with the injector 10. In examples with two or more syringes, for
example, arranged in a side-by-side or other relationship and filled with two different fluids, the
injector 10 may be configured to deliver fluid from one or both of the syringes 12, sequentially
or concurrently. According to one embodiment, the fluid injector 10 may be a dual head injector
having two syringes 12a and 12b, a first syringe 12a for delivering a contrast agent or other
medical fluid and a second syringe

2b for delivering saline or other medically approved

flushing agent to flush the contrast agent to the patient. In other embodiments, the fluid injector
10 may have three syringes 12, a first and second syringe for delivering one or two different

contrast agents or other medical fluid and a third syringe for delivering saline or other medically
approved flushing agent to flush the contrast agent to the patient.
[0090]

According to various embodiments, the fluid injector 10 may be configured to deliver

the contrast and saline separately (e.g., delivering a specific volume saline over a specific time
followed by delivering a specific volume of contrast over a specific time, followed by a second
volume of saline over a specified time to flush the contrast agent from the tubing into the

patient). According to various embodiments, the fluid injector 10 may be configured to deliver
the contrast and saline separately or as a mixture (e.g., delivering a specific volume saline over a
specific time followed by delivering a specific volume of contrast or a specified ratio of contrast
and saline (i.e., in a "dual flow" process) over a specific time, followed by a second volume of

saline over a specified time to flush the contrast agent from the tubing into the patient). A
technician may program a specific injection protocol into the injector (or use a pre-written
protocol) to deliver the desired volumes of saline, contrast, specific ratios of contrast and saline
mixtures, etc., at a desired flow rate, time, and volume for each solution. The fluid injector 10
may have at least one bulk fluid source (not shown) for filling the syringes 12a,b with fluid and
in certain embodiments, the fluid injector 10 may have a plurality of bulk fluid sources, one for
each of the plurality of syringes, for filling each of the plurality of syringes with the desired
fluid.
[0091]

To enable effective simultaneous flow delivery of first and second injection fluids,

such as contrast agent and saline, substantially equal pressure must be present in each deliver}'
line.

In a powered injection system described above, it is desirable to actuate the plunger

elements substantially simultaneously in simultaneous flow delivery applications to equalize the
pressure in each line. If the injector is operated with differential pressure in each delivery line of
the fluid path set, the fluid in the lower pressure line may be stopped or reversed until sufficient
pressure is achieved in the lower pressure line and its associated syringe to enable flow in a
desired direction. This time delay could reduce the usefulness of the image quality. The fluid in
the lower pressure line may also begin to store fluid pressure energy (a component of
impedance). As the stored fluid pressure energy in the lower pressure line continues to build, the
lower pressure will eventually achieve the same pressure as the higher pressure fluid.
Subsequently in the injection, due to the stored fluid pressure energy in the lower and high
pressure syringes and lines, the flow rate of the fluid will rapidly accelerate into the catheter
tubing as the viscosity and, thus, resistance of, the fluid in the line changes.
[0092]

A fluid path set 17 may be in fluid communication with each syringe 12 to place each

syringe in fluid communication with a catheter for delivering the fluid F from each syringes 12

to a catheter (not shown) inserted into a patient at a vascular access site. In certain embodiments,
fluid flow from the one or more syringes 12 may be regulated by a fluid control module (not
shown) that operates various valves, stopcocks, and flow regulating structures to regulate the

delivery of the saline solution and contrast to the patient based on user selected injection
parameters, such as injection flow rate, duration, total injection volume, and ratio of fluids from
the syringes 12, including specific ratios of each fluid in a dual flow injection protocol.
[0093]

With continued reference to FIG. 2, the drive member 19, such as a reciprocally driven

piston moved by a motor 31, may be configured to extend into and from the respective syringe

port 13 through an opening in the front end of the injector housing.

In fluid injector

embodiments comprising a plurality of syringes, a separate drive member/piston 19 may be
provided for each syringe 12. Each drive member/piston 19 is configured to impart a motive
force to at least a portion of the syringe 12, such as the plunger 14 or a distal end of a rolling
diaphragm syringe (for example, as described in PCT/US20 17/056747; WO 2016/172467; and
WO 2015/164783, the disclosures of which are incorporated herein by reference). The drive
member or piston 19 may be reciprocally operable via electro-mechanical drive components such
as a ball screw shaft driven by the motor 31, a voice coil actuator, a rack-and-pinion gear drive, a

linear motor, and the like. The motor 3 1 may be an electric motor.
[0094]

Examples of suitable front-loading fluid injectors 10 are disclosed in U.S. Patent Nos.

5,383,858, 7,553,294; 7,666,169; 9,173,995, 9,199,033; and 9,474,857; and in PCT Application
Publication Nos. WO 2016/191485 and WO 2016/1 12163, the disclosures of which are
incorporated by reference in their entirety.
[0095]

Having described the general staicture and function of specific embodiments of the

fluid injector 10, an embodiment of syringe 12 configured for use with the injector 10 is
described with reference to FIG. 2 . The syringe 12 generally has a cylindrical syringe barrel 18
formed from glass, metal, or a suitable medical-grade plastic. The barrel 18 has a proximal end
20 and a distal end 24, with a sidewall 119 extending there between along a length of a

longitudinal axis 15 extending through a center of the barrel 18. In some examples, the distal
end 24 may have a conical shape that narrows in a distal direction from the cylindrical barrel 18.

A nozzle 22 extends from the distal end 24. The barrel 18 has an outer surface 2 1 and an inner
surface 23 with an interior volume 25 configured for receiving the fluid therein. The proximal
end 20 of the barrel 18 may be sealed with the plunger 14 that is reciprocally movable through

the barrel 18 by reciprocal movement of the corresponding piston 19 or drive member. The
plunger 14 forms a liquid-tight seal against the inner surface 23 of the barrel
is advanced through the barrel 18.

as the plunger 14

[0096]

With continued reference to FIG. 2, the proximal end 20 of the syringe 12 is sized and

adapted for being removably inserted in a syringe port 13 of the injector 10 (shown in FIG. 1).
In some examples, the proximal end 20 of the syringe 12 defines an insertion section 30 that is

configured to be removably inserted into the syringe port 13 of the injector 10 while the
remaining portion of the syringe 2 remains outside of the syringe port 13.
[0097]

In one embodiment, the syringe 12 may be made of any suitable medical-grade plastic

or polymeric material, desirably a clear or substantially translucent plastic material. The material
of the syringe 12 is desirably selected to meet the required tensile and planar stress requirements,
water vapor transmission, and chemical/biological compatibility. Exemplar}' syringes suitable
for use with the injector 10 depicted in FIG. 1 are described in United States Patent Nos.
5,383,858, 6,322,535; 6,652,489, 9,173,995; and 9,199,033, the disclosures of which are all
incorporated by reference in their entirety.
[0098]

In some examples, such as shown in FIG. 3, the injector 10 may be configured for

receiving and retaining a pressure jacket 32 within each syringe port 13 of the injector 10. While
FIGS. 1 and 3 illustrate fluid injectors 10 with two syringe ports 13, which for the injector 10
shown in FIG. 3 each having a corresponding pressure jacket 32, other examples of the fluid
injector 10 may include a single syringe port 13 and optionally, a corresponding pressure jacket
32 or more than two syringe ports 13 with an optional corresponding number of pressure jackets
32. In embodiments comprising pressure jackets, each pressure jacket 32 may be configured to

receive a syringe, such as a syringe for an angiographic (CV) procedure, or a rolling diaphragm
syringe 34 (suitable examples of which are described in PCT/US20 17/056747; WO
2016/172467; and WO 2015/164783). A fluid path set, similar to the fluid path set 17 shown in
FIG. 1, may be fluidly connected with a discharge end of each rolling diaphragm syringe 34 for
delivering fluid from the syringes 34 through tubing connected to a catheter, needle, or other
fluid delivery connection (not shown) inserted into a patient at a vascular access site. According
to various embodiments, the syringe 12 or 34 may be a pre-filled syringe, i.e., the syringe may be
prefilled with a medical fluid, such as a contrast agent or saline, when provided by the syringe
manufacturer. According to certain embodiments, the pre-filled syringe may be required to be
spiked or othenvise punctured at the discharge end prior to an injection procedure to allow fluid
to be expelled from the syringe into a fluid line to the patient, as described herein.

[0099]

With reference to FIG. 4, the rolling diaphragm syringe 34 generally includes a hollow

body 36 defining an interior volume 38. The body 36 has a forward or distal end 40, a rearward
or proximal end 42, and a flexible sidewall 44 extending there between. The proximal end 42
may be configured to act as piston to pressurize the syringe interior to draw in or expel fluid
therefrom, as described herein. The sidewall 44 of the rolling diaphragm syringe 34 defines a
soft, pliable or flexible, yet self-supporting body that is configured to roll upon itself, as a

"rolling diaphragm", under the action of a drive member or piston of the fluid injector 10. The
drive member/piston 19 may be configured to releasably engage a drive member engagement
portion 52 at the proximal end 42 of the rolling diaphragm syringe 34 (examples of which are
described in PCT/US20 17/056747). In operation, the sidewall 44 is configured to roll such that
its outer surface is folded and inverted in a radially inward direction as the drive member/piston
19 moves the proximal end 42 in a distal direction and unrolled and unfolded in the opposite

manner in a radially outward direction as the drive member/piston 19 retract the proximal end 42
in a proximal direction.
[00100]

With continued reference to FIG. 4, the rearward or proximal portion of the sidewall

44 connects to a closed end wall 46, and a forward or distal portion of the sidewall 44 defines a

discharge neck 48 opposite the closed end wall 46. The closed end wall 46 may have a concave
shape to facilitate the initiation of the inversion or rolling of the sidewall 44, enhance mechanical

strength of the closed end wall 46, and/or to provide a receiving pocket to receive a distal end of

drive member/piston 19. For example, the closed end wall 46 may define a receiving end pocket
for interfacing directly with a similarly-shaped distal end of the drive member/piston 19. In
some examples, at least a portion of the drive member/piston 19 may be shaped to substantially
match the shape of the closed end wall 46 or, alternatively, pressure from the drive

member/piston 19 as it is moved distally may conform the end wall 46 to substantially match the
shape of at least a portion of the drive member/piston 19.
[00101]

The end wail 46 may have a central portion 50 having a substantially dome-shaped

structure and a drive member engagement portion 52 extending proximally from the central
portion 50. The drive member engagement portion 52 is configured for releasably interacting
with a corresponding engagement mechanism on the drive member/piston 19 of the fluid injector
10, for example as the drive member/piston is retracted. The rolling diaphragm syringe 34 may

be made of any suitable medical-grade plastic or polymeric material, desirably a clear or

substantially translucent plastic material. The material of the rolling diaphragm syringe 34 is
desirably selected to mee the required tensile and planar stress requirements, water vapor
transmission, and chemical/biological compatibility.
[00102]

With reference to FIG, 5, a fluid injector 10 is shown in accordance with another

example of the present disclosure.

The injector 10 has a housing 54 that encloses various

mechanical drive components, electrical and power components necessary to drive the
mechanical drive components, and control components, such as electronic memory and
electronic control devices used to control operation of reciprocally movable pistons (not shown).
The fluid injector 10 further has a multi-patient (use) disposable system (MUDS) 56 that is
removably connectable with the fluid injector 10. The MUDS 56 has one or more syringes or
pumps 58. In some aspects, the number of syringes 58 corresponds to the number of pistons on
the fluid injector 10. In some examples, such as shown in FIG. 6, the MUDS 56 has three
syringes 58a-5Sc in a side-by-side arrangement.

Each syringe 58a~58e has a bulk fluid

connector 60 for connecting to a respective bulk fluid source (not shown) via a MUDS fluid path
62.

The MUDS fluid path 62 may be formed as a flexible tube with a spike element at its

terminal end that connects to the bulk fluid connector 60. Injector 10 and the corresponding
MUDS 56 as illustrated in FIG. 5 are described in detail in WO 2016/1 12163, the disclosure of
which is incorporated herein by this reference.
[00103]

The MUDS 56 may comprise one or more syringes or pumps 58. In some aspects, the

number of syringes 58 corresponds to the number of drive members/pistons on the fluid injector
10. In some examples, such as shown in FIGS. 5 and 6, the MUDS 56 has three syringes 58

arranged in a side-by-side arrangement.

Each syringe 58 has a bulk fluid connector 60 for

connecting to a respective bulk fluid source (not shown) via a MUDS fluid path 62 The MUDS
fluid path 62 may be formed as a flexible tube that connects to the bulk fluid connector 60
having a spike element at its terminal end.
[00104]

With reference to FIG. 6, the MUDS 56 has a frame 64 for supporting the one or

more syringes 58a-58c. The syringes 58a-58c may be removably or non-removably connected
to the frame 64. Each syringe 58a-58c has an elongated, substantially cylindrical syringe body.
Each syringe 58a-58c has a filling port 66 in fluid communication with the MUDS fluid path 62
for filling the syringe 58a-58c with fluid from a bulk fluid source. Each syringe 58a-58c further
has a discharge outlet or conduit 68 at the terminal portion of its distal end. The discharge outlet

68 of each syringe 58a-58e is in fluid communication with a manifold 70. A valve 72 is

associated with each discharge outlet 68 and is operable between a filling position, where the
filling port 66 is in fluid communication with the syringe interior while the discharge outlet 68 is
in fluid isolation from the syringe interior, and a delivery position, where the discharge outlet 68
is in fluid communication with the syringe interior while the filling port 66 is in fluid isolation

from the syringe interior. The manifold 70 has a fluid pathway that is in fluid communication

with each syringe 58a-58c and with a fluid outlet line 74 in fluid communication with a port 76
configured for connecting to a single use fluid path element (not shown) for delivering fluid to
the patient.
[00105]

In various embodiments, for fluid injector 10 or any of the fluid injectors shown in

FIGS. 1, 3, and 5, the motor 3 1 (FIG. 2) provides the motive force to reciprocally drive the drive
member/piston 19 in a distal direction and discharges fluid within the syringes 12, 34 or MUDS
56. The motor 3 1 may have drive components, such as gears and shafts that are operatively

connected to the drive member/piston 19 to reciprocally move the drive member/piston 19. Each
motor 3 1 must be calibrated to correlate its operating characteristics, such as input current or
output torque, to a flow rate or pressure and tolerances associated therewith.

As described

herein, calibration may be desirable to compensate for any variations or out of specification

behavior from any of the different components of the fluid injectors 10, such as any variations in
motor performance characteristics, particularly in fluid injectors with two or more syringes
driven by two or more motors. For example, conversion of motor input torque for one motor 3 1
to an injector output pressure may be different for another motor 31. This variation may be
further compounded by variations in tolerances of the drivetrain of the fluid injector 10. The
accuracy of fl o

rate or pressure in a fluid injector 10 is directly correlative to a system and

method used to calibrate the motor 31.
[00106]

As shown in FIGS. 29 and 31, when delivering contrast agent and, subsequently,

saline solution to a patient's blood vessel, a spike or sudden increase in an overall flow rate of

fluid exiting the catheter may be experienced during a flow transition between the contrast agent
and the saline. In one example, an overall flow rate through the catheter is understood to be the

combined flow rate of the first fluid (in one example, a saline solution, a contrast agent, or other
diagnostic or therapeutic solution) and the second fluid (in o e example, contrast agent, a saline
solution, another diagnostic or therapeutic solution, or even the first fluid under different

conditions, for example temperature or concentration, such that one of the relevant impedance
related properties, for example viscosity, density, or compressibility, are different) exiting from
the catheter. In one example, in which there is no flow of contrast agent through the catheter, the
overall flow rate is equal to the flow rate of the saline solution. In another example, in which

there is no flow of saline solution through the catheter, the overall flo

rate is equal to the flow

rate of the contrast agent. In another example, in which there is flow of saline solution and
contrast agent through the catheter, the overall flow rate is equal to the combined flow rates of
the saline solution and the contrast agent. Therefore, a fluid system may have a first flow rate
corresponding to the flow rate of the first fluid, a second flow rate corresponding to the flow rate
of the second fluid, and an overall flow rate corresponding to the combination of flow rates of
the first and second fluids.
[00107]

As shown in FIGS. 29 and 31, as the contrast agent is initially directed through the

catheter, the overall flow rate of the system equals the flow rate of the contrast agent and
gradually increases to a desired fl o

rate. In FIG. 31, in one example, the desired overall flow

rate exiting the catheter is 3 mL/s. Once a sufficient volume of contrast agent has been directed
through the catheter and into the patient's blood vessel, a volume of saline solution is
subsequently directed through the catheter. As the delivery of contrast agent transitions to the
delivery of saline solution from the catheter, a sudden spike or increase in the overall flow rate is
experienced in the system. As shown in FIG. 31, this spike or increase in the overall flow rate
has a certain duration and increases the overall flow rate of the system to a flow rate greater than

the desired overall flow rate. As shown in this example, the overall flow rate may increase to 5.5
mL/s, which is 2.5 mL/s higher than the desired flow rate. Therefore, it is an object of the present

disclosure to model, assess, predict, anticipate, compensate, control, and/or utilize an
understanding of the multi-factorial system impedance and how it varies over time during the
injection along with the related energy dissipation, storage, and changes thereof. Dampening the
sudden spike or increase in the overall flow rate exiting the catheter by adjusting a flow profile

of the saline solution and/or the flow profile of the contrast agent during a transition between the
delivery of the contrast agent to the delivery of the saline solution may be achieved through one
or more embodiments as set forth in this disclosure.
[00108]

As shown in FIG. 30, in a system that is delivering only saline solution to a patient

via two discreet injection time periods or phases, there is no sudden spike or increase in the

overall flow rate exiting the catheter. In fact, the system may experience a slight decrease in the

overall flow rate between phases exiting the catheter, partially due to the inertia of the drive train
which is another component of overall system impedance. As shown in FIG. 32, the viscosity of
the contrast agent used in the system may also affect the severity of the sudden spike or increase
in the overa flow rate exiting the catheter. For example, a contrast agent with a higher viscosity
(e.g., 26 cP) may contribute to a larger spike or increase in the overall flow rate exiting from the

catheter than a contrast agent with a lower viscosity (e.g., 0 cP).
[00109]

As shown in FIG. 33, the desired overall flow rate of the fluid exiting from the

catheter may also affect the severity of the sudden spike or increase in the overall flow rate
exiting the catheter. For example, a higher desired overall flow rate (e.g., 5 mL/s) may contribute
to a larger spike or increase in the overall flow rate exiting from the catheter than a lower desired
overall flow rate (e.g., 2 mL/s). Thus it is not only the capacitance of the system that is a factor
but the overall impedance including at least the capacitance and/or the resistance of the system.
Resistance is dependent on time, volume, and fl o

as the viscosity of the fluids changes in the

various fluid path elements.
[00110]

Further, the fluid mixing ratio of contrast agent-to-saline may become inaccurate due

to the stored fluid pressure energy in the lower pressure saline line. The contrast agent may be
injected at a significantly higher ratio relative to saline, such as 80% contrast agent to 20% saline
injection protocol.

In small dosage injections at a high injection pressure, the effect may

effectively stop the delivery of saline such that up to 100% contrast agent may be initially
injected, rather than the desired 80% contrast agent to 20% saline ratio. Similar inaccuracies
may occur at various other injection protocols, including, but not limited to 20% contrast agent
to 80% saline ratio.
[00111]

The above-described situation during powered injections at high contrast agent-to-

saline ratio may occur at leas in part due to injection system capacitance. Capacitance (also
referred to as compliance or the ability to store a fluid volume and/or hydraulic energy)
represents the ratio of the amount of suppressed fluid (i.e., backflow volume) that is captured in
the swelling of the fluid injector system components or fluid path elements, such as the fluid
lines and/or syringe(s), to the pressure in those components. Total system capacitance is inherent
to each fluid injection system and to the various fluid path elements thereof, and depends on a
plurality of factors, including injector construction, mechanical properties of materials used to

construct the syringe, plunger, pressure jacket surrounding the syringe, fluid lines delivering the
contrast agent and saline to a flow mixing device, size of the syringe, plunger, pressure jacket,
etc. The amount of back or reverse flow increases when the relative speed difference between

the two plungers is large, the simultaneous fluid flow is through a small restriction, the speed of
the total fluid injection is large, and/or the viscosity of the fluid is high. The back or reverse flow
can prevent or delay different ratios of simultaneously delivered fluid from occurring in certain

injections, which can be a detriment for two-syringe fluid injector systems.
[00112]

In general, the volume stored by capacitance is directly correlative to injection

pressure and directly correlative to volume of contrast agent and saline in the syringes. For
example, capacitance during an injection at 1200 psi with 150 m i of contrast agent and saline
contained in the syringes is around 10 ml. In another example, the capacitance volume can be
from about 5 ml to about 9 ml. The effect of capacitance is also a function of the ratio at which
the first and second injection fluids, such as contrast agent and saline, are injected. At a 50%50% ratio, where contrast agent and saline are injected in equal amounts, backflow volume is

minimized because the capacitance on the contrast agent side is equal to the capacitance on the
saline side of the fluid injection system such that substantially equal pressures are present in each
delivery line, for example with equal size syringes and fill volumes. Backflow may occur in
situations where first and second injection fluids are delivered through long fluid conduits.
However, as the injection ratio of contrast agent and saline changes, backflow volume increases
corresponding to the increase in the ratio.
[00113]

With reference to FIG. 34, capacitance in the system can occur in several different

locations during an injection procedure of the system. In particular, in one example, the catheter
tubing 200 of the system may experience swelling and/or compression during an injection
procedure, which can affect the flow rates of the fluids through the tubing 200. In another
example, the catheter 210 made of medical grade plastic or other compliant materials, may
experience swelling and/or compression during an injection procedure, which can affect the flow
rate of the fluid exiting the catheter 210. In another example, the syringe 220 of the injector
system may experience swelling and/or compression during an injection procedure. The swelling

of the syringe 220 as shown in dotted line in FIG. 34, may cause radial expansion and/or axial
expansion of the syringe 220. In another example, the syringe interface 230 may experience
swelling, stretch, and/or compression during an injection procedure. The syringe interface 230 is

the connection between the syringe 220 and the injector system. In one example, the syringe
interface 230 may include locking mechanisms, O-iings or other sealing members that can
experience swelling, stretch, and/or compression during the injection procedure. In another
example, a piston and/or plunger head 240 in the injector system may experience swelling and/or
compression during an injection procedure. Due to the forces exerted by and o the piston head
240, compression forces may create swelling in the piston and/or plunger head 240. In another

example, the piston 250 may experience swelling and/or compression during an injection
procedure. Due to the forces exerted by and on the piston 250, compression forces may create

swelling in the piston 250. In another example, in which a polymeric cover 260 is provided on
the piston and/or plunger head 240, the polymeric cover 260 may experience swelling and/or
compression during an injection procedure. In another example, a strain gauge cap 270
positioned in the injector system on an end of the piston 250 may experience swelling and/or
compression during an injection procedure. Although the strain gauge cap 270 is configured to
stretch to measure strain in the piston 250, the injection procedure may create additional swelling
and/or compression in the strain gauge cap 270. One or more of these factors may contribute to
the overall capacitance of the injector system. It is to be understood that, depending on the type
of injection procedure, all of these factors may contribute to the overall capacitance of the
injector system or only a few of these factors may significantly contribute to the overall
capacitance of the injector system.

In addition, various syringes and associated drive and

mounting mechanisms may have similar or different impedance related components based on
many factors, including for example syringe diameter and fill volume.
[00114]

While several different factors that can affect the overall flow rate or an individual

flow rate of one of the fluids in the injector system have been described, it is also contemplated
that other factors may also affect these flow rates. The state of the particular flow of fluid
through the injector system and the particular flow transition physics exiting from the catheter,
such as the temperature of the contrast agent, may increase the viscosity of the contrast agent,
and for cardiac CT and other advanced imaging applications the higher flow rates may also cause

effects to these flow rates. For example, various system impedance components include electrical
aspects such as capacitance, resistance and inductance; mechanical aspects such as elasticity
(capacitance, compressibility and extensibility), friction or dissipation and inertia or momentum,
fluid aspect such as pressure, heat, dissipation (viscosity and resistance to flow), momentum and

inertia; and general aspects such as energy (potential energy, frictional losses and kinetic
energy).
[00115]

Solutions to the problem of reducing backflow due to system capacitance when

delivering a high contrast agent-to-saline ratio and thereby reducing the likelihood of fluid flow
rate spikes and delivering more accurate flow rates and mixing ratios of fluids are described
herein below. In reference to FIG. 35 and all of the examples described below, a fluid flow
profile of at least one of a first fluid 720 a d a second fluid 722 is adjusted based on a function of
the flow rate of one of the first fluid 720 and the second fluid 722 to minimize or dampen the
spike or increase in the overall flow rate exiting from the catheter during a transition between
delivering one of the first fluid 720 and the second fluid 722 to delivering the other of the first
fluid 720 and the second fluid 722.
[00116]

In one example, an increase to the stiffness of one or more of the components of the

injector system can reduce swelling and/or compression in the components. In one example,
using FI G 34 for reference, the stiffness of one of the catheter tubing 200, the catheter 210, the
syringe 220, the syringe interface 230, the piston head 240, the piston 250, the polymeric cover
260, and the strain gauge cap 270 may be increased to reduce swelling and/or compression in the

components of the injector system. Such stiffness increases, which may be orders of magnitude
different, or just slightly, depending on the component affected, may come by using stronger
materials, thicker materials internal or external reinforcement materials, and/or other ways
known to those skilled in the art. Overall system considerations such as usability and cos mus
be factored into any increase in stiffness, as for example, use of a pressure jacket around a
syringe on the injector generally decreases workflow efficiency.
[00117]

In another example which is disclosed in WO 2014/144651, which is incorporated

herein by reference, a fluid path element such as a high crack pressure valve (not shown), may be
placed at one or more places in the fluid path, for example at or after each syringe outlet but
before the confluence or joining of the fluid flows, or on the common fluid path closer to the
patient. The high crack pressure valve is a fluid path element with a non-linear impedance. The
injection control mechanism 724 of FIG. 35 may for example move the piston and syringe
plunger forward, monitor pressure and recognize and account for the phenomena that no volume
is delivered until the proximal side exceeds the crack pressure of the high crack pressure valve.

In another example, the fluid path element may be a flow restriction element (not shown). For

example an orifice may be placed near the outlet of each syringe or at the confluence. The
orifice may be fixed or may be variable, in which case it may be controlled by the controller 724.
As the fiuid moves through that restriction, the controller 724, can account for any change in

impedance due to fluid impedance property differences and/or adjust the variable orifice.
[00

]

As shown in FIGS.

and 12, due to the additional time that is needed for the correct

pressure to build-up in the less viscous first fluid 720, a method of reducing the likelihood of
fluid flow rate spikes and delivering more accurate flow rates and mixing ratios includes

delaying the application of pressure to the second fluid 722 until the pressure of the first fluid
720 has reached a predetermined pressure. This predetermined pressure may be a low

equilibrium pressure that provides a smooth flow rate of fluid through the fluid injection system.
In this example, the second fluid 722 may be more viscous than the first fluid 720. The second

fluid 722 may be contrast agent and the first fluid 720 may be saline. As shown in FIG. 11,

initially, pressure may be applied to the first fluid 720 via a plunger 726 until the pressure of the
first fluid 720 has reached the predetermined pressure. As shown in FIG. 12, after the first fluid
720 has reached the predetermined pressure, the same predetermined pressure may be applied to

the second fluid 722 via a plunger 728, resulting in the first fluid 720 and the second fluid 722
having a substantially similar flow rate through the fluid injection system. This system and
method reduces the rapid increases in first fluid 720 pressure through the fluid injection system,
which often causes erratic flow and inaccurate volumes of the first fluid 720 and the second fluid
72 being injected in the patient. By allowing the pressure of the first fluid 720 to reach a

predetermined pressure before the second fluid 722, the first fluid 720 and the second fluid 722
can reach the same predetermined pressure at substantially the same time. The predetermined

pressure will be dependent upon several factors, including, among others, the diameter of the
tubing and catheter that is used to inject the first fluid 720 and the second fluid 722 into the
patient, the viscosity of the first fluid 720 and the second fiuid 722, the capacitance of the first
fluid 720 and the second fluid 722 syringes, and/or the inner diameter of the tubing used to
deliver the first fluid 720 and the second fluid 722 to the catheter.
[00119]

It is also contemplated that this fluid injection system may be automated with the use

of a controller 724 that controls the actuation of each of a pair of motors 725, 727 that are
configured to move the pair of plungers 726, 728 that are used to apply pressure to the first fluid
720 and the second fluid 722. In this example, the controller 724 may be programmed to delay

applying pressure to the second fluid 722 until the first fluid 720 has reached the predetermined
pressure. The controller 724 may be a processor configured to store several different
predetermined pressures for the fluid injection system depending on the procedure, catheter, the
first fluid 720, the second fluid 722, tubing, and/or patient. In one example, a user of the fluid
injection system may input this identifying information into the controller 724, which will
calculate the proper predetermined pressure to apply to the first fluid 720 and the second fluid
722 utilizing the identifying information and/or stored information about at least the impedance

related to the various system components.
[00120]

Any system component, for example, a fluid path element, may have a record

member associated with it that may contain identifying information regarding the associated
system component. Such information may be used by the control system to reference the relevant

impedance-related properties associated with that system element from a table or memory in the
system or elsewhere. Alternatively or additionally, the record member may contain some or ail of

the relevant impedance-related properties, for example, for a tubing or catheter fluid path
element it may contain the resistance with a fluid viscosity of 1 or the inner diameter and length
from which the resistance thereof may be computed. The record member may be a bar code, a

QR code, an R

D, machine-readable text, or another information conveying component known

to those skilled in the art. Additional aspects are disclosed in U.S. Patent No. 5,739,508, which is
incorporated herein by reference in its entirety.
[00121]

In an alternative example, the first fluid 720 may be more viscous than the second

fluid 722. In this example, the process described above in reference to FIGS. 11 and 12, would

be switched to apply an initial pressure to the second fluid 722 before applying pressure to the
first fluid 720. It is also contemplated that the first fluid 720 and the second fluid 722 may have
substantially equal viscosities. In this example, equal pressures may be applied to the first fluid
720 and the second fluid 722 at the outset of the process. The adjustments of relative pressures
and plunger motions to prevent or reduce backflow, reduce the likelihood of fluid flow rate

spikes and provide more accurate flow rates and mixing ratios of fluids may be repeated or
happen essentially continuously during an injection. The adjustments may be determined before
the injection or determined and/or adjusted during the injection. The determination may include
sensor feedback commonly used in injectors such as pressure and position feedback as well as
other sensors listed herein. In all cases, the user can be notified of adjustments through on-

screen notices and/or through the recordation of the injection data by the electronic control

device of the injector at the conclusion of the injection, such as through a report.
[00122]

With reference to FIG. 13, another method for reducing the likelihood of fluid flow

rate spikes and delivering more accurate flow rates and mixing ratios of fluids is described. A
first fluid 720 and a second fluid 722 may be provided in a fluid injection system in which
plungers 726, 728 driven by motors 725, 727 apply pressure to the first fluid 720 and the second
fluid 722, respectively. In one example, the second fluid 722 may be more viscous than the first
fluid 720. The second fluid 722 may be contrast agent and the first fluid 720 may be saline. A
controller 724 may be operatively connected to the motors 725, 727 to control the rate of
pressure applied to the first fluid 720 and the second fluid 722 by the plungers 726, 728. The
controller 724 may be programmed to apply pressure to the fi rs fluid 720 based on the pressure
that is being applied to the second fluid 722. As the second fluid 722 is pushed through the fluid
injection system, the controller 724 may correspondingly change the pressure applied to the first
fluid 720 by the plunger 726 For example, if a certain pressure is being applied to the second
fluid 722 by the plunger 728, the controller 724 may instruct the plunger 726 to apply a
proportionally larger pressure to the first fluid 720 to compensate for the resistance of the more
viscous second fluid 722. Using the controller 724 in this manner, the first fluid 720 and the
second fluid 722 may flow through the fluid injection system a the desired ratio of flow rates,

thereby minimizing any erratic flow in the fluid injection system. In another example, the first
fluid 720 may be more viscous than the second fluid 722. In this example, the process described
above in reference to FIG. 13, would be switched to apply a proportionally larger pressure to the
second fluid 722 in comparison to the pressure applied to the first fluid 720. It is also

contemplated that the first fluid 720 and the second fluid 722 may have substantially equal
viscosities or the impedance of the two fluid paths from the plunger to the confluence or joining
of the fluid flows is insignificant compared to other fluid path impedances. In this example,
equal pressures may be applied to the first fluid 720 and the second fluid 722 at the outset.

Commonly in an injection system, plunger 726 in FIG. 13 comprises or mates with a reusable
piston which moves plunger 726 through the syringe to displace the fluid.

The impedance

characteristics of the combination, for example mechanical slop or gapping, elasticity, and
structural deformation may be assessed and included in the overall impedance modeling and

compensation discussed herein.

[00123]

In another example, after pressure has been applied to the first fluid 720 and the

second fluid 722, the flow rate of each fluid 720, 722 is measured. In the event the flow rates are
not equal to one another, the fluid injection system may pause or hold the injection procedure to
allow both fluids 720, 722 to achieve a steady-state pressure to reduce any stored energy in the
fluid injection system. In o e example, as the flow rates of the fluids 720, 722 are being
measured, in the event it is determined that the flow rate of first fluid 720 is not equal to the flow
rate of the second fluid 722 the fluid injection system can pause or hold the injection procedure
while pressure is applied to either the first fluid 720 or the second fluid 722 to equalize the flowrates of the fluids 720, 722. In another example, the overall flow rate of the fluid exiting the
catheter is measured during the injection procedure. The information regarding the overall flow
rate is sent as feedback information to the controller 724 to permit the controller 724 to adjust the
pressures applied to the first fluid 720 and/or second fluid 722 to equalize the flow rates through
the fluid injection system to ensure a consistent overall flow of fluid is exiting from the catheter
into the patient's blood vessel. As shown in FIG. 35, in one example, an ultrasonic or mass flow
rate sensor 300 is used to measure the overall flow rate of at least one of the first fluid 720 and
second fluid 722 through the system. It is contemplated that the sensor 300 can be placed at
various positions within the system. It is also contemplated that more than one sensor 300 is used
to measure the overall flow rate of at least one of the first fluid 720 and the second fluid 722 at
different positions in the system. In one example, the sensor 300 is a sensor that clips onto the
exterior of the fluid path set 112 to the catheter. It is contemplated, however, that other fl ow rate
sensing technologies could be used and alternative mounting scenarios could be used to position
the sensor 300 on the fluid path set 112. The sensor 300 provides a feedback loop to the
controller 724 to control the injection parameters based on the overall flow rate measured by the
sensor 300. This sensor 300 arrangement could also be used with peristaltic systems and other
continuous flow systems. This sensor 300 may be used by the system to assess the accuracy of its
system impedance model by comparing actual flows to anticipated flows, and thus allow it to
update its system impedance model to accurately reflect and predict the future performance of
the system. In another example, an air sensor 310 is provided in line with the sensor 300 to
measure the air content in the fluid flowing through the fluid path set 112. The information
measured by the air sensor 310 is another parameter for the controller 724 to control the injection
parameters.

[00124]

As further shown in FIG. 13, a check valve 740 may also be provided in the fluid

injection system. The check valve 740 may be positioned in-line with the tubing of the first fluid
720. A check valve allows flow in one direction when the inlet pressure is greater than the outlet

pressure. When the outlet pressure is greater than the inlet pressure, flow is blocked, up to the

rupture pressure of the check valve. Using this check valve 740, the first fluid 720 will only flow
into the second fluid 722 flow until a predetermined pressure is achieved by the first fluid 720.
The predetermined pressure may be substantially equal to the desired flo

rate pressure of the

second fluid 722. The check valve 740 may be chosen based on the desired predetermined
pressure. With the use of the check valve 740, neither fluid is permitted to flow back into the

tubing of the first fluid 720, thereby reducing the expansion of the first fluid 720 syringe under
the extra pressure.
[00125]

In a similar fashion, as shown in FIG. 14, a check valve 742 may be provided in-line

with the tubing of the second fluid 722 portion of the fluid injection system. Similar to the check
valve 740 on the first fluid 720 portion, the check valve 742 may be configured to control the
flow of the second fluid 722 through the fluid injection system based on a desired predetermined
pressure for the fluid injection system. The check valve 742 may be chosen according to the
desired predetermined pressure. Using this system and method, the controller 724 may control
the amount of pressure applied to the first fluid 720 and the second fluid 722 via the motors 725,
727 and plungers 726, 728. The controller 724 may monitor the pressures of the first fluid 720

and the second fluid 722 and adjust the plungers 726, 728 accordingly to maintain relatively
equal pressures in the fluid injection system. Using the check valve 742 on the second fluid 722

portion of the fluid injection system, the peak pressure values in the fluid injection system can be
significantly lowered. Using this arrangement, the pressure of the first fluid 720 can reach a
predetermined pressure, while the check valve 742 does not release the second fluid 722 until the
predetermined pressure is also achieved, thereby reducing the amount of second fluid 722 that
backflows into the first fluid 720 portion of the fluid injection system. In one example, the first
fluid 720 may be brought to the predetermined pressure and then the second fluid 722 may be
subsequently pressurized to be released through the check valve 742. It is contemplated that the
controller 724 can be programmed to initiate these pressurization procedures. In the example
where the first fluid 720 is more viscous than the second fluid 722, the check valve 742 may be

positioned in-line with the tubing of the first fluid 720 to prevent the first fluid 720 from opening
the check valve 742 until a predetermined pressure has been applied to the first fluid 720.
[00126]

As shown in FIG. 15, it is also contemplated that the fluid injection system may

include a check valve 740 on the first fluid 720 portion of the fluid injection system and a check
valve 742 o the second fluid 722 portion of the fluid injection system. In this arrangement of the
fluid injection system, fluid pressure from the non-active portion of the fluid injection system
may be eliminated or isolated until the active portion of the fluid injection system reaches the
same fluid pressure. For example, fluid pressure from the second fluid 722 may be eliminated or

isolated in the fluid injection system until the fluid pressure of the first fluid 720 reaches a
predetermined pressure or an equal pressure to the second fluid 722. The check valves 740, 742
may be chosen based on the desired predetermined pressure of the first fluid 720 and the second
fluid 722. Using this arrangement, the first fluid 720 and the second fluid 722 are not mixed
together in the fluid injection system until each fluid has reached the predetermined fluid
pressure. A controller 724 may also be used in this arrangement to control the pair of motors
725, 727 that actuate the plungers 726, 728 that apply pressure to the first fluid 720 and the

second fluid 722. The controller 724 may be pre-programmed with information regarding the
threshold pressures for the check valves 740, 742 to coordinate the proper pressures applied by
the plungers 726, 728 to the first fluid 720 and the second fluid 722. In another example, the
check valves 740, 742 may be high crack pressure valves configured to reduce or essentially
eliminate the backflow in the fluid injection system. The high crack pressure valves 740, 742
may be check valves that allow flow in only one direction. The high crack pressure valves 740,
742 may have a high opening or cracking pressure that may be fixed or settable to be above or

near the maximum or expected operating pressure of the fluid injection system. One example of
such a high cracking pressure valve may include a spool valve having an internal sliding element

that can block fluid flow as discussed above. The valve may include a resistive force element,
such as a spring or a pressurized bladder, to resist the movement of the sliding element. By

providing the high crack pressure valves 740, 742 with a high cracking pressure, no fluid may
continue to flow or dribble out of the two syringes into the fluid path and possibly the patient
until the requisite pressure balance is achieved in the fluid injection system. Thus the capacitive
component of the syringe impedance may be compensated for and/or addressed by the system.
This compensation has been described in International Application Publication No. WO

2014/144651, which is incorporated herein by reference in its entirety. In another example, the
open position of the check valves 740, 742 can be adjusted so that the check valves 740, 742 are
partially open to control the flow of fluid through the check valves 740, 742. The check valves
740, 742 may be adjusted manually or automatically by the controller 724. Based on the flow

rates of the first fluid 720 and/or the second fluid 722, the check valves 740, 742 can be partially
opened, fully opened, or closed to achieve a desired flow rate of the fluid 720, 722 through the
check valve 740, 742.
[00127]

As shown in FIGS. 16 and 17, another method of reducing the likelihood of fluid

flow rate spikes and delivering more accurate flow rates and mixing ratios of fluids is through
the use of an over-travel and fast-controlled reverse movement or pull of the plunger 726 within
the first fluid 720 syringe to at leas partially compensate for any undelivered first fluid 720 in
the fluid injection system. In this arrangement, the second fluid 722 may be more viscous than
the first fluid 720. The over-travel position and fast-controlled reverse movement or pull of
plunger 726 result in the plunger resting at the originally intended stop position and may be
calculated according to the system's understanding or model of the system impedances, for
example, the amount of potential stored volume in the first fluid 720 syringe based on the desired
fluid pressure and the plunger 726 position at the end of the first fluid 720 injection procedure.
To determine the lengt of over-travel for the plunger 726 that is needed to receive the desired
volume of the first fluid 720, the following equation is used to calculate the plunger 726 overtravel distance, as identified in U.S. Patent Application Publication No. 2010/0222768 to Spohn
et a ! , which is hereby incorporated by reference in its entirety:
Over-Travel (ml) = C + C2 * x + C3 * X

2+

C

X 3+

* y + C, * y

+

*y

(Where: Ci = -0.811; C = 0.039; C = -0.00035; C = 9.05E-7; C5 = 0.0269;
C6 = -4.43e-5; C = 2.607e~8; x axis = pressure; y axis = position)

To receive the desired volume of the first fluid 720 from the fluid injection system, the plunger
726 must be over-traveled and then pulled back in reverse the same amount as the over-travel to

compensate for the capacitance volume of the first fluid 720 syringe.
[00128]

With reference to

FIG.

16,

upon activation of the controller 724, the motor 725 is

activated to drive the plunger 726, which causes transition of the plunger 726 from a first initial
position

P lp

e

(shown in dashed lines) to a second extended position P 2 plim ger, thereby

advancing the plunger 726 a corresponding delivery distance D l plu nger. As the plunger 726 is
transitioned across the delivery distance D l p

a pre-set volume of the first fluid 720 is

nger,

delivered from the interior of the first fluid 720 syringe to a downstream location.

During

delivery of the first fluid 720 from the interior of the syringe to the downstream location, the
syringe swells in such a manner that it is radially displaced from its initial configuration.

As the

plunger 726 is advanced longitudinally within the syringe to dispel liquid from the interior of the
syringe, the first fl u
[00129]

720 imparts an axial force to the wall of the syringe.

As shown in FIG. 17, in order to account for the under-deiivery of fluid from the

interior of the syringe due to the swelling of the syringe, the plunger 726 can b e programmed to
over-travel a sufficient longitudinal distance to compensate for the expansion of the syringe. In
order to over-travel a specified longitudinal distance, the motor 725 is actuated by the controller
724, which causes further transition of the plunger 726 from the second extended position
(shown in dashed lines) to a third over-travel position P 3
plunger 726 a corresponding delivery distance O 2
the delivery distance D2pl

nger,

ag

r.

l iiger,

thereby advancing the

As the plunger 726 is transitioned across

a pre-determined volume of the first fluid 720 is delivered from

the interior of the syringe to the downstream location to compensate for the under-deiivery of
fluid from the interior of the syringe as a result of the capacitance volume of the first fluid 720
syringe during transition from the first initial position to the second extended position.
[00130]

Once forward longitudinal movement of the plunger 726 within the syringe is ceased,

the plunger 726 may be rapidly driven back in order to compensate for the increased pressures
within the fluid injection system resulting from the over-travel of the plunger 726. In order for
the plunger 726 to retract to the retracted position, the controller 724 activates the motor 725,
which causes transition of the plunger 726 from the third over-travel position P3p junger to the
retracted position, thereby retracting the plunger 726 a corresponding retraction distance. This
rapid backwards

retraction of the plunger 726 relieves the swelling of the syringe and

depressurizes the system. In one example, the rapid back-drive of the plunger 726 can be on the
order of about

20

ml/s to

30

ml/s, for example

25

ml/s.

This depressurization of the system

allows the linear travel of the plunger 726 to coincide with the actual intended location,
irrespective of capacitance volume. In the example where the first fluid 720 is more viscous than
the second fluid 722, the process described above in reference to F G S. 16 and 17 would be
switched to apply an over-travel and fast-controlled reverse movement or pull of the plunger 728

within the second fluid 722 syringe to compensate for any undelivered second fluid 722 in the
fluid injection system. It is also contemplated tha the first fluid 720 and the second fluid 722
may have substantially equal viscosities. In this example, equal pressures may be applied to the
first fluid 720 and the second fluid 722 at the outset of the process.
[00131]

In typical fluid injection systems with saline and contrast agent fluids, the contrast

agent has a higher viscosity than the saline. Due to this difference in viscosity, it is often difficult
to apply the correct pressure to each fluid to achieve a uniform pressure between the two fluids
to create a smooth flow of the mixture of the two fluids to the downstream location. As described
herein, the higher viscosity of the contrast agent may cause backflow in the fluid injection
system and/or swelling of the syringes holding the saline and/or contrast agent. Therefore, in one

example of the present disclosure, as an example of modeling, modifying, adapting to and/or
changing the system impedance, the saline used in the fluid injection system may be replaced
with an alternative fluid that has similar properties to saline but has a higher viscosity to
approximate the higher viscosity of the contrast agent. In one example, the saline may be
replaced with a Ringers Lactate solution, which has a viscosity similar to blood or low viscosity
contrast agents. The pressure required to deliver the Ringers Lactate solution through the fluid
injection system is higher than saline, which leads to a smaller difference between the pressure to
move the Ringers Lactate solution and that needed to move the more viscous contrast agent
resulting in lower spikes or jumps in the flow rates of the two fluids. The Ringers Lactate
solution will also have a higher density than saline, which will reduce the density exchange
between the Ringers Lactate solution and the contrast agent.
[00132]

In another example, the viscosity of the first fluid 720 or the second fluid 722 is

adjusted to minimize or dampen the spike or increase in the overall flow rate during a transition
between delivering one of the first fluid 720 and the second fluid 722 to delivering the other of
the first fluid 720 and the second fluid 722. In one example, a volume of the first fluid 720 is

added to the second fluid 722 to dilute the overall viscosity of the second fluid 722. Since the
first fluid 720 has a lower viscosity, the first fluid 720 will dilute the second fluid 722 and reduce
the overall viscosity of the second fluid 722. In another example, the viscosity of the first fluid
720 is increased to match the viscosity of the second fluid 722. By equalizing the viscosities of

the fluids 720, 722, the transition of flow between the delivery of one of the first fluid 720 and

the second fluid 722 and the deliver)- of the other of the first fluid 720 and the second fluid 722
does not create such a large spike or increase in the overall flow rate exiting from the catheter.
[00133]

As shown in FIG. 18, in another example of this disclosure, as an example of

modeling, modifying, adapting to and/or changing the system impedance, the second fluid 722
syringe may be designed with a lower capacitance (stored volume under pressure) than
conventional syringes to reduce the effect of backflow into the second fluid 722 syringe. In this
example, the first fluid 720 may be more viscous than the second fluid 722. In this example, a
pressure jacket 744 may be provided around the outer surface of the second fluid 722 syringe to
restrict the swelling in the second fluid 722 syringe due to backflow of second fluid 722. By
providing the pressure jacket 744, the outer circumferential surface of the second fluid 722
syringe is reinforced, thereby limiting the amount of expansion or swelling in the second fluid
722 syringe. The pressure jacket 744 is configured to lower the capacitance of the second fluid

722 syringe, which results in a more accurate volume of the second fluid 722 being provided at

the downstream location. The pressure jacket 744 may be made, for example, from a hard,
medical-grade plastic or other materials as known to those of skill in the art, to provide the
sufficient rigidity to the second fluid 722 syringe. It is also contemplated that an additional
pressure jacket 746 may be provided around the outer circumferential surface of the first fluid
720 syringe to assist in also lowering the capacitance of the first fluid 720 syringe, thereby

providing more accurate volumes of the first fluid 720 at the downstream location.
[00134]

For the injector system to correctly model the impedance properties of the system, it

may be desirable to include a mixing valve at the confluence or joining of the two (or more)
fluids so that beyond that point, the fluids are well mixed and have a consistent set of impedance
properties. Suitable mixing valves include those of Schriver, et a , in U.S. 9,555,379, Schriver,
et a , WO 2014/179326, Reilly, et al, U.S. 8,162,903, Buder, et al., U.S. 9,861,752, and Yagi, et
al. U.S. 9,3 14,749.

[00135]

With reference to FIGS. 19-21, additional methods of modeling, modifying, adapting

to and/or changing the system impedance, for example for reducing the likelihood of fluid flow
rate spikes and delivering more accurate flow rates and mixing ratios of fluids are described. In
FIGS. 19 and 20, an obstruction member 748 may be provided in the second fluid 722 syringe to
increase the fluid pressure of the second fluid 722 through the second fluid 722 syringe. In this
example, the first fluid 720 may be more viscous than the second fluid 722. In one example, the

obstruction member 748 may include an opening 750 configured to increase the fluid pressure of
the second fluid 722 based on the desired fluid pressure through the fluid injection system. In
one example, the opening 750 may be circular. However, it is contemplated that alternative
shapes for the opening may be used, along with additional openings in the obstruction member
748. The obstruction member 748 is configured to increase the fluid pressure of the second fluid

722 so the second fluid 722 tubing of the fluid injection system does not decompress during the

fluid injection process. Further, the increased fluid pressure of the second fluid 722 will decrease
the amount of backflow that is directed to the second fluid 722 syringe, which may expand or
swell the second fluid 722 syringe. The increased pressure of the second fluid 722 may be

substantially equal to the pressure of the first fluid 720. In the example where the second fluid
722 is more viscous than the first fluid 720, the obstruction member 748 may be provided in the

first fluid 720 syringe to increase the fluid pressure of the first fluid 720 through the first fluid
720 syringe.
[00136]

In another example of the disclosure the second fluid 722 syringe may include a

reduced inner diameter. As shown in FIG. 21, the inner diameter of the second fluid 722 syringe
has been reduced from a larger diameter (shown in dashed lines) to a smaller diameter to

increase the fluid pressure of the second fluid 722 through the fluid injection system. The inner
diameter of the second fluid 722 syringe may be reduced in only a portion of the second fluid
722 syringe or the inner diameter of the second fluid 722 syringe may be reduced along the

entire length of the second fluid 722 syringe. Similar to the obstruction member 748 of FIGS.
19-20, the reduced inner diameter of the second fluid 722 syringe is configured to increase the

fluid pressure of the second fluid 722 so the second fluid 722 tubing of the fluid injection system
does not decompress during the fluid injection process. Further, the increased fluid pressure of

the second fluid 722 will decrease the amount of backflow that is directed to the second fluid 722
syringe, which may result in the expansion or swelling of the second fluid 722 syringe. The

reduced inner diameter will also assist in bringing the pressure of the second fluid 722 to a
substantially equal pressure as the first fluid 720. In the example where the second fluid 722 is
more viscous than the first fluid 720, the inner diameter of the first fluid 720 syringe may be
reduced to create a similar obstruction.
[00137]

With reference to FIG. 22, another method of modeling, modifying, adapting to

and/or changing the system impedance is described. In this example, the first fluid 720 may be

more viscous than the second fluid 722. In this example, an external restriction member 752 may
be provided around a portion of the outer circumferential surface of the second fluid 722 syringe.
The external restriction member 752 may be cylindrical in shape. However, it is contemplated
that alternative shapes and sizes may be used with the second fluid 722 syringe. The external
restriction member 752 may define an aperture through which the second fluid 722 syringe may
be inserted. The external restriction member 752 may be provided via a friction-fit on the second
fluid 722 syringe to control the flow rate of the second fluid 722 through the second fluid 722
syringe. The external restriction member 752 may reduce the swelling or expansion of the

second fluid 722 syringe due to any backflow into the second fluid 722 syringe, thereby reducing

the capacitance of the second fluid 722 syringe. The external restriction member 752 may apply
pressure to the outer surface of the second fluid 722 syringe, thereby restricting the flow of the
second fluid 722 through the second fluid 722 syringe. Pressure may be applied by the external

restriction member 752 by decreasing the diameter of the aperture defined by the external
restriction member 752. It is also contemplated that the pressure applied by the external
restriction member 752 may be controlled by the controller 724. The controller 724 may be
programmed to adjust the pressure applied by the external restriction member 752 and the
diameter size of the aperture defined by the external restriction member 752 based on the fluid
pressures in the fluid injection system, the capacitance of the second fluid 722 syringe and the
first fluid 720 syringe, the catheter size, and the viscosities of the second fluid 722 and the first
fluid 720, among other factors. The controller 724 may also be programmed to adjust the
diameter size of the aperture defined by the external restriction member 752 based on the timing
of the fluid injection procedure. In the example where the second fluid 722 is more viscous than
the first fluid 720, the external restriction member 752 may be provided around a portion of the
outer circumferential surface of the first fluid 720 syringe.
[00138]

With reference to FIG, 23, another method of modeling, modifying, adapting to

and/or changing the system impedance is described. In this example, the second fluid 722 may
be more viscous than the first fluid 730. This method includes the use of an equalizing flow
valve 756 to monitor and control the flow rates of the first fluid 720 and the second fluid 722.
The equalizing flow valve 756 may be positioned in the fluid injection system at a location

where the first fluid 720 tubing and the second fluid 722 tubing connect with one another. The
equalizing flow valve 756 may monitor the flow rates of the first fluid 720 and the second fluid

722 and adjust an orifice defined by the equalizing flow valve 756 to maintain the desired
delivery flow rates of the two fluids. In one example, the equalizing flow valve 756 may be
connected to a controller 724, which also actuates the motors 725, 727 that drive the plungers
726, 728 in the fluid injection system. Using the controller 724 with the equalizing flow valve
756, the pressure applied by the plungers 726, 728 can be adjusted according to the flow rates of
the two fluids through the equalizing flow valve 756. The controller 724 may be programmed to
read the flow rates of the two fluids through the equalizing flow valve 756 and adjust the
pressure applied by the plungers 726, 728 accordingly to ensure that the second fluid 722 and the
first fluid 720 have substantially equal pressures. Alternatively, the controller 724 and/or
equalizing flow valve 756 may be pre-programmed according to the impedance characteristics of
the system including for example, the types of fluids used in the fluid injection system, the
catheter size, the capacitance of the fluid injection system, and/or the desired flow rates of the
two fluids, which information may be stored in the controller 724. An operator may manually
input some or all of the information regarding the fluid injection system into the controller 724,
which will assist in adjusting the plunger 726, 728 pressure and/or the equalizing flow valve 756
accordingly to obtain the desired fl o

rates of the two fluids. The system may have prior

knowledge of or be able to determine the remainder or all of the other information used to assess
the system impedance as in other embodiments disclosed herein.
[00139]

In a similar method, a test injection procedure may be conducted using the first fluid

720 and second fluid 722 is performed before the actual diagnostic phase using the same flowrates as will be used from the diagnostic injection procedure. A pressure measurement of the first
fluid 720 phase is obtained during the test injection procedure, which gives an indication of the
expected pressure for the programmed flow rate under the current tubing and patient conditions.
This measured pressure value is recorded and used during the diagnostic injection procedure to
modify the flow rate of at least one of the first fluid 720 and the second fluid 722 to modify the
flow rate and fluid flow profile of at least one of the first fluid 720 and the second fluid 722 to
compensate for capacitance in the injector system. In one example, the flow rate modification is
achieved by temporarily changing a pressure limit of one of the fluids 720, 722 in an adaptive
flow algorithm used by a controller 724 to control the pressures of the fluid injection system.
[00140]

With reference to FIGS. 24 and 25, another method of modeling, modifying, adapting

to and/or changing the system impedance, for providing more accurate mixing ratios is

described. During current mufti -fluid injection procedures, a spike in saline flow rate may occur

when the fluid passing through the catheter suddenly changes in viscosity, resulting in a drop in
the resistance at the restriction point of the catheter. During this period of resistance drop, any
fluid stored in the compliance of a disposable set holding the fluid is released through the
catheter. As shown in FIG, 24, contrast agent is initially directed through the catheter. After the
contrast agent has been injected, the saline is injected and begins to flow through the catheter. A
transition period occurs when the flow rate of the contrast agent begins to decrease through the
catheter and the flow rate of the saline begins to increase through the catheter. During this
transition period, the viscosity of the fluid flowing through the catheter suddenly and quickly
changes, which results in a spike of saline through the catheter. Due to the short transition period

that occurs during the switch between injecting the contrast agent and injecting the saline, a
increased drop in pressure is created, which causes an increased saline spike in the catheter.
[00141]

As shown in FIG. 25, by extending the transition period between injecting the

contrast agent and injecting the saline, a more gradual viscosity/pressure gradient is achieved
during the injection procedure. With this extended transition period, the flow rate of the contrast
agent is gradually and slowly reduced, while the flow rate of saline is gradually and slowly
increased. The change in viscosity of the fluid through the catheter is more gradual, resulting in a
decreased change i impedance of the fluid in the catheter. The extended transition period may
be achieved in such a manner that does not significantly increase the volume of contrast agent
that is delivered during the injection procedure and does not degrade the efficacy of the injection
procedure. It is also contemplated that non-linear or non-continuous extended transition periods
could be used, which would result in even less impact to the image taken of the patient, while

incorporating aspects of the fluid dynamics of the injection system as described herein.
[00142]

According to one example of the present disclosure, the fluid injector 10 discussed

above with respect to FIGS. 1-2 is configured to a multi-phase injection of fluid in at least one
syringe 12 utilizing a variable pressure limit during the transition from the first phase of the

multi-phase/multi-fluid injection to the second phase of the injection.

According to one

particular example, the first phase constitutes an injection of contrast agent to the patient, and the
second phase constitutes an injection of saline solution to the patient.

The viscosity of the

second phase of saline solution is typically less than the viscosity of the first phase of contrast
agent, which may result in large fluctuations of flow rates at the transition from contrast flow to

saline flow at the catheter tip.

The variable pressure limit on the multi-phase injection is

implemented by the fluid injector 10 during at least the transition between the phases to lessen
the effects of the changing viscosity between the first and second phases on the flow rate of the
fluid at the catheter tip during the injection by lowering the pressure limit of the second lessviscous phase. The implementation of the variable or changed pressure limit also lessens the
pressure built up in the fluid path set 17 as the less-viscous second phase of the fluid pushes the
more-viscous first phase of the fluid out of the fluid path set 17. This method serves to avoid or
reduce the effects of a build-up of pressure of the less-viscous second phase fluid as the second
phase fluid flushes the more-viscous first phase fluid from the fluid path set 17 and the catheter.
The build-up of pressure of the second phase corresponds with an increase in the flow rate of the
second phase fluid at the catheter as the last of the first phase fluid is expelled from the catheter.
[00143]

The variable pressure limit during the multi-phase injection of the fluid may be

imposed by the electronic control devices responsible for controlling the movement of the
piston 19 within syringes 12a,b to dispense the fluid from syringes 12a,b. As discussed above,
the movement of the piston 19 may be controlled via actuation of the motor 3 1 responsible for
moving the piston 19 within the syringe 12.

As shown in FIG. 26, in accordance with an

example of the present disclosure, the electronic control devices operate the motor 3 1 to move
the piston 19 such that the first phase of the injection is performed with a first pressure limit.
The first pressure limit, commonly the safety pressure limit, is usually not achieved or reached.
At the transition between the first and second phases of the injection, the electronic control

devices operate the motor 3 1 to move the piston 19 such that the second phase of the injection is
performed with a second pressure limit. For example (as shown in FIG. 26), if the second fluid
is less viscous than the first fluid, the first pressure limit is greater than the second pressure limit.
[00144]

According to a particular example of the present disclosure, the electronic control

devices are configured to derive the second pressure limit from at least one of a table or equation
based upon various parameters of the fluids, injector, and disposables such as catheters, tubing or
other items that may restrict the flow of fluid. Inputs to this table/equation include but are not
limited to the types of fluids, fluid viscosities, fluid temperature, the configuration of fluid path
elements of certain properties (for example lengths, diameters, compliances, etc. as is known in
the art), catheter gauge, a desired flow rate (either from a user-input or predetermined from a

protocol), capacitances and impedances of the system, and the position of the piston 19 in the
syringe

.

[00145]

According to another example of the present disclosure, the electronic control devices

are configured to apply the second pressure limit during injection of an initial amount of the
second fluid a d to apply the first pressure limit during injection of a remaining amount of the
second fluid.

As such, the altered second pressure limit can either be restored to the first

pressure limit after a set volume of the second fluid is injected or remain in place for the duration
of the less-viscous second phase.
[00146]

In a further modification to the present example, the electronic control device can

derive a third pressure limit based on the same parameters set forth above. The third pressure
limit would be different from the first and second pressure limit in the above example. The

control device is configured to apply the second pressure limit during injection of an initial
amount of the second fluid during the second phase of the multi -phase injection and to apply the
third pressure limit during injection of a remaining amount of the second fluid.
[00147]

According to another example of the present disclosure, the second pressure limit may

be set according to the following Equation (A):

Equation (A): Pressure of second phase (psi) = 13.07
[00148]

FR + 18.8

FR is the flow rate as measured in mL/ s . With reference to FIG. 27, the coefficients

of Equation (A) for this particular fluid injection system were determined by measuring the

maximum pressure within the fluid injector 10 at a series of different flow rates with a specific
impedance based upon a specific set of circumstances including contrast and a fluid path
configuration including a given catheter. As shown in FIG. 27, a plot of the maximum measured
pressures versus the corresponding flow rates shows a generally linear relationship between flow
rate and maximum measured pressure.

A regression analysis of the determined linear

relationship produced the coefficients identified in Equation (A). It is to be appreciated that the
coefficients of Equation (A) are entirely exemplary and are determined based on a particular set
of measurements taken for a particular fluid injector under a particular set of measurement
circumstances.

Different fluid injectors and different circumstances may yield different

measurement results, which will result in different coefficients being determined for Equation
(A) or for other equations representing flow rate as a function of pressure. Also, it is to be

appreciated that Equation (A) may not necessarily be a linear equation as in the present example.

The preferred equations may be built or collected from specific testing, theoretical analysis,
and/or computations of impedances and the resulting operations over time.

Variations in

equipment should be accounted for given the operating parameters set forth herein.
[00149]

According to certain embodiments, an extra 10 psi of pressure may be added to the

second phase pressure result of Equation (A) to prevent premature pressure limiting. A lower

limit to the flow rate of Equation (A) may also be added to prevent motor speed from falling
below a given percentage of the set speed for the set injection flow rate to avoid a reduction i
flow rate, particularly for higher concentrations or viscosities of the first phase of the fluid F . In
the below example, 40% of the set speed for the injection flow rate was used. The flow rate set
for the injection may also be adjusted based on the determined second pressure limit.

The

second syringe 12b containing the second fluid may also be pre-pressurized to a value ranging

from 0 to 100% when implementing this method. In all cases, the user can be notified of the
changes to a pressure limit or flow rate through on-screen notices and/or through the recordation
of the injection data by the electronic control device of the injector at the conclusion of the
injection, such as through a report.
[00150]

FIG. 28A illustrates the effect of implementation of the variable pressure limit,

according to one example of the present disclosure, on flow rate during the transition from the
first phase (from 0 to 15 seconds) to the second phase (from 15 to 30 seconds). As exhibited by
the solid line in FIG. 28A, without variable pressure limiting according to the present disclosure,
a significant increase or spike in the flow rate at the catheter is observed during the transition
from the first phase to the second phase.

As exhibited by the dashed line in FIG. 28A,

implementation of the variable pressure limit according to an example eliminates the sharp
increase in flow rate at the transition from the first phase to the second phase.
[00151]

A control method according to one embodiment had a pressure limit on the saline

phase of the injection. The process was performed using a Medrad

Salient™ fluid injector.

The pressure limit used for each flow rate in the example was per the following equation:

Pressure (psi) = 13.07

FR + 18 8

ml

FR = Flow Rate (— )

On implementation, an extra 10 psi was added to that equation to prevent premature pressure

limiting. The pressure limiting control method completely prevented the flow surge from

occurring. Instead however, for higher concentrations of contrast, a decrease in flow rate was
experienced. Therefore a lower limit to the flow rate was added to prevent motor speed from
falling below 40% of the set speed for the set injection flow rate.
[00152]

The following table below contrasts the original flow surge data to the controlled

surge data. Note that the contrast flow rate, as stated in section 6 2, is lower than the set flow
rate. The flow rate for comparisons is 5 mL/s:
Cable 1

''Flow

[00153]

I

rate oscillates from adjustments

an alternative embodiment, the pressure may be permitted to change, drop, or

decrease more gradually than an abrupt change at the transition of one phase to another. For
example, a gradual transition in the pressure limit may be generally linear or curvilinear and take
place over one or more seconds. For example, information based on the characteristics of the
fluid path, could indicate that the volume of the tubing from the syringe tip to the catheter is 10
ml. With a given flow rate of 5ml/s, it may be estimated that the initial saline flow will reach the

catheter in I second (peak or center flow rate moves at twice the average flow rate in laminar
flow situations).

Thus the decrease in pressure may be programmed to happen over

approximately 1, 2, or optionally 3 seconds. This gradual pressure limit transition may reduce
the drop in flow rate before the fluid viscosity transition happens and also reduce the peak f ow

rate after the transition and change in fluid viscosities. As with the other embodiments in this
disclosure, the user can be notified of changes to the pressure or flow rate through on-screen

notices and/or through the recordation of the injection data by the electronic control device of the
injector at the conclusion of the injection, such as with a report
[00154]

In embodiments of the impedance models described herein, the relevant level of detail

of the flows and flow fronts (i.e., the leading edge or portion of the fluid as it is initially pushed
through the fluid path) of the various fluids through the fluid path elements may be included or
modeled. This enables accurate estimation of, for example, viscosity, density, and time varying

resistance and acceleration and thus pressure changes. In an alternate embodiment, the saline
flush following a contrast injection initially flows at the programmed rate. As shown in FIG.
28B, the saline flow starts at a time t O and proceeds at this rate for a length of time tl. Based on

the impedance model estimate, the saline flow front will reach the greatest restriction, commonly
at the catheter. For example, at or just before the time when the saline flow front is to reach the

greatest restriction and thus cause the greatest reduction in resistance, the controller may halt the
saline flow. This halt may be abrupt as in trace 621 or intentionally tapered as in trace 622.
Alternatively the controller may allow the saline piston and optionally the contrast piston to be
pushed backward, resulting in a negative flow rate, by the pressure in the syringe(s) as shown by
trace 623 to reduce the pressure to a level at or near the expected steady state saline flush
pressure, thereby reducing or eliminating any increase in flow rate. The timing, duration, and
magnitude of these actions may depend upon the details of the impedance model and/or the
pressure sensor or measurement. The options listed herein may be options that the user may
program, select, allow, or confirm.
[00155]

The model construction or modification may be done before, during, or after an

injection. A model built or modified after an injection may be used to inform the diagnosis by

being used in combination with the image to understand and determine the actual fluid delivery
profile that went into the patient's body.

When combined with various physiological

phenomena, this will lead to an image properties measurement. A model buil or modified after
an injection may be used for a later injection, either for that same patient or for subsequent

patients. The model may be static or dynamic, or with various aspects of the model being static

or dynamic.

[00156]

An example model involving syringe capacitance or capacitive volume as a function

of pressure in the syringe and plunger position in the syringe is shown as a surface and a
corresponding equation in FIG. 55. A second example model of aspects of impedance is shown
in FIG, 56. This model illustrates the adjustments that may be made to an estimation of an air
volume based upon the baseline plunger position and the actual air check plunger position.
Models such as these may be used by the controller before the injection, for example to adjust
the planned piston position profile over time to more accurately deliver the desired fluid flow
profile in combination with other system impedance information or models, for example about
fluid properties and fluid path properties.

Alternatively, models such as these may be used

dynamically to adjust plunger position and velocity to account for capacitance based upon the
actual pressure in the syringe during the injection. Models such as these may be useful if it is not

possible to accurately know important impedance information of one or more significant system
aspects. These models may also be used in both modes, for example to set an initial piston

displacement profile based on the system impedance information at hand, and also used during
the injection to recalculate piston position profiles to account for changes or unknowns from the
initial profile. Similar multi -factorial models may be created for other impedance aspects. For

example a fluid path element, such as a tubing set or catheter may swell with time at pressure
and this swelling also may be dependent upon temperature. This may affect capacitance and

resistance which is calculated as 1/diameter to the 4t power. The relaxation when an injection
ends may also be time and temperature dependent.
[00157]

The simplest model may be a constant relating two variables, which is the slope of a

linear relationship between those two variables.

A more complex model is curved line

relationship between two variables. The surface relationships of FIGS. 55 and 56 are examples
where two input variables influence a third variable. More complex, multi-dimensional models
may be used, as is apparent from the discussions herein of the many impedance factors that may
be relevant to achieve desired system performance.

Further associated disclosure related to

capacitance development and issues associated with fluid injection systems is described in PCT
International Application No. PCT/US2017/020637, filed 03 March, 2017, the disclosure of
which is incorporated herein by this reference.
[00158]

The overall system 400 as depicted in FIG. 37, includes the imaging equipment 410

which creates the image or gathers information from the patient and the fluid injection system

420 which acts on a patient for a medical imaging or information gathering study. As disclosed

herein, there are many variations on and complications to the actual design and operation of a

multi-fluid impedance model that make it difficult and a non-trivial step from the creation and
use of a single fluid impedance model. Further, there are many benefits to investing in this

additional work and research, as is also described herein, that are not attainable with single fluid
modeling. The systems and models may involve electrical aspects or subsystems, for example,
motor control circuitry 422, both analog and digital, sensors 450a~458a, computer systems 414
and 424, and user interfaces 416 and 426. The system and models may involve mechanical

aspects or subsystems, for example, gear trains, ball screws, and injector head structures and
apparatuses. The systems and models may involve hydraulic aspects, the fluids being delivered,
the fluids in the fluid path elements, before, during, and after the end of the deliver}', and the
fluid path elements associated with them. The systems and models may involve physiological
aspects including the fluid movement through, and into tissues in a patient's body. The systems
and models may involve imaging aspects of the various imaging modalities, for example

response time, resolution, and signal to noise or signal to background ratio.
[00159]

The fluid injection system 420 comprises a user interface 426, an injector controller

424, a motor controller 422, and one or more fluid delivery subsystems, 430a 430b to 430n. The

function of the motor controller 422 and the injector controller 424 may be algorithmically or
physically partitioned in various ways, for example from separate motor controllers for each
fluid delivery subsystem or a single controller for the whole fluid injection system 420. Each
fluid delivery subsystem may for example comprise a motor 431a which converts electrical
energy into mechanical energy, a drive train 432a and piston 436a with a piston head 437a
which may convert mechanical energy into linear motion energy, a syringe with a barrel 440a, a

plunger 438a and an outlet with a connector, valve, or other fluid path conduit 442a. The drive
train and syringe are held in position relative to each other by a mount 434a so tha the piston
head 437a may exert a force to move the plunger 438a through the syringe barrel 440a to create

a pressure in the syringe to control the flow of fluid out of or into or within the syringe. Each
subsystem contains one or more feedback sensors or measurement sensors, shown for example as
450a, 452a, 454a, 456a, a d 458a.

A sensor may, for example, measure position, speed,

acceleration, voltage, current, force, temperature, strain, pressure, flow, velocity, fluid type, fluid
viscosity, fluid presence or absence and/or valve position. Optical readers can also be present to

capture images from which one or more of these or other properties may be derived, for example,
position, engagement, continuity, cleanliness, and bar code or other device information.

One or

more subsystems may incorporate additional or other sensors at positions not illustrated in this
exemplary diagram.

To avoid overcomplicating the diagram, the similar sensors for the other

fluid deliver}' subsystems 430b to 430s* are not shown. The sensors may feedback directly to the
motor controller, for example a motor position sensor or encoder 450a used with proportionalintegral-derivative (PED) servo control, or to the injector controller, for example a strain sensor
on the mounting 434a to assess the pressure in the system and adjust the fluid delivery rate to
stay within a given pressure limit. The fluid is carried from the syringe 440a through fluid path
element 444a. Various fluid path elements may come together at one or more points, ultimately
connecting at fluid path element 444z which is connected by a connector or valve 422z to the
needle or catheter 470 which delivers the fluid to the patient.

The user interacts with the two

systems through their respective user interfaces 426 and 416. The user selects or determines the
programs, protocols, or actions of the respective systems through the user interfaces 426 and
416. The user interfaces 426 and 416 may be a single user interface and/or may communicate
directly with each other through a path 428

The injector controller 424 and the imager

controller 414 may also communicate and interact with each other through a path 412. The fluid
injection system 420 comprises one or more fluid delivery subsystems 430a, 43 0

to 430n.

Each subsystem is driven by a separate or common motor controller 422 according to the
program of the user adjusted to account for the impedance related and other non-idealities
discussed herein.
[00160]

FIG. 38 shows an example open loop control system 500. An input signal 501 is

translated by a controller 520 into a control signal 511 which acts on an effector subsystem 510
to create output 517. The controller 520 may use or incorporate information about the effector
subsystem 510 to determine the output 517 that will drive the effector subsystem 510 to create
the desired output 517.
[00161]

U.S. 3,156,236 discloses a constant pressure angiography injection system which uses

this type of open loop control. A motor is used with produces relatively constant torque for a
given input voltage. Thus the user's desired or controlling input signal 501 is injection pressure.
This is translated into a voltage control signal 511 which is applied to the motor, slip clutch,
drive system, and syringe arrangement. There is no feedback of any kind in the injection system.

Although not expressly stated, the slip clutch may be a way to limit the pressure or force
delivered, most likely so that when the piston comes to the front of the syringe, it does not break
the syringe or destroy the apparatus. A drawback to such an open loop, pressure controlled
system is that the other impedance characteristics of the system including fluid temperature

viscosity, catheter diameter and lengths, and therefore resistance, and other variables will affect
the flow rate that is achieved.

Thus the reliance on pressure setting alone can produce

unpredictable flow rates under varying conditions.
[00162]

FIG. 39 shows an example simple closed loop control system 502. The closed loop

system generally comprises the open loop system 500 with the addition of at least one sensor 526

which provides at least one signal 527 representative of at least one output 517. The signal 527
may be acted upon or transformed in some way by a conditioner 528 to provide a feedback
signal 529.

The feedback signal 529 and the control signal 511 are combined in a signal

combiner 522 to create a signal 513. For example, in the case of simple negative feedback signal
513 equals signal 511 minus signal 529, which may be called an error or difference signal. This
signal 513 is conditioned by controller 524 to create control signal 515 which activates the

effector subsystem 510. In regard to fluid injectors, example input signals 501 may be fl o

rate,

velocity, volume over time or position over time.
[00163]

In U.S. 3,623,474, to Heilman et al., incorporated herein by reference, the world's

first flow controlled injector, a simple single loop feedback system is described where the input
signal 501 is flow rate. The control signal 511 is motor speed. The combiner 522 subtracts the

actual speed 529 from the desired speed 511 and sends that to the controller 524. This eliminates

the need for the user to try to set the pressure of the injector based on an estimate of system
impedances.

In U.S. 3,623,474, the feedback of the flow rate signal causes the pressure to

increase (up to a pressure limit) to achieve the desired flow rate. U.S. 3,623,474 further discloses
a tripping circuit that halts the motor if the flow rate exceeds the selected rate. This safety
monitoring circuit is not shown in FIG. 39. It monitors the operation but does not act unless the
threshold is exceeded, at which point it stops the injection. Thus, with a feedback loop such as
this, the actual flow rate will approximate the desired flow rate independent of the impedance

characteristics of the injector and fluid path elements. With proper design and/or tuning of the
controllers and conditioner, there is no need for the operator or injector to know any of the
impedance characteristics of the injector system (including for example contrast concentration,

viscosity, temperature, or fluid path element properties), as long as the pressure limiting
condition s not reached.
[00164]

U.S. 9,242,083 states that "actual flow rate of the medical fluid utilized in the

injection protocol may be adjusted based, at least in part, on an inherent system elasticity of the
injection system." When considering a feedback system of FIG. 39, this pre-feedback loop
adjustment may be considered to take place in controller 520 with the input 501 being the desired
flow rate profile and the output 517 being the input drive speed to the motor and drive train. The
controller 520 uses one type of impedance characteristic, "an inherent elasticity of the injection
system," to make its adjustments. The specification is not specific whether there is feedback
through a conditioner such as 528 but it is assumed. Since the disclosure of U.S. 3,623,474,
position or velocity feedback has been in the art of fluid delivery injectors. This open loop
anticipation of the system action is useful in injector systems where the flow rate being measured
is at the piston or plunger, not at the catheter or the patient.
[00165]

FIG. 40 shows an example of a multi-loop and/or multivariable feedback control

system 504. In this example the system 504 consists of three feedback loops 504a, 504b, 504c

consisting of numbers with corresponding subscripts and elements therein, arranged in a nested
configuration. In this example, feedback loop 504a is fully within feedback loop 504b, and
similarly feedback loop 504b is fully within feedback loop 504c. The controllers 520 and/or
524a, 524b, 524c and/or conditioner 528a, 528b, 528c may receive inputs 527a, 527b, 527c
from multiple and/or the same sensors 526a, 526b, 526c at multiple and/or the same points 517a,
517b, 517c in the system. For example sensor signals 527a, 527b, 527c may be a motor position
signal, a motor current signal, a motor velocity signal, and/or a piston force signal.
[00166]

Controllers 520 and/or 524a, 524b, 524c and/or conditioner 528a, 528b, 528c may

use or incorporate one or more pieces of information about the system impedance in their
algorithms to transfer inputs into outputs or to derive or estimate hidden or unmeasured system
variables. For example, one variable for an injector to control is fluid pressure in a syringe. An
example signal 527a, 527b, 527c which may be measured which is related to syringe pressure is
motor current.

However the relationship between motor current and pressure incorporates

multiple impedance effects, for example syringe plunger friction and drive train inertia.
Furthermore, the syringe plunger friction may be pressure dependent and thus may be
incorporated into the impedance mode. By incorporating this knowledge into conditioner 528a,

528b, 528c, a more accurate estimate of syringe fluid pressure may be made.

In addition,

estimates of pressure elsewhere in the system, for example at the catheter inlet, may be made.
[00167]

One example benefit that this enables is faster motor acceleration and thus fluid flow

rise time, in situations where that is desirable. Another example benefit is that it enables more
accurate pressure limiting performance and thus the achievement of higher flow rates than might
othenvise be achievable. In addition, the impedance models and thus conditioners 528a, 528b,
528c and controller 524a, 524b, 524c may be non-linear and depend upon sensors or computed
system variables which are not explicitly shown in FIG, 40. As described below, Equation 66
and its associated derivation set forth another approach utilizing information about the injection

procedure.
[00168]

One example of control system 504 comprises a motor (or piston) position feedback

control system 504a that measures piston position using an encoder and a pressure limit control
system 504b. The pressure limit may act to limit behavior, meaning that it has no effect unless

the pressure signal 527b (actual or estimated) exceeds some safety limit. Only if some upper
pressure safety limit is approached or exceeded is the signal 515b affected. For example, the
injection may be stopped if the pressure limit is exceeded by a set amount for a set time. In some
embodiments of this disclosure, the pressure feedback loop is used in a more active way, for
example to reduce the system pressure and thus the flow pulse when transitioning from a more
viscous to a less viscous contrast.
[00169]

The impedance modeling and impedance information incorporating feedback loops of

this disclosure may include other configurations beyond simple nested systems, but this example
of FIG. 40 is given for clarity. Feedback loops may be in series, in parallel, nested, arranged in a
mesh and/or any other arrangement known to those skilled in the art
[00170]

Considering FIG, 41, the feedback controller system of this figure may be used for an

injector which may deliver two fluids sequentially and/or simultaneously. There may be a first
position feedback loop 506a for one fluid, for example contrast, and a second position feedback
loop 506a', for the second fluid, for example saline. The respective input signals to the two
loops may come from a single controller 524b which thereby controls the ratio of contrast to
saline and provides output signals 515b and 515b' to the respective combiners 522a and 522a'.
This example system may be useful in understanding embodiments where the ratio of contrast to
saline is controllable, for example during programming, in real time, or adapted in real time to

account for one or more impedance aspects of the system. Some impedance aspects may be
known and are not expected to change, for example those of the motor and mechanical drive
which are used repeatedly.

Other impedance aspects may be known, such as geometric

properties of connector tubes and impedance aspects of syringes. They will change if different
fluid path elements are used. Other impedance aspects may change during use. For example
connector tubes may swell (i.e., grow in inner diameter based on pressure, temperature, and time
at pressure). Other impedance aspects, for example the temperature of fluid i the connector

tube and its viscosity, may only be known with great difficulty or may be unknowable. Even
some, such as the drive train properties, may change due to mechanical wear or overheating.

Thus the impedance factors and/or model may be used by the control system to confirm that the
operation is going as expected or to alter if something unusual or dangerous is happening.
Alternatively, if some impedance factors, for example contrast temperature or connector tube
properties, are not known, the system may use a reasonable initial estimate or range of estimates,
adjust the impedance model before, during, or after the injection, and only alert the operator or
take other action if one or more impedance property is outside of reasonable ranges.
[00171]

An example embodiment of this disclosure utilizes the contrast entity delivery rate,

for example for X-ray contrast, milligrams of iodine per second (mgL'S) and contrast entity
concentration, for example for X-ray contrast, milligrams iodine per milliliter (mg m ) These
quantities maybe used internally by the controller, communicated to the operator, and/or used by
the operator and/or the system when making recommending, selecting, and/or setting properties
to prepare for an injection. The operator or the system may select the contrast dose (by molecules
or another similar measurement) and dose rate to be delivered and the system will provide that
dose of contrast molecules and dose rate (molecules per second) at a concentration that provides
the optimum contrast flow and image results, optionally within concentration limits or ranges set
by the operator or the system.

The various nested, meshed, interwoven or otherwise related

feedback loops may for example include syringe plunger position, fluid volume, delivery rate, or
fluid velocity of a single fluid (or axis) as one level. A downstream measured volume, velocity,
or delivery rate may be another level of feedback loop. The concentration or contrast molecular
delivery rate may be another level. Pressure at some point or points in the system may be used
as a feedback loop as well, for example as a safety limit or as a parameter to be achieved and

controlled at a desired level over time.

Image properties or attributes such as contrast

concentration or image signal may be a feedback loop. There may be more than one imaging
contrast present, for example for use with PET/CT or PET/MR and there may be a control loop
that controls the relationship of the delivery of those two different contrasts, for example based
on a time relationship or an image result. Patient parameters such as heart rate, respiration rate,
blood pressure, hydration status, clotting time, and others may be a feedback loop either to be
monitored or to be controlled over a desired range at some level, in an embodiment in which the
injector has something other than contrast and/or saline as one of its fluids, for example a
physiologically active or therapeutic fluid such as a cardiac stress agent or beta blocker. Time
may be a critical parameter in some uses of this system, for example injections such as
angiography, so that time may be a control loop that operates and takes precedence over some of
the other control loops, for example stopping the injection when the imaging is complete or at a

time when it would have no further effect, no matter how much contrast had been delivered. The
imaging system may provide input to one or more control loops, depending upon the variable(s)
being controlled.
[00172]

Another example embodiment of this disclosure may be angiography, and more

specifically angiography through microcatheters.

There is a need to inject contrast through

relatively long and relatively narrow catheters. The position or velocity feedback control loop is
designed and will attempt to cause the injector to develop the pressure necessary to deliver the
fluid at the desired flow rate.

In many situations, the resistive aspect of impedance of the

catheter, as affected for example by diameter, length, and fluid viscosity is too high and thus the
injector pressure limits to avoid rupturing the catheter and is not able to deliver the contrast flowrate that the user desires. In an aspect of this disclosure, as illustrated in FIG. 42, the controller
520 receives information, illustrated by the dotted communication channel lines, about the
system, for example system configuration, system impedance, and/or system performance from
one or more inputs, for example the user interface 518, any of the system controllers,
conditioners, sensors, and/or other data input devices (not shown) such as bar code readers or
other devices which may provide inpu abou the impedance aspects of any part of the system.
The communications arrangement in FIG. 42 is a star topology or master-slave configuration.
Other communication networks such as loop, network, peer to peer, mesh or those known to
those skilled in the art may be used. Individual controllers may be combined, may be performed
by a single computer system, or may consist of multiple computer systems. The controller 520

may acquire and use impedance information from a test injection, calibrations or from previous
injections. In an embodiment of this disclosure, the controller 520 may inform the user through a

user interface 518 that a pressure limit is likely to occur and optionally to suggest the maximum
flow rate that is expected to be achievable under current and/or anticipated conditions. If the
user desires this likely maximum flow rate, the user may change the flow rate to the
recommended flow rate or accept the change from the system and proceed with the injection.
Alternatively, the user may keep the original flow rate, recognizing that pressure limiting is
likely to happen. Alternatively, the user may propose and/or make changes to one or more
impedance aspects of the overall system, for example, warmer contrast, a less concentrated
contrast, a shorter catheter, a larger diameter catheter, a catheter with a higher pressure rating

and/or other changes may be implemented, and then the system will reassess the relevant aspects
of impedance and determine if the desired flow rate is achievable. This may repeat until the user
is satisfied with the expected injection. Alternatively, the controller may make one or more

recommendations or proposals to change one or more impedance aspects of the overall system,
preferably indicating the improvement that could be expected with each. The user may then
accept one of the proposals and then the user and/or the injector system may make the necessary
changes.
[00173]

Imaging contrast agent is injected into the body so that it may be detected by an

imaging system, for example using X-rays, gamma rays, radio waves, ultrasound energy, light
energy or some other form of energy. To a first order, the image signal generated is linear, that
is proportional to the number or mass of the contrast atoms or molecules per unit volume of

blood or tissue intercepted by the imaging system. There are second order effects which may
make the response non-linear with concentration, for example beam hardening effects with Xrays, signal saturation, T2, or T2* effects with MR, pulse pileup in nuclear medicine, or

shadowing with ultrasound. In angiography, in an example where a planar X-ray image is being
taken, for a given contrast density, for example milligrams of iodine per milliliter (mgl/ml) the
image signal of a blood vessel decreases as the vessel diameter decreases because the depth of
contrast imaged in a pixel (a fixed area path from the X-ray source to the detector) decreases
with vessel diameter. Thus to achieve maximum vessel visibility to the farthest extent possible
distally down a vascular tree, it is desirable to use contrast of the highest concentration
achievable and for the flow rate of the injection to be high enough that the vessel is fully filled

with the contrast as it leaves the catheter and enters the vessel. Otherwise the contrast may be
diluted with blood and thereby the reduced concentration and/or partial filling may lead to
artifacts.
[00174]

When using an injection system with two liquids of different viscosities, for example

contrast and a flushing solution such as saline, moving from a higher viscosity, higher
concentration contrast to low viscosity, lower concentration contrast may counterintuitively
enable a higher contrast material delivery rate in milligrams of iodine per second (mgl/S), at a
slightly higher volumetric flow rate in miliiiiters/S (ml/S) because contrast viscosity falls faster
with dilution than contrast concentration.

This higher iodine delivery rate may be achieved by

selecting a different, lower viscosity contrast or by simultaneously delivering contrast and the
flushing or diluting solution.

The viscosities of various concentration contrasts are plotted

against iodine concentration (mg m ) in FIGS. 43 and 44. Concentration, temperature, and/or
viscosity are examples of an impedance aspect or property which may be provided to the injector
control system for use by the controller in this disclosure through a user interface or an interface
503 to other data systems 560 such as, for example, the injector manufacturing company's data
communication vehicles, the imaging equipment, the hospital information system, or the internet.
In addition, the impedance aspects of various catheters may be provided to the controller. For

example, if the length and diameter of a fluid path element, such as a known connector tubing or
a catheter are provided, the controller may compute or model the relationships involved, for
example between the pressure drop across the fluid path element, flow rate in ml/S, and iodine
delivery rate in mgl/S with various fluid properties, including contrast concentrat ons FIGS. 45
and 46 show an example set of relationships with various contrasts at 20°C for a 135cm Boston
Scientific Renegade HI-FLO Fathom catheter which has an 800 psi pressure limit. Flow rates
are generally linear with pressure and viscosity under laminar flow conditions but become non
linear under turbulent conditions.

Both types of flows may be modeled.

Fro

these

relationships, the controller may compute the maximum flow rate and achievable iodine delivery
rate for each contrast concentrati on FIG. 47 displays the iodine delivery rate vs. flow rate with
the line ending at the maximum flow at the pressure limit of the catheter. This information may
be used to recommend the contrast concentration to give maximum image signal to be used, if
the user can estimate the flow rate of the vessel to be opacified or if the fl o
previous injections.

rate is known from

[00175]

Alternatively, this information, as shown in a different format in FIG. 48, may be

used to aid in explanation and understanding of this disclosure, and may be used by the
controller to recommend or set a contrast concentration (and thus viscosity) to use for an
injection. In this example, the contrast concentration in one syringe is Ultravist 370 Curve 601
shows the contrast concentration (referencing the left axis) that gives the maximum iodine
delivery rate at the fluid delivery rate chosen (horizontal axis).

Below about 0.7ml/S, the

optimum is pure contrast, Ultravist 370, as the iodine delivery rate, curve 611, is not pressure
limited but flow rate limited. This use of the most concentrated contrast is illustrated by line
603. Above a flow rate of about 3.3 ml/S, going to concentrations lower than about 220 mg m

does not increase the iodine deliver}- rate, but actually reduces it. Thus for situations that require
higher flow rates to fill the vessel, it may actually be better to stick with a concentration of
220mgl/mi and accept the pressure limiting and dilution by blood in the vessel.

This is

illustrated by line 605. While this is shown in graphical form for the understanding of the reader,
it may be used as data, for example tables, equations, algorithms, subroutines, in the controller to
make appropriate recommendations or take actions. For example, if the user initially selects a
flow rate that is too high and there is initially backfiow retrograde to the catheter tip in the

vessel, the user may use a hand controller as part of the user interface to reduce the flow rate or
an imaging processing unit may recognize the retrograde flow and signal the injector to reduce

the flow. In this case, the injector may in real time increase the concentration to maximize the
vessel opacification.
[00176]

In an alternative embodiment, the controller may also compute the pressure drop

across the connector tube which is being used as one of the fluid path elements. The presence
and information on the connector tube may be communicated through any of the means known
to those skilled in the art. As an example, the connector tube may have a diameter and length
such that the pressure drop across it may be about 5% of that of the catheter used in the example
above. In addition, the syringe plunger may have a running friction under pressure that starts at
about 15psi and is increased to about 40 psi at a syringe pressure of about 800 psi.

The

controller of this embodiment may use these aspects of impedance information to optimize its
actions to deliver as much contrast as possible through the catheter while keeping the pressure at
the catheter inlet below its rated maximum of 800 psi. For example, the controller may use
motor current as the sensed property or measurement in the control loop for pressure in the

syringe. Alternatively it may use strain in the system mount that holds the syringe in place. A

motor current measurement may include both syringe pressure and syringe plunger friction in its
measurement. And, as mentioned, there is a pressure drop as fluid flows from the syringe to the
catheter input. In a simple, conservative operating mode, the controller limits the motor current
to a pressure equivalent to 800 psi and thus the pressure at the catheter input will be about 800 -

40 - 40, or 720 psi. In an example of this disclosure of a controller optimizing performance by

using impedance information, the controller seeks to limit the catheter pressure to 800 psi, thus
the pressure limit at the input of the connector tube is calculated to be 800 + 5% * 800 = 840 psi.
The controller also recognizes that the syringe plunger friction adds the equivalent of 40 psi at
this motor current pressure measurement. Thus in this example, the controller will set the motor
current pressure limit feedback loop to maintain the pressure limit of 880 psi as measured by
motor current and the maximum pressure at the catheter inlet will be 800 psi. Extending this
example further, the controller may recognize that the speed of pressure transmission from the
syringe to the catheter is further affected by capacitance of the syringe and impedance of the

connector tubing, and thus may allow time limited spikes in motor current above the 880 psi
level. Utilizing this aspect of the present disclosure may be used to achieve rapid or high rise

times.
[00177]

In an embodiment of this disclosure, when a higher concentration of injectate is

desired than can be delivered given the impedances and pressure limit of the catheter, the injector
may preload the catheter and/or the connector tube with the highest concentration injectate. This
may be done at a slower flow rate, so as to not pressure limit. Once the tube is full of high
concentration contrast, the injectate concentration may be reduced and the volumetric flow rate
increased. This provides an initially high concentration of injectate which is carried downstream
and helps visualize the smallest vessels while less concentrated injectate fills the more

proximate, larger parts of the vessel tree.
[00178]

In one type of angiography called rotational angiography, the image may be

reconstructed similar to what is done in CT. In rotational angiography, contrast of a lower
concentration is preferred to avoid creating artifacts or inaccuracies in the images.

In this

procedure, for example, the user may set a maximum iodine concentration or iodine delivery
rate, or may program an iodine concentration and flow rate, or iodine delivery rate.

[00179]

In U.S. 2014/0276550, incorporated herein by reference, a fluid delivery system is

provided which incorporates one or more feedback loops utilizing one or more variables and
including the ability for different feedback loops to assume control or be the controlling feedback
loop or variable during different times or phases throughout the injection. In U.S. 2014/0276550
the feedback loops were not informed about the specific aspects of the system impedance
involved, except in the normal feedback loop tuning process. In the present disclosure, one or
more of the controllers or conditioners may explicitly incorporate and use information about the
impedance of the system and the controlling feedback loop may change during the injection, for
example from flow rate, to contrast molecule delivery rate, to pressure, and so on.
[00180]

A multicomponent impedance model of this disclosure may also be used to check for

air or leaks.

A multicomponent impedance model expands upon those discussed in WO

2018/089882, which is incorporated herein by reference by providing additional information and
more accurate assessment for a wider range of fluids, fluid path elements, and injection
conditions.
[00181]

Using the impedance modeling capability of this disclosure, before an injection, the

user may be shown the programmed injection and the actual anticipated injection considering
impedance aspects.

During and after an injection, the user may be shown the programmed

injection, the anticipated injection, and the actual injection, including parameters that are not
actually measured but may be estimated through use of the impedance model. This may include
the injector system tracking the fluids in the tube, either from priming, from previous deliveries,
or from pre-injection delivery to fill the tubing and/or catheter with an initial contrast load. The
initial behavior will of course depend upon the fluid(s) that are initially in the fluid path
elements
[00182]

An additional aspect of impedance that may be considered in one or more

embodiments is the mixing of two fluids and the displacement of one fluid by another fluid
flowing through a tube or other fluid path element. In a laminar flow situation, the fluid entering
a tube flow preferentially down the center of the tube with a parabolic profile. The flow at the
center is twice the average flow.
[00183]

There are several different benefits of and needs for creating a model of specific

aspects of a multi-fluid fluid injection system and its impedance. Fluid assessment and
confirmation of the fluids within the fluid injection system allow a user to assess different

aspects and characteristics of the fluids and to confirm that the desired fluids are being used
within the fluid injection system. A model of specific aspects of a multi-fluid fluid injection
system and its impedance may also provide an indication of air in a fluid path of the fluid

injection system in the event air is inadvertently moved through the fluid path because of the
compressibility and ultra low viscosity of a gas compared to a liquid. Gasses are significantly
compressible whereas liquids are commonly considered relatively incompressible.

In an

example, if during operation of the system, filling, priming, delivery of a test bolus, dose
delivery, clean up, and/or preparation for next patient, the actual behavior differs from that as
expected or predicted by the impedance model, the controller may assess alternative impedance
models including the presence of gasses at one or more location in the system and determine if
one of these models better fi ts the actual behavior of the system. If the presence of a gas best fits

the actual behavior, then the system may take appropriate action, for example, to continue filling,
burp the system, continue priming, inform the user, and/or stop the operation.

Additional

examples are described by Uber, et al., as set forth in WO20 18/089882 which is incorporated
herein by reference.
[00184]

The model may also be used to assess or confirm the fluid path being used in the fluid

injection system, for example, a correct syringe size, a correct catheter size, the likelihood of a
pressure limiting condition, and/or a correct tubing size. If an incorrect size is detected, the
operator may be alerted or the procedure may be stopped. Further, the model may be used by an
injector of the fluid injection system for a self-test or diagnostic to ensure the injector is working
as intended A model may also be used to detect fluid path leaks or occlusions, the crack

pressures for valves in the fluid injection system, a fluid path valve state (open, closed), and/or
the presence of resonance frequencies (flow rates) to avoid such frequencies in a pulsatile pump
of the fluid injection system. Based on the assessments, the system may adjust its behavior or
alert the operator to a likely event or problem, for example, the likelihood of a pressure limit and
delivery of a lower flow rate or volume in a given time than selected or programmed by the
operator. This allows the operator to modify the program or modify or select other system
components, for example contrast agents, dual flow ratios, or fluid path elements, if desired.
[00185]

It is also contemplated that a model of specific aspects of a multi-fluid fluid injection

system and its impedance provides the user with the ability to compensate for non-idealities in

the fluid injection system. The model may allow the fluid injection system to "idealize" the fluid

delivery out of the catheter to match a programmed time dependent bolus for the fluid. The
model may also ensure that the actual delivery of contrast ejected from the fluid injection system
is as similar as possible to the desired or programmed delivery of contrast ejected from the fluid

injection system. The ability to compensate for non-idealities is also beneficial if the fluid
injection system is using a bolus shape to assess flow or timing of the fluid. Creating a model of
specific aspects of a multi -fluid fluid injection system and its impedance also allows the fluid
injection system to work more closely to the "edge" i the terms of a rise time related to a
catheter whip. It is also contemplated that a model may be used as part of a test or service
calibration (standard system "load" conditions) for the fluid injection system. Several nonidealities of the fluid injection system which may be assessed and compensated for include
injector head elasticity, syringe mount stiffness, a mechanical slack in a mounting and drive train
of the fluid injection system, a fluid path component capacitance, variable resistance over the
fluid path combined with variable viscosities of the fluid over time, stopcocks trapping fluid in a
pressurized fluid path element or elements (amount being dependent upon pressure), and relief of
pressure trapped in a such fluid path elements by a stopcock or high crack pressure valve.
[00186]

The creation and application of a model of specific aspects of a multi-fluid fluid

injection system and its impedance may be beneficial in several different situations. In one
example, the model may be beneficial in arteriography, where a sharp bolus from the fluid
injection system is needed. The model may also be beneficial when using a microcatheter with a
small volume of fluid being delivered over a short duration. The model may be beneficial when

the fluid flow may transition from laminar to turbulent flows during the delivery. The model
may also be used to ensure bolus shape of fluid to heart, other organs or multiple organs at a
single imaging time, are closer to the desired bolus shape of the fluid. The model may also assist

in providing a more consistent bolus shape from injection to injection for dynamic imaging. The
model may be used to assess if pressure limiting or some other type of performance limiting
might be or is occurring and to alert the operator to the same and/or take actions to modify the
inj ection appropriately.

[00187]

The location at which the injection of fluid is assessed for accuracy may take place at

several different locations. In one example, the injection accuracy may be assessed at the tissue

being imaged by an imager. It is also contemplated that the injection accuracy may be assessed at
another peripheral location of the patient, such as an ear lobe or finger of the patient. The

injection accuracy may be assessed in the patient's central circulation system or at a catheter tip.
In another example, the injection accuracy may be assessed at an entrance to the catheter or an

end of a tubing set of the fluid path. It is also contemplated that the injection accuracy may be

assessed by monitoring the motion or displacement along a certain length of the drive train of the

fluid injection system, for example, via a potentiometer or an encoder. The motor voltage or
motor current may be assessed to determine the injection accuracy. A plunger motion in the fluid
injection system may be assessed to determine the injection accuracy. In another example, a
motor encoder may be assessed to determine the injection accuracy. It is also contemplated that
an output at the luer of a syringe of the fluid injection system may be assessed to determine the

injection accuracy.
[00188]

In view of this disclosure, it has also been determined that several other problems may

be reduced or eliminated by the modeling and use of the overall impedance of a fluid injection
system. For example, excess whip from a high acceleration of the tubing set or catheter may

increase the impedance of a fluid injection system. A first hose effect (or rocket force) from high
(steady state) velocity jet of fluid through the fluid injection system may affect the overall
impedance of the fluid injection system. A velocity spike for the fluid in the fluid injection
system that occurs during a transition from a more viscous fluid to a less vicious fluid may affect

the overall impedance of the fluid injection system. A water hammer effect from inertia in the
fluid injection system may be affected by the overall impedance of the fluid injection system. In
another example, over pressure/velocity for an injector or any fluid path component in the fluid
injection system may be affected by the overall impedance of the fluid injection system. In the
event an injection lasts significantly longer than expected, the bolus may be broadened. It is also
recommended that the need for injections during a characterization test may be avoided by the
use of the overall impedance of the fluid injection system. It is also contemplated that undue
wear or component stress induced by characterization tests or measurements may be reduced by
the use of the overall impedance of the fluid injection system.

System aspects that may

contribute to the overall impedance of the fluid injection system include position-dependent
mechanical capacitance in the fluid injection system, viscosity of the fluids in the fluid injection
system changing with a change in temperature, viscosity of the fluids in the fluid injection
system changing with a change in fluid (dual-flow fluid injection systems and/or flush

interfaces), and differences between a laminar flow of the fluids in the fluid injection system
versus a turbulent flow of the fluids in the fluid injection system.
[00189]

There are many impedance aspects, or properties which may influence impedance

aspects, that may be considered by the controller in the creation or use of an impedance model.

Various impedance aspects may be related with various exemplary system components including
for example, motor and drive train inertia, torque and speed constants, temperature, compliance
or elasticity, friction, resistance, and slop or backlash. Some impedance aspects may depend
linearly or non-linearly on drive train or piston aspects such as position, length, and speed.
Example effects include factional changes, bending (elasticity) and buckling.

Additional

impedance aspects related to mounting and seals include for example stiffness, elasticity or
compliance, alignment, buckling, friction, wear, and mechanical slop.

Mechanical slop or

backlash may not be recoverable. The interface of the piston with the plunger and the rubber
cover and the behavior of the rubber covers may be susceptible to effects, for example, from
being off axis or slanted, gaps, deformation, and frictional effects, for example stiction and
sliding friction behavior, with the syringe wall. The radial compression, axial deformation, and
stick-slip motion of the plunger against the wall may depend upon the pressure in the syringe, the
time, temperature, movement, and lubrication history. For example, plastics and elastomers may
creep over time.

In an example system, an axial displacement of 0.02285 inches equals 1

milliliter of fluid volume.

When a piston stops forward motion, the rubber cover has some

retained stress pushing proximally or reward on the piston from the sliding friction to the syringe
barrel. If the piston holds its position, the rubber cover may continue to creep forward as that

stress is relieved by stick-slip motion of the plunger over the barrel wall. Alternatively, if the
piston relaxes at some point in time, the plunger will push backwards to relieve some of this

stress, however it will not relieve all of the stress, which may be slowly relieved over time by

motion and an accompanying fluid flow.
[00190]

In some instances, the friction of the plunger may be lower than expected, for

example due to double cycles of radiation beam sterilization or other effects. This may be
something that the injector system assesses, for example, as it initially moves the plunger
forward before filling or rearward during filling. For the syringe itself, a significant effect is
compliance or capacitance, sometimes termed swelling, of the barrel when the contents are under
pressure. In addition, the volume of swelling is a function of where the plunger is in the syringe.

The farther forward the plunger is located, the lower the capacitance. In this case capacitance
means the ratio of the swelling volume to the pressure difference from inside to outside. A
pressure jacket may be used to reduce this capacitance despite associated complications to the
relationship between volume and pressure. Some clearance must exist between the syringe and
the pressure jacket so that the syringe, with reasonable dimensional tolerances, may be placed
into the pressure jacket, which has its own reasonable dimensional tolerances. With a pressure
jacket, the syringe can be thought of to have a multi stage swelling process. First the syringe
moves forward to fully engage the pressure jacket, if it is not already so engaged. Another action
is that the wall swells, and potentially moves laterally and/or axially until in fills the pressure

jacket. Then the pressure j acket swells, although presumably it swells significantly less than the
syringe swells, so it has a significantly lower capacitance. Additionally the syringe may bulge

through any openings in the pressure jacket.
[00191]

Tubing and similar fluid path elements have geometric properties such as inner

diameters, outer diameters, wall thicknesses which may interact with fluid properties such as

viscosity to affect resistive impedance and kinetic energy creation and storage. The geometric
properties may also interact with wall material properties and temperature to affect swelling or
capacitance and creep or non-elastic swelling. If multiple fluid paths are brought together, the
pressure of one syringe may affect the pressure in other syringes, attenuated or delayed by the
impedances of the intermediate fluid path elements and the fluids involved. There may be fluid
flow due to gravity and such flow may affect the viscosity and thus impedances of the system. If
there is not complete mixing when fluids come together, the fluids may remain partially or fully
separate and thus impedance may be a combination of the two individual impedances. Fluid path
elements such as valves may effectively separate various fluid path elements with their
capacitances and other impedance properties. The closing of a valve conducting significant flow
may cause an inertial pressure spike, sometimes called a "water hammer " The response time,
rise and fall times, and/or linearity of operation for partially opening or linear valves may also
affect the impedance mode.

Viscosity changes with temperature may affect impedance

properties of fluids moving in fluid path elements. There may be significant kinetic energy
leaving the catheter and this may be a significant aspect of the system impedance. As viscosity
or other properties change, flow in a fluid path element may change from laminar to turbulent or
vice versa, which has an effect on the impedance properties of the system.

[00192]

Compliance or elasticity force and volumes, as well as inertial energy or forces, may

be returned or recovered at the end of the injection, for example when the fluids may bleed out of
the syringes after the piston slows or stops, provided the piston is held in the stopped position
and not allowed to move backwards. Other stored energy or stored volume instances may no be

returned, either due to intentional system behavior or due to behavior inherent in system
components. For example, when a stopcock closes and the pressure and volume are trapped in a
syringe, the trapped volume may not be delivered to the patient unless the system opens the

stopcock at some later point in the injection. Alternatively the system may relax the force on the
piston, and the pressure in the syringe will drive that piston in a reverse direction. In this case

the stored volume is effectively returned to the system and may be accounted for and used in a
subsequent injection. The controller may control the way in which the force is relaxed to prevent
overdrive of the piston. When the piston is pushed back to the point that it is exerting almost no
force on the plunger, there may still be some capacitance retained by the rubber cover, for
example because of friction with the side wall, so the pressure in the syringe will not go to zero
A similar phenomenon with a non-recovered, non-returned, or capacitive hysteresis may occur
when using a rolling diaphragm syringe. A bladder syringe or other syringe with a very thin wall
and minimal sliding or deforming friction will have minimal retained compliance due to plunger

friction, depending upon the system design. In another example, a connector tube, commonly
made from a plastic such as PVC may stretch during an injection based upon pressure,
temperature, and duration of the injection. The relaxation back to its initial state may be so slow
or gradual that the volume increase of the tubing is effectively never delivered to the patient.
Also, because resistance through a tube is quantified as diameter to the 4 th power, this creep

under pressure may significantly impact impedance in subsequent uses.
[00193]

To improve and model the overall impedance of the fluid injection system several

different considerations regarding the fluid injection system may be analyzed. In one example,
an injector head of the fluid injection system may contain certain impedance-related properties

and/or limitations that may be assessed for the overall impedance modeling of the fluid injection
system. In particular, a motor inductance, resistance, and inertia of the injector head drive

components may be considered. It is also contemplated that the system sensors may be elements
of the fluid injection system that may be considered for improving the overall modeling of the
impedance of the fluid injection system. For example, drive position sensors, force sensors, fluid

element pressure sensors, and/or flow measurement sensors may contribute to the creation and
use of an overall impedance of the fluid injection system and/or may be assessed to improve the
overall impedance of the fluid injection system.
[00194]

In another example of the present disclosure, the fluid path elements of the fluid

injection system may contribute to the overall impedance of the fluid injection system and/or
may be assessed to improve the overall impedance of the fluid injection system. For example, a
syringe, a plunger, other pumps, tubing, valves at the syringe or downstream of the syringe,
connectors (create flow velocity changes and/or restrictions), and/or IV catheters may contribute
to the overall impedance modeling of the fluid injection system and/or may be assessed to
improve the overall impedance of the fluid injection system. The impedance of a fluid path
element may also be assessed in connection with the overall impedance of the fluid injection
system. Elasticity (whether position dependent or non-linear) of the fluid path elements may
contribute to the overall impedance of the fluid injection system and may be assessed to improve
the overall impedance. It is also contemplated that a change in resistance of the fluid path
elements due to a change in pressure of the fluid resulting in tube swelling may contribute to the
overall impedance of the fluid injection system and may be assessed to improve the overall
impedance modeling. Such swelling for example may be time and pressure dependent and only
very slowly if at all return to the original shape.

Swelling over time or over subsequent

injections may affect the system performance if not accounted for in the impedance model.
Stopcocks and/or check valves in the fluid path elements may contribute to the overall
impedance of the fluid injection system and may be assessed to improve the overall impedance
modeling. In another example, nodes or connections for mixing or separating fluids in the fluid
path elements may contribute to the overall impedance of the fluid injection system and may be
assessed to improve the overall impedance modeling. The cross-sectional shape and size of the
fluid path elements, a fluid velocity through the fluid path elements, and/or a type of flowthrough the fluid path elements may contribute to the overall impedance of the fluid injection
system and may be assessed to improve the overall impedance modeling A total volume of the
fluid path elements may contribute to the overall impedance of the fluid injection system and
may be assessed to improve the overall impedance modeling. Fluid path element limitations,
such as a maximum pressure or flow moving through the fluid path element, may contribute to
the overall impedance of the fluid injection system and may be assessed to improve the overall

impedance modeling. The sources of fluid to the fluid path elements, such as fluid bottles, bags,
or containers, may contribute to the overall impedance of the fluid injection system and may be
assessed to improve the overall impedance modeling.
[00195]

It has also been considered that properties of the fluid injection system may contribute

to the overall impedance of the fluid injection system and may be assessed to improve the overall

impedance modeling. In one example, the viscosity of the different fluids (for example, contrast,
saline, air) moving through the fluid injection system may contribute to the overall impedance of

the fluid injection system and may be assessed to improve the overall impedance modeling. An
effect of temperature on the viscosity of the fluid(s) moved through the fluid injection system
may contribute to the overall impedance of the fluid injection system and may be assessed to
improve the overall impedance modeling. The compressibility of the fluid(s) moved through the
fluid injection system may contribute to the overall impedance of the fluid injection system and
may be assessed to improve the overall impedance modeling. In another example, the existence
of multiple phases (for example, multiple liquids or gas) of a fluid in the fluid injection system
may contribute to the overall impedance of the fluid injection system and may be assessed to
improve the overall impedance modeling. The fluid mass, including inertia or inertance, of the
fluid(s) being moved through the fluid injection system may contribute to the overall impedance
of the fluid injection system and may be assessed to improve the overall impedance modeling.
[00196]

It is has been considered that several different non-idealities or circumstances may

affect the overall impedance of the fluid injection system. It is contemplated that these nonidealities or circumstances may be taken into account or consideration when assessing the overall
impedance of the deliver}' fluid system and improving the overall impedance modeling of the
delivery fluid system. As discussed above in this disclosure, capacitance is a contributing factor
to the overall impedance of the fluid injection system. The capacitance of the fluid injection
system may be affected by the volume and pressure of the fluid(s) moving through the fluid

injection system. Capacitance of the fluid injection system may also be affected by the plunger
position within the fluid injection system. It is also contemplated that the capacitance may be
affected by the history of the fluid injection system, such as previous swelling of the tubing set or
hysteresis. Capacitance of the fluid injection system may also be affected by the temperature of
the fluid(s) moving through the fluid injection system or the temperature of the fluid path

components in the fluid injection system. Temperature may also affect the rate of swelling of
various fluid path elements.
[00197]

Additional non-idealities or circumstances other than system capacitance may affect

the overall impedance of the fluid injection system. For example, flow resistance of the fluid(s)
in the fluid injection system, including flow rate and pressure, may contribute to the overall

impedance of the fluid injection system and may be assessed to improve the overall impedance
modeling. The flow resistance of the fluid may depend on the history of usage of the fluid path
tubing in the fluid injection system, which can create tube swelling or hysteresis. The flow
resistance may also depend on the temperature of the fluid(s) moving through the fluid injection
system and/or the temperature of the fluid path elements in the fluid injection system. A change
in diameter of the fluid path elements, for example from swelling, may also affect the flow

resistance of the fluid(s). The transition of fluid flow from laminar flow to turbulent flow in the
fluid injection system may contribute to the overall impedance of the fluid injection system and
may be assessed to improve the overall impedance modeling. This may be affected by fluid path

transitions. In another example, a pressure drop due to a change in the type of flow (laminar v.
turbulent) of the fluid(s) may contribute to the overall impedance of the fluid injection system
and may be assessed to improve the overall impedance modeling. It is also contemplated that

acceleration and/or deceleration of the fluid(s) in the fluid injection system may contribute to the
overall impedance of the fluid injection system and may be assessed to improve the overall

impedance modeling. Conditions or operational states of high-crack pressure valves, check
valves, stopcocks, and/or mixing chambers in the fluid injection system may contribute to the
overall impedance of the fluid injection system and may be assessed to improve the overall
impedance modeling
[00198]

It is also contemplated that the overall impedance may be assessed and improved

along the entire fluid flow path of the fluid(s) through the fluid injection system, not just as
discrete, separate portions of the fluid flow path. In one example, the entire fluid injection system
from injector to output of the syiinge(s) to the output of the catheter may contribute to the overall

impedance of the fluid injection system and may be assessed to improve the overall impedance
modeling. In a second example, sections of the fluid injection system may be modeled as discrete
elements and others as continuous or multiple elements.

In

another example, viscosity

propagation of the fluid(s) in the fluid injection system and the anticipated effects of the

viscosity propagation may contribute to the overall impedance of the fluid injection system and
may be assessed to improve the overall impedance modeling. The flow front of the fluid(s)
and/or the interfaces or mixing zones of the fluids in the fluid injection system may also be
assessed when considering overall impedance of the fluid injection system. The flow front of the

fluid(s) is directed to the fluid interaction between fluids with different viscosities that meet one
another and move through the fluid injection system. The temperature and/or temperature
changes in the f!uid(s) moving through the fluid injection system may contribute to the overall
impedance of the fluid injection system and may be assessed to improve the overall impedance
modeling. It is also contemplated that the catheter size (either input by the user or estimated from
a test injection or some part of the injection itself) may contribute to the overall impedance of the
fluid injection system and may be assessed to improve the overall impedance modeling.
Limitations of the injector head may contribute to the overall impedance of the fluid injection
system and may be assessed to improve the overall impedance modeling. Sensor limitations in

the fluid injection system may contribute to effective measurement of the overall impedance of
the fluid injection system and may be assessed to improve the overall impedance modeling. For
example, sensor response speed and measurement of non-idealities in the fluid injection system
be assessed and accounted for to improve the overall impedance modeling. It is also
contemplated that the bulk modulus of the fluid(s) in the fluid injection system may contribute to
the overall impedance of the fluid injection system and may be assessed to improve the overall
impedance modeling. For example, saline compresses more when a greater volume of air is
dissolved in the saline in the fluid injection system. The patient's blood pressure and viscosity
may contribute to the overall impedance of the fluid injection system and may be assessed to
improve the overall impedance modeling. In another example, the properties of the motor, for
example inertia, controller, and/or piston in the fluid injection system may contribute to the
overall impedance of the fluid injection system and may be assessed to improve the overall
impedance.
[00199]

It has also been contemplated that there are several different opportunities or stages

during the setup and operation at which to assess the overall impedance and/or improve the
overall impedance modeling of the fluid injection system. In one example, the overall impedance
of the fluid injection system may be assessed when planning to fill the fluid(s) into the fluid
injection system and/or during the filling of fluid(s) into the fluid injection system. The overall

impedance of the fluid injection system may be assessed when planning the delivery of the
fluid(s) through the fluid injection system to the patient. In another example, the overall
impedance of the fluid injection system may be assessed after or during use of a test bolus in the
fluid injection system. It is also contemplated that the overall impedance of the fluid injection
system may be assessed during delivery of the fluid(s) from the fluid injection system. Feedback

and/or a servo on one or more variables of or related to the overall impedance may be supplied to
a control system during delivery of the fluid(s). It is also contemplated that anticipated changes
in the fluid injection system may be taken into account during deliver}' of the fluid(s). In another
example, the overall impedance of the fluid injection system may be assessed during delivery,
during which the performance of the fluid injection system is assessed to determine when the
performance is within an anticipated performance range. In another example, the impedance
model may be assessed and modified after one injection for use during a subsequent injection.
In another example, the overall impedance of the fluid injection system may be assessed during

manufacturing of the fluid injection system and its separate components. It is also contemplated
that the overall impedance of the fluid injection system may be assessed continuously to indicate
when service might be needed, during service of the fluid injection system and/or during a
calibration process of the fluid injection system. In another example, the overall impedance of
the fluid injection system may be assessed when each new disposable set or each prime, fill, or
other operation of the disposable set is performed. It is also contemplated the overall impedance
of the fluid injection system may be assessed in real time. The estimates of the overall
impedance factors and contributors may be linearized to develop compensation factors in real
time for comparison with desired conditions for the fluid injection system to ensure adequate
overall impedance modeling, safety, and/or fluid delivery performance. In a further example, the

overall impedance of the fluid injection system may be assessed by using the control system of
the fluid injection system to plan piston movements of the injector before injection and then
adjust the piston movements in relation to that plan in real time during the injection.
[00200]

To assess and improve the overall impedance modeling of the fluid injection system

there are several different methods and techniques for characterizing the fluid injection system to
determine how the overall impedance modeling can be improved. The characteristics or
conditions of the fluid injection system may be derived from the initial design of the fluid
injection system, the specifications of the fluid injection system, the manufacture of the fluid

injection system, and/or the pretest conditions of the fluid injection system. In another example,
calibrations or various characterizations of the system may be conducted to ensure real-time
accuracy of the characteristics of the fluid injection system.
[00201]

In another example, a test bolus of saline (or contrast or both saline and contrast) may

be used to characterize the fluid injection system. It is also contemplated that the resistive and
capacitive components of impedance may be computed from an initial ramp-up to determine the
fluid injection system characteristics. The pressure of the fluid injection system may be measured
without friction from the non-moving/non-delivering saline/contrast syringe. In another example,
the friction effect may be corrected in an assessment of pressure via a non-moving syringe. It is
also contemplated that various input test functions may be used for the fluid injection system
identification, including impulse, step (bolus), ramp, white noise, and colored noise, among other
input test functions. In another example, an ultrasonic detector may be used when air is flowing
through the fluid injection system, or when fluid(s) is flowing through the fluid injection system
to characterize the fluid injection system. The density and viscosity of the fluid(s) may also be
used to characterize the fluid injection system.
[00202]

I another example, a downstream fl o

sensor of floats or other indicators that move

in the fluid injection system may be used to characterize the fluid injection system. It is also
contemplated that a disposable flow meter that measures pressure drops in the fluid injection
system may be used to characterize the fluid injection system. An image recognition system or

the monitoring of sensor features in the fluid injection system may also be used to characterize
the fluid injection system. In another example, a plurality of floats or other indicators having
different densities may be used to sense viscosity/density changes in the fluid(s), allowing the
fluid injection system to compensate for the viscosity/density changes. In another example, a
sound sensing element may be used to detect vibrational movement of floats or other indicators

that float in the fluid(s) of the fluid injection system. It is also contemplated that the system
impedance may be characterized in open and/or closed (short-circuit) conditions using, for
example, pinch valves or stopcocks. In another example, the system impedance may be
characterized under variable load conditions at system output. Resonant sensors may be used to
measure fluid viscosity to characterize the system impedance. In another example, magnetically
sense or responsive floats or other indicators may be used to sense a viscosity of the fluid(s) in

the fluid injection system to characterize the system impedance. In another example, two

pressure transducers and a known flow restrictor may be used to characterize the system
impedance. It is also contemplated that many different flow sensor arrangements may be used to
characterize the system impedance.
[00203]

It has also been determined that there are many different locations at which aspects of

the system impedance may be measured or characterized. For example, aspects of the system

impedance may be measured in a tube set wall and/or a syringe barrel wall. A swell or pressure
reading in the tube set wall and/or syringe barrel wall may be used to characterize the system
impedance. Stress or swelling in a featured section of the fluid injection system may also be used
to characterize the system impedance. In another example, the system impedance may be
characterized or measured at a motor control arrangement of the fluid injection system. A speed,
current, and/or torque of the motor control arrangement may be measured. It is also contemplated

that strain gauges may be used at different locations in the fluid injection system to characterize
the system impedance. The system impedance may also be measured with a pressure-sensing
tube located at the neck of at least o e syringe in the fluid injection system. In the event a certain

overall system capacitance is desired, there are several different methods available for achieving
the desired overall system capacitance. I one example, certain movements of the contrast piston
in the fluid injection system may improve the system impedance. In another example, certain
movements of the saline piston in the fluid injection system may improve the system impedance.
It is a so contemplated that stopcocks in the fluid injection system may be opened and/or closed
to improve the system impedance. In another example, at least one of the pistons in the fluid
injection system may be moved farther than is typically done so that an added volume of fluid is
supplied to the system to compensate for trapped fluid when a stopcock is closed. In another

example, one of the syringes in the fluid injection system may be moved or pulled back a certain
predetermined distance from the other syringe to reduce the height of the peak pressure or flow
through the fluid injection system. In another example, the stopcocks may be opened at a
relatively slow rate to adjust pressure rises in the fluid injection system. Analog stopcocks or
variable restriction valves may be used in one example. It is also contemplated that the motor
arrangement of the fluid injection system may be pulsed and strategically held to ensure the flow
passes efficiently and as desired through the fluid injection system.
[00204]

In another example to obtain a desired system impedance or system behavior or

response, the fluid(s) in the fluid injection system may be pre-pressurized before allowing the

fluid(s) to flow through the fluid injection system to ensure consistent pressures are experienced
throughout the fluid injection system. Pressure in the fluid injection system may also be relieved
to obtain a desired fluid injection system pressure. It is also contemplated that the capacitance of
the fluid injection system may be minimized to improve the system impedance modeling. It is
a so contemplated t at a specific zero (start) position for the barrel and/or motor arrangement of
the fluid injection system may be adjusted. A pressure dependent zero position may also be
established to account for rubber cover deformation and syringe movement in the fluid injection
system. It is also contemplated that the syringe(s) are only filled with the specific volume of

fluid(s) needed for the current protocol to minimize the capacitance at an injection end of the
fluid injection system. It is also contemplated that the fluid(s) already in the tube set of the fluid
injection system may be taken into account and a rise time of the pressure may be adjusted at the
beginning of the injection process to account for the fluid(s) already present in the tube set.
[00205]

In other examples, a dual or multiple lumen fluid path extending most or all of the

way to the patient connection of the fluid injection system may be used to improve the system
impedance. It is also contemplated that a smaller lumen on a saline line may be used so the saline
line pressure drop is equal to the contrast line. A hydraulic accumulator may also be used in the

fluid injection system to control the fluid pressure in the fluid injection system. In another
example, analog sensing or servo arrangements may be used in the fluid injection system to
reduce time delays between transitions in the fluid injection system.
[00206]

In other examples, the viscosity of the fluids in the fluid injection system may be

matched or more closely matched to reduce the capacitance in the fluid injection system. Heating
of one of the fluids may be used to match or more closely match the fluid viscosities. It is also
contemplated that a high viscosity flush (or a low viscosity contrast) may be used to reduce the
pressure and thus the effect of the capacitance in the fluid injection system. In another example,
the contrast may be diluted to decrease the viscosity of the contrast in the fluid injection system.
Intermediate mix ratios of the fluids in the fluid injection system may be used to broaden the
transition of the fluid through the fluid injection system, thus broadening the change in
impedance. In another example, an active and/or controlled clamp on the tubing of the fluid
injection system may be used to control the impedance of the fluid injection system. An
adjustable restrictor may also be provided at the patient end of the fluid injection system to
control the impedance of the fluid injection system.

[00207]

When attempting to improve the system impedance and impedance modeling of the

fluid injection system there are several different limitations to take into consideration.
Characteristics of the system components, such as the pressure of fluid path elements and motor
current, may be limitations to consider for the system impedance. It is also contemplated that

environmental factors may affect the system impedance, such as temperature, noise, vibration,
system orientation with respect to gravity, and/or height effects on a pressure head if sensing

pressure downstream in the fluid injection system. Variations in system drive and syringe
plunger friction (both static and dynamic) may provide limitations on the system impedance
consistency and modeling. Variations in fluid system components' elasticity and/or capacitance
may provide limitations on or require more sophisticated or involved modeling of the system
impedance. For example the dynamic coefficient of friction of the plunger against the syringe
barrel may depend upon the pressure of the fluid in the syringe. Similarly, the capacitance of the
syringe depends upon plunger position. In general, impedances may not be constant but depend

upon one or more variables that are changing as the system delivers the desired fluids to the
patients. In another example, drive system inertia (which may limit start/stop ramp time) may
provide limitations on the system impedance consistency and modeling.
[00208]

It is contemplated, based on the limitations discussed above, that there are several

different locations/components that may be used in the fluid injection system to improve the
system impedance. For example, pressure jackets on the syringe(s), high crack pressure valves,

hydraulic compensators, a separate syringe motor, and/or contrast syringe at the patient pushed
with a second saline syringe may be used to improve the system impedance and impedance
modeling. It is also contemplated that check valves, high crack pressure valves, and/or expansion
sections in the fluid path of the fluid injection system may be used to improve the system
impedance modeling. Fluid selection and treatment of the fluid(s) in the fluid injection system
may be used to improve the system impedance modeling. For example, fluids with similar
viscosities and/or multiple viscosities may be used in the fluid injection system.
[00209]

It is also contemplated that several different system modeling options may be used to

model and/or assess the system impedance. For example, linear and/or non-linear system
modeling may be used to assess the system impedance. Continuous and/or discrete system
modeling may be used to assess the system impedance. Parametric and/or non-parametric system
modeling may be used to assess the system impedance. Time and/or frequency domain system

modeling may be used to assess the system impedance. Deterministic and/or stochastic system
modeling may be used to assess the system impedance. In another example, distributed and/or
lumped parameter system modeling may be used to assess the system impedance. When
modeling the system impedance, selection of system aspects to consider in the model, based on
importance, impact, knowability, and/or practicality, may be used to assess the system
impedance. A model of behavior may be developed by accounting for system aspects that are
unknown or unknowable, for example, through test, experimentation, and/or approximation and
confirmation. A model may be adjusted to a particular instance of the fluid injection system or a
fluid injection system used in a particular case. A program fluid system action may be created by
taking the model into consideration. A program may be executed that compares actual results to
expectations from the model and the model may be adjusted or acted on appropriately. The
model may also be optionally updated at various times before, during, and/or after a specific
injection program or sequence.
[00210]

With reference to FIG. 36, according to another example of the present disclosure, a

method of improving the overall performance of the fluid injection system is described. This
method may include relieving pressure built up in the syringes of the fluid injection system after
an injection, either immediately at the end of the desired injection or at some time later if the

syringes are isolated in some way, for example, by a stopcock or a high crack pressure valve. By
using this method, the pressure in the system may be relieved via the system itself rather than
being pushed into the bulk fluid container(s) of the system, and/or remaining in the disposables
and tube sets of the system. To effectuate the method, several inputs are provided to the control
system of the fluid injection system, which are used to relieve pressure from the system based on

the input conditions. In one example, t

corresponds to the amount of time that the motor

arrangement of the fluid deliver}' system will be powered off. t l may change from motion to
motion of the motor.

t:2

is the maximum amount of time a pressure relief algorithm is allowed to

repeat. These times may be entered into the control system or may be determined by the control
system based upon the relevant system impedance parameters. It is contemplated i one example

of the present disclosure that the pressure relief method may be conducted at the end of an
injection process of the fluid injection system. It may occur immediately after the end of the
injection, or as the injection ends.

[00211]

In one example, the method may include ending an injection process of the fluid

injection system and leaving a piston at a first position, X I . Power may then be removed from
the motor arrangement of the fluid injection system for a predetermined period of time, tl. When
the power is removed from the motor arrangement, the built-up pressure in the fluid injection
system pushes the plunger/piston assembly toward a bottom (distal) end of the syringe(s) in the

fluid injection system, which may move the motor arrangement in reverse, thereby building up
some rotational kinetic energy in the motor. After the predetermined period of time, t l has

passed, power is again supplied to the motor arrangement of the system. At this time, the

position of the piston/plunger assembly in the syringe is recorded, X2. I the event there is a
position displacement of the piston/plunger assembly in the syringe during power removal, X2X1>0, power is again removed from the motor arrangement and the above-described process is

repeated. Each time the process is repeated the post-power supply position reading (for example,

X2) is recorded as the new initial position of the piston/plunger assembly (for example, XI). In
one example, the pressure relief method is stopped when there is no further movement of the

piston/plunger assembly when power is removed from the motor arrangement. In another
example, the pressure relief method is stopped when the predetermined pressure relief algorithm
time period, t2, has expired. A benefit of use of a relatively short t l and/or allowing the pressure
relief motion to occur i steps or stages is that it reduces the energy that is transferred from the
impedance of the syringe into the inertial component of the impedance of the motor and drive
train as rotational kinetic energy. In some instances, when t l is relatively long, the motor and/or
drive train may build up sufficient kinetic energy related to its inertia that it continues to move
backward, rearward, or distally even though the pressure in the syringe is at zero. In some
instances, this inertial energy stored in the impedance of the motor may create a negative
pressure or vacuum in the syringe that could result in the aspiration of blood from the patient or
unanticipated fluid from the fluid reservoir. In some instances this over-travel i the reverse
direction may induce mechanical slop or other impedance complications into the system and
power may be needed to be applied in order to stop such movements.
[00212]

The pressure relief method discussed above is advantageous for fluid injection

systems in which pressure held within the system cannot be dissipated due to particular fluid
path elements used in the system. For example, in certain fluid injection systems, pressure may

be trapped within stopcock valves in the syringe(s). It is also contemplated that there are

alternative pressure relief methods that may be used. For example, a compliance-based
movement of the piston/plunger assembly may be used to relieve a known amount of pressure
from the system. In the event the compliance of at least a portion of the fluid injection system is
known, the pressure relief method may be used to relieve a predetermined amount of pressure
based on the compliance of the at least one portion of the system. I another example of the
method, instead of conducting the pressure relief method for a maximum predetermined time
period, ΐ 2, the pressure relief method is conducted until a strain gauge positioned in the system
reads a desired pressure for the system. In another example, the forward force of the motor may
be gradually reduced over a specific time so that the reverse rotation speed is kept within a
desired range.
[00213]

The designation of first fluid, second fluid, third fluid and so on is for reference and

understanding only. Generally the system is loaded with one or more fluids in an arbitrary order.
During loading, the fluid path is generally filled with saline first to remove air because it is
cheaper and less messy than contrast. There may also be a test injection to check patency. This
may be done with contrast or saline, so the fluid in the various fluid path elements distal to the
confluence or joining of the fluid flows may differ depending upon the fluid flows and injections
that have happened prior to that point. Also, the injection may start with any of the fluids and
any of the other fluids may follow in an order dictated by the procedure, not position or number.
In one example, the injection system assesses and stores these flow properties so that it can use

the correct fluid physical properties in its model of how the fluid path will respond to a particular
drive motion, and thus adjust drive motions to achieve the desired fluid outputs.
[00214]

In the hydraulics discipline, which is directed to the flow of fluids, it is well known to

consider various significant aspects of total system impedance in analysis of fluid flow and
system performance with various models. For example, there may be either a discrete or lumped

parameter model or one utilizing continuous equations such as the Navier Stokes equation.
Hybrid models may also be used. However, in most hydraulic systems, only a single fluid is
utilized. In the devices, systems, and method of the present disclosure, two or more fluids are

considered with one or more significant differences in their fluid properties. This occurs in some
medical fluid injection systems when two liquids of different viscosities are delivered and/or
when the presence of air is assessed throughout the medical fluid injection system.

Relating Pressure to Flow Rate by Hydraulic Resistance - Introduction and Description of
Variables
115]

The following

equations

enable the various

methods

of modeling,

assessing,

predicting, utilizing and/or controlling the impedance of a fluid injection system as set forth
throughout this disclosure. It is important to use consistent units when describing fluid flow with
mathematical relationships.

Subscripts are used with the variables to identify them and are

defined in the table below.
Table 2

time [second]
Subscript j is not a number but is a qualitative variable that identifies a
component or system or components. For example, 7=

refers to syringe A .

Subscript j may also be more descriptive. For example, /=TOTAL describes
a sum of two other variables such as QTOTAL.I

—

QA.I

+ Qe.i where QTOTAL.I

is the sum of flow rates out of syringes A and B at time = i .
If a variable is not present for j , then the variable is common to one or more
components. An example is pressure at time i given as P that is common to
multiple syringes that are not isolated with a valve.
Pressure P in a syringe is the product of volume flow rate QTOTAL.I out of that syringe, and total
resistance

OTAL

to the flow rate at time i . Variables are defined with Equation 1 in consistent,

English, units:
pound- or
inch 2

TOTAL,i

pound- force-second
inch

rroTAL.i

Methods of Describing the Pressure-Resistance-Flow
[00216]

inch*
second

(Equation 1).

Rate Relationship

The relationship shown in Equation 1 is often determined empirically for a given

system where pressure is typically plotted versus flow rate. Some of these plots are modified for
particular disciplines. For example, industries that utilize pipes (for example, gas pipelines)
present pressure loss per length of pipe as a function of flow rate with separate curves for each
diameter and fluid combination.

7]

Many references present data that show a local relationship between pressure and

flow rate of fluid passing through a particular geometric feature such as an orifice or pipe bend.
Hydraulic resistance can be calculated at any point on the plot by the ratio of pressure to flow
rate. Density of the fluid is a factor for local descriptions of pressure depending on fl ow rate.
[00218]

Hydraulic resistance ca

calculating hydraulic resistance

also be calculated using several factors. All factors for

O A .

he work described in this disclosure are both outside

and downstream of the syringe volume. Pressure

is assumed constant throughout the syringe

volume but varies along the fluid path in the tubing and catheter. Variation of pressure in the
tubing and catheter will not be discussed in detail in this disclosure because the total sum of
hydraulic resistances can be used here without influence on the results. If individual hydraulic
resistance factors change fluid mixing such that the fluid delivery response is measurably
influenced then those individual effects must be quantified in the calculations presented
[00219]
OTAI

Geometric factors influencing calculations for hydraulic resistance to fluid flow
include length, curvature, and inner diameter of both the tubing and catheter. Properties

of fluids including density, bulk modulus, and viscosity are additional variables for calculating
hydraulic resistance.
Mass Flow Versus Volume Flow
[00220]

as

, ,i

Volume flow rate

can also be defined using mass instead of volume and is given

Mass flow rate is necessary for gaseous fluids because increasing pressure measurably

reduces volume of a gas.
[00221]

Pure liquid fluids are no measurably reduced in volume until pressure exceeds

145,000 psig ( 1 GPa). Liquids often contain air that significantly reduces pressure required to

significantly change the volume. Liquid fluids with entrained, mixed, or adsorbed air are more
accurately modeled by accounting for the volume change due to pressure. Accounting for air in
liquids will be discussed later but most of the work described here uses volume flow rate with

Hydraulic Resistance
[00222]

There are multiple mechanisms for hydraulic resistance. Below are two mechanisms

that are common for tubing and catheters.

Hydraulic resistance due to laminar, viscous, flow in circular cross-sections like the

3]

tubing or catheter is the first mechanism and is given in Equation 2 as R viscous '-

ls

u

wound - force - second]
inch 5
J

pound- force-second!
inch

where

ι

poun —force —second
L [inch]
nch?
(Equation 2)
7 0 4 [inch4 ]

is the absolute viscosity, and L[inch] and 0[inch] are the length

and diameter, respectively, of the conduit for fluid flow. Note that diameter

0 is raised to the

fourth power i Equation 2 and is very influential.
Local flow restrictions include the opening of a catheter or entrance to the tubing

[00224]

connector at the end of the syringe. Equation 3 calculates the second mechanism of hydraulic
resistance
rate

Q

R density t a '

related to density

inch
second

The Constant is related to local geometry details. Note tha
Q O AL

diameter 0[inch], and flow

,

[00225]

R density

8

function of flow rate

resulting in a non-linear relationship between pressure and flow rate.
Increasing density, viscosity, length of conduit, and severity of the local restriction all

increase hydraulic resistance. Decreasing flow conduit diameter exponentially increases flow
resistance. Pressure required for a given flow rate increases with resistance due to the mechanical
to thermal energy transformation that results i pressure loss along the fluid path
[00226]

Finite element computational fluid dynamic (CFD) methods can be extended to the

fluid components in order to characterize hydraulic resistance. Techniques include smoothed
particle hydrodynamics (SPH), Combined Lagrangian Eulerian (CLE), and Euler and Lagrangian
methods. Specific modelling considerations to the finite element discretization must be used to
implement such methods in an injector with limited computational ability. Benefits to flow rate
control are realized with CFD when hydraulic resistance is hyper sensitive to variation in

nominal values for variables such as the actual size of a catheter with a relatively small diameter
and mixing of two different fluids requires discretization only possible with such numerical

methods.

Mixed Fluids and Hydraulic Resistance
[00227]

Mixed fluids have properties that are calculated by the characteristics of mixing.

Homogeneous mixing may yield property values proportional to the ratio of the mixture. For
example, a homogeneous mixture of contrast and saline that is 40% contrast by volume will have
a mixed density p mix is given by Equation 4 :
Pmix =

[00228]

Pcon rast +

)psaline

(Equation

4) .

Some mixture representative volumes must be determined with respect to the specific

characteristics of the mixed volume. An example is a reported phenomenon of catheters that
have 100% contrast followed by 100% saline in a multiphase injection. At the start of the saline
injection there is a period of time that the saline flows inside of an annular, conical, volume of
contrast; the annular volume of contrast decreases with time until flow is 100% saline. Mixed

viscosity

ηχ

[pound- force-second]

—

... . .. .

.

. ,

.

,

. .

..

will likely be determined empirically with experiments

because determining i mix with calculations like those of computational fluid dynamics may not
be practical since a microscopic scale model is required. The annular volume phenomena
described above has potential to occur in both the tubing and catheter.
Total Hydraulic Resistance
[00229]

Total hydraulic resistance

OTAI

e

entire system using the examples above is

quantified in Equation 5 by
total.i —

+ Additional Terms (Equation 5) .
'

For many injector configurations n = 2 for viscous resistances and m = 1 for local, density,
resistance is adequate.
[00230]

to R TOTAL

Additional terms accounting for different geometry, turbulent flow, etc. can be added
a appropriate. Equations for hydraulic resistance demonstrate that changes to

viscosity, density, and inner diameter result in change to flow rate and/or pressure are implicit
i.e., they occur without respect to time. Such changes occur by opening or closing a valve or

suddenly injecting a different liquid with an additional syringe that is connected to the fluid path
of the first syringe. Nearly instantaneous changes in flow rate occur without modification to the
velocity of the piston or pistons displacing the fluid or fluids. Pressure is not instantaneously
changed in typical radiology applications for reasons that will be described later.

Note that R-TGTAU
TOTAL,i

=

+

b e simplified as
QTOTA

(Equation

6) .

This equation format w i l be of use in solving for Qtot i i Fluid- Structure Interaction of Mechanical Parts and Fluids - Rigid Mechanical Parts
[00231]
A

J

If an injector piston in a syringe labeled j with a plunger of cross-sectional area

[inches 2 ] like that in FI G 2 moves an amount

in time increment

y clinches]

then the

volume of fluid theoretically displaced by the piston equals the volume of fluid injected at rate

Qj ,i and s related to pressure P and

W

through the Equation 1 and Equation 7 below:
(Equation

[00232]

Subscript 0 for cross-sectional area A

syringe at zero pressure. Area A

j

i

7)

represents area of both the plunger and

is not the total surface area of the plunger but rather the

projected area that is perpendicular to the syringe axis of motion
[00233]

Equation 7 above reflects that none of the mechanical parts are elastic and do not

deform when subjected to forces associated with pressure or acceleration of the fluids. Volume
displacement of the plunger equals volume of fluid expelled from syringe j and injected. As
material stiffness, assembly precision, and section size increase, actual response of a real system
can approach that of the theoretical system.
[00234]

Another valid application for Equation 7 occurs when elastic components do not

undergo a change in their current state of deformation because pressure and other sources of
energy are constant. Equation 7 is valid during a steady state for pressureP
rate
[00235]

STATE such that volume displaced b y

&t

flow

y j i is equa to volume injected at rate Q .

Steady state flow rate Qj STEADY STATE is equa to Al

cross-sectional area Aj

STATE a

t

Note that the subscripts for

do not have a zero. The reason is that the inner diameter of the syringe

and plunger diameter are elastic and va ' with pressure. Magnitude of the area variation is on the
order of 1.0%. Also note that the area used for flow rate at time / is the area at time i
account for the pressure variation due to the pressure resulting from volume displacement.

—

At to

Elasticity in Structural Parts and Fluids
[00236]

Contemporary injectors used for radiology are made with many thermoplastic and

thermoset polymer parts that are linear-elastic, flex under load, and have assembly clearances
that measurably influence actual flow rate. Polymer rubber parts that are hyper-elastic are also

part of the typical assembly, have stiffness significantly lower than many thermoplastic
polymers, and further influence the real injection rate by orders of magnitude.
[00237]

Polymers relax and deform under load given enough time. Many polymers used in

radiology applications relax and deform in elapsed time that is of short duration. Timedependence of materials influences their performance during injection.
[00238]

Polymers have a relatively high coefficient of thermal expansion as compared to that

of other materials. Increasing thermal gradients consequently increase variation of component
size and sometimes shape such that the change can influence fluid deliver}' results. Thermal

effects can be quantified so that compensation is feasible during injection.
[00239]

Mechanical properties are a function of temperature. In general, stiffness and strength

both decrease with temperature. Compensation for mechanical property variation is possible if
the temperature-property relationship is characterized and part of the injector algorithm.
[00240]

Knowledge of the temperature is required for compensation for both dimensional

change and property variation. Heat sources are often part of the injector system and have the
greatest potential to induce elastic thermal effects.
Plasticity in Structural Parts
[00241]

Some syringe components like the rolling diaphragm illustrated in FIG. 4 may

deform permanently with plastic deformation. Appropriate relationships for plastic strain must be

used in algorithms used to for fluid delivery using components that tolerate plastic deformation.

Hydraulic Capacitance Due to Elasticity
[00242]

Pressure change during delivery of fluid changes potential, elastic, and strain energy

of the system. Increasing pressure increases overall internal volume of system components
and/or compressive forces on system components resulting in their contraction, as discussed
herein.

[00243]

Kinetic energy of pressurized, flowing, fluid further affects overall performance of the

fluid deliver}' system.

For example, inertial forces of moving contrast material and elastic

expansion of the structural parts, containers, and/or tubing and catheter associated with the
system may cause a lag or time delay between movement of the syringe piston within the injector

and proportional movement of contrast or saline material out of the catheter and into the patient.
[00244]

Mass of the fluid is always conserved and at the pressure range used in radiology

volume of fluid is conserved as long as air is not contained i the fluid. Lag is only relative to the
desired output; fluid is just moving in an area where it shouldn't flow and/or not moving at the
desired velocity.
[00245]

As injection pressure increases, fluid fills any extra_capacity created by dilation or

compression of various components of the fluid delivery system such as the syringes, tubing
connected to the patient, and components of the fluid injector. Maximum pressure is on the order
of 1,200 psig for some angiographic procedures. Volume of this capacity of fluid in both the

syringe and tubing subtracts from the desired quantity to be delivered in the injection procedure

until conditions including pressure are such that flow out of the capacity is favorable. Such
increase in the quantity of fluid in capacity occurs due to system hydraulic capacitance
h .TTOTAL.i

inches 5
pound orce

If one or more of the treatment fluids contains or accumulates air that is entrained,

mixed, or adsorbed, then the fluid bulk modulus

po m l- force]
may be decreased such that
inches

changes in treatment pressure measurably change the fluid volume due to increased capacitance.
Capacitance Variables
[00247]

Hydraulic capacitance Ch i (also referred to as compliance or elasticity) is the

product of a volume at zero pressure and time i labeled VQj ^[inches 3] and the effective volume
dilatability ef e
Γ-

e, pound- force given by Equation 8 :

inches 5
pound —force

V0j ^[inches 3

^-effective,],!.

inches 2
pound —force

(Equation

Hydraulic capacitance is not a volume but rather a potential for volume change due to pressure
change
[00248]

Note that V j l is the volume of syringe j without any deformation. It is important to

recognize that VQi i is not a constant for the syringe but instead varies with each piston

displacement increment

yj

As the injection proceeds the theoretical volume VQ

the volume of the square of the syringe inner diameter multiplied by

decreases by

as described by

Equation 9 :
Voj.i = Voj.i-Ac -

y ,i (Equation

,i

An example for dilatabiiity is given in Equation

0 for a long tube that neglects end effects:

inches'
ffective,tube,i

where E

[pound

—

s)

force\

E ube

10)

(Equation

t.

is the modulus of elasticity of the tube material. For example, a steel tube will dilate

less than a plastic tube at a given internal pressure since Es[eei
Volume i capacitance at time

Q E iastic

is residual volume Vresidua i finches

3 ])

that is due to elastic

swelling and/or elastic shape change of the components of the fluid delivery system resulting
from pressure?; applied to those components;
inches'

pound —force-

pound —force

inch 2

(Equation

11)

which leaves at total syringe volume Vjri
j.i = v oj.i +

[00249]

v

residuai.j,i

(Equation

12)

It is important to distinguish between residual volume in capacitance and flow into or

out of capacitance. Flow into or out of capacitance occurs when pressure changes and/or
.

≠

,j i

- Recall that the piston increment Ay

changes VQ i . Flow into or out of

capacitance due to pressure change subtracts or adds, respectively, to fluid displaced by the
piston displacement ∆;

,·

.

Total Effects in Fluid- Structure Interaction
150]

Table 2 includes subscript notation for total effects. For example, syringes that are not

isolated with a valve will have a cumulative flow rate given by Equation 13:
τοτΑ ΐ ,, ί = QA.1 +

[00251]

i (Equation

13)

Capacitance must also be considered as a cumulative variable when syringes are not

isolated with a valve that is closed as described in Equation 14:
Cn.TGTAL.i

= Ch,A,i + c h,B,i (Equation

14)

Capacitance and Syringe Flow Rate
Decreasing pressure results in flow out of capacitance that is in the opposite direction

[00252]

to flow into capacitance since the same components that dilate and/or compress with increasing
pressure contract and/or extend with decreasing pressure. Effect of flow to and from capacitance
is added to the right-hand side of the equation above to account for the volume rate of piston

displacement:
A

1,1

ί

Vj

inch

At

second
pov id —force!
inch
po nd —force ~ second]
in ch

inches

Wound - force]

[pound - force\ \

At

\-— 5

/ Yinchr - seconds

(Equation

15)

Observe that total capacitance must be used in Equation 15 if the syringes are not

[00253]

isolated with a closed valve. For a syringe labeled j , recall that flow into or out of capacitance
subtracts from or adds to, respectively, the volume displacement due to

Ayj l .

This can be

expressed as Equation 16 for flow rate out of syringe j at time / equal to Q}

Equations 5 and 16 reflect three mathematical details important for conservation of

[00254]

volume during flow into or out of capacitance. The first detail is that hydraulic capacitance is
proportional to theoretical volume
sectional area A

that is a product of the zero-volume syringe cross-

.

The second detail is that theoretical flow rate in syringe / at time is a function of the

[00255]

actual syringe cross-sectional area A _&T at the start of time increment i and is the product
J L

J

'

-

-

[00256]

The third mathematical detail is that flow into or out of capacitance is a function of

the change in pressure ( Ρ

P-

volume Cft

(P

syringe Q

and total values Ch

—

Recognizing these three details accounts for the residual

P _ ) displaced by the piston that contributes to the flow rate out of the
0 TA L

(Pi - P _ ) and QTOTAL,I - f (P -

f

) =

then

flow rate n or out of capacitance s zero except for the residual volume in capacitance displaced
by piston motion

equal to Aj

y

which reflects steady state flow rate and pressure. The

present disclosure gives methods to maintain constant flow rate during transitions from one fluid
to another when fluid is also flowing into and out of capacitance. Calculating flow rate and
pressure during these transitions requires additional calculations.
Clearance Between Components and Piston Displacement ∆ν ·
[00257]

Potential for clearance between parts was discussed earlier to allow for assembly.

Such clearance adds or subtracts from ∆

linkage allow displacement that results in
[00258]

,

if dimension tolerance conditions in mechanical
yj being effectively changed by such clearances.

Conditions resulting in actual piston displacement varying from that of theoretical

include overcoming a threshold friction force, deformation over a range that excludes contact
until a threshold value of deformation is exceeded, and other discontinuities or step changes in
the load-deformation relationship.
[00259]

Empirical relationships often reveal effects and ordinate values of pressure and piston

position of these thresholds and steps. Changes in curves that relate variables like piston

displacement or pressure to response variables like capacitance, pressure, and flow rate are often
mathematically discontinuous because of the steps and thresholds. Note that pressure can be
either a dependent or independent variable.
[00260]

Compensation for such clearance can be calculated or empirically determined. The

clearance data can be used to modify piston displacement

accordingly in order to further

optimize fluid deliver}' control.
Determination of Capacitance and Residual Volume
[00261]

Empirical determination of capacitance and residual volume is often more efficient

and accurate than calculation. Many parameters used in calculation must still be obtained

empirically. A combination of the two methods is typically used .
[00262]

Accurately calculating capacitance Ch

i

and residual volume Vres idu

,j .i [inches

3]

requires hyper-elasticity and assembly compliance and clearance to avoid concluding a response
that is too stiff that under estimates capacitance. Recall from Equation 11 that capacitance is the
product of zero-stress volume V

_i

at time / and elasticity relating volume change to pressure

with Kef ective i
Residual volume

r esi

.j-

,i was

given in Equation

.

S3]

One means of calculating capacitance and residual volume utilizes mechanics of

materials to determine the uni dimension change in [inches]of one or more components that
create the fluid cavity or conduit of volume V :[inches 3] per a change in pressure
,, \pound~ force!
.
.
.
.. .
.
. .— .
— ¾ s important to recognize that neither volume nor mass will he conserved f
L inches
j
"

there are errors in either the mechanical properties or mechanics of materials formulae.
[00264]

An example of mechanics of materials models the syringe using a cylinder / of

internal diameter

=

o a d length

. == with the end that has the tubing connection assumed

closed. The syringe modeled with a cylinder j that has elastic modulus E , Poisson's Ratio v ,

and wall thickness ts can dilate/contract and expand/compress by both diameter change and
length change
respectively, due to pressure F at time i as described in Equations 17 and
18:

[inches]

] (Equation 17)

+~

------

LSj
A i is cross-sectional area of the syringe at time i and pressure
A , finches

π

] =- φ
4

P:

(Equation 19)

Diameter of the hyper-elastic plunger is assumed equal to that of the syringe. Piston length
change Lpj at pressure

is calculated by
Lp i [inches]

[00265]

-----

' '" '

(E quation 20) .

Hyper-elasticity must be accounted for in the plunger elastic modulus EP :

wound —force]
EQ + f Pi (Equation 21)
inches 2
where EQ is constant and f (P is the function of pressure P that relates the hyper elasticity to
EPL,i

the stress state of the plunger. EPL i increases with stress that results from pressure P . If plasticity
occurs such as in the rolling diaphragm then a similar, non-linear, mathematical technique like
that in Equation 1 must be considered in order to correctly model the response
Syringes are not always filled to their capacity so a fill volume VF

[inches ] is defined at

zero pressure that allows calculation of a length of the syringe that is filled, L I L

FiLL [inches]

VF, ILL,]

π

,2

'j,i

[00266]

(Equation 22)

=Q

An actual fluid length that accounts for total deformation and piston displacement

y j at time i is given by:
Fluid Length

j

= LFILL [inches] + Lpj + LSj

Ay j

—

(Equation 23)

=1
7]

Theoretical volume of the syringe at time / and zero pressure using mechanics

materials is given by

(Equation 24)

i ches
[00268]

Actual fluid volume of the syringe at time / and pressure P is given by
VACTUAL,j,i

[00269]

n

s '

—

Aj iFluid Length

j i

(Equation 25)

Residual volume in syringe j at time i calculated below in Equation 26 as a function

of capacitance is also calculated from mechanics of materials:

VA cTUAL ,j,i

V residual,] ,i[inches 3
)]

~~

VJ

i

(Equation 26)

Note that the volume displaced at time by y j uses the syringe area A

pressure from the prior increment. The reason for using area at time i -

i &t

that uses

is because pressure

results from flow rate.
[00271]

Capacitance is calculated using this format since residual volume is proportional to

capacitance:

inches 5
n,j,i
[pound —force

residual, j.i
i -

dV
(Equation 27)
dP

where PQ is typically zero.
72]

Flow rate in or out of the residual volume of syringe j capacitance at time

is then

calculated as a function of the incremental change in pressure as it was in Equation 16:
Q .cap,j,i

[00273]

inches'
second

h,j,i

Pi - Pi-

At

(Equation 28)

Flow out of capacitance supplements flow from piston displacement y j such that

Q

-

A

_

∆ί

_Q

(Equation 29)

Flow out of capacitance s negative by the sign convention used in Equation 28 so flow out of
capacitance adds to that in Equation 29 from piston displacement

. Equations 28 and 29 rely

on pressure defined as a function of time which can be calculated, acquired from real-time data,

or accessed from a database.
[00274]

A related but more precise means of calculating residual volume discretizes the

component geometry into finite elements and uses typical potential energy methods like those of
either Rayieigh-Ritz or Galerkin to relate pressure and fluid dynamics to stress and strain in the
injector components that are subsequently used to determine residual volume. Finite element
models assuming two-dimensional axi symmetry including both hyper-elasticity and contact can
be processed quickly to provide data at a rate sufficient to modify the piston velocity and control
flow rate using computational capability on contemporary injectors.
[00275]

Syringes designed as a rolling diaphragm may benefit from finite-element modeling

for capacitance calculations and fluid structure interaction since the shape of the capacitance
volume is more complicated than that for a syringe made with a separate plunger. Capacitance
includes, for example, the annular volume that surrounds the rolling diaphragm and is bounded
by the pressure jacket.
Empirical Determination of Capacitance and Residual Volume
[00276]

Total system capacitance is inherent to each fluid deliver}' system and to the various

fluid path elements thereof, and depends on a plurality of factors beyond pressure and volume of
fluid remaining in the system, including, without limitation, injector construction, mechanical
properties of materials used to construct the syringe, plunger, pressure jacket surrounding the
syringe, interaction between molecules of different liquids that changes their specific volumes,

and fluid lines delivering the fluid to the patient; size of the syringe, plunger, pressure jacket;

length and diameter of tubing; and local geometry changes such as orifices and bends through
which the fluid must pass under pressure; and fluid properties, such as temperature change,
temperature gradients, viscosity, and density.
[00277]

Variables and relationships given above for calculating capacitance and residual

volume reveal difficult challenges. Empirical determination is typically used at least in part to
produce capacitance and residual volume data. More specifically, the curved surface in FIGS.
52A and 52B illustrates exemplary proportional relationships between residual volume in a

syringe as a function of both volume remaining in the syringe and pressure in the syringe.
Equation 30 is an approximate fit for residual volume for syringe at time :

Residual Volume Equation;
V esi uai

i

hes

=

0

(Equation 30)

Variables:
E

"

poundinch^

constant for elastic modulus

E = coefficient for pressure to account for non-linear deformation
pound- force ] _
= Pressure at ti
inch 2

VQ :[inches 3 ] — Remaining syringe volume at zero pressure at time i.

[00278]

Capacitance is calculated i Equation 3 by dividing residual volume by pressure;
C-

[00279]

inches 1
[pound —force]

^residual, j.i

,„

.

„

(Equation 3 - )

Other numerical and statistical methods may be used to characterize data for Equation

30. If syringes are not isolated with a closed valve then all volumes must be considered in these

relationships.
[00280]

FIG. 52A plots a surface assuming linear elasticity. FIG. 52B plots a surface that

includes non-linear deformation. Increasing non-linear response as a function of pressure and
overall greater residual volume in FIG. 52B illustrates the effect of these variables as compared
to the linear elastic response in FIG. 52A.
[00281]

A mathematical discontinuity between actual and calculated residual volume and

capacitance values occurs at zero syringe volume V . The plots correctly illustrate that residual
volume is an independent function of pressure at zero pressure syringe volume

'

since

pressure independently deforms individual parts that cumulatively create volume as indicated in
Equations 17 through 23.
[00282]

The data given at zero pressure syringe volume Vo

is an estimate and is only for

illustration. Empirical results for specific injector configurations
exemplar}- surfaces shown in FIGS. 52A and 52B.

specifically define the

Flow Rate and Pressure During Transitions Without Correction of Overrate - Time to Steady
State Conditions
[00283]

Equations above demonstrate that flo

into or out of residual volume of hydraulic

capacitance occurs when the pressure changes. Equation 16 quantifies the difference between
volume that piston motion displaces and that flow into or out of capacitance subtracts or adds to
the volume that is injected. FIG. 5 1 illustrates the effect of suddenly changing hydraulic system
fluid properties and characteristics like viscosity, density, valve position, etc. These changes
proportionately and instantaneously change both resistance to flow and flow rate while the
pressure changes at an exponential rate governed by a time constant
hydraulic capacitance and hydraulic resistance. Calculation of

is given below in Equation 32:

po nd —force —secon

second]
14]

!) AL l

(Equation 32)

inch"

Units for factors for

RTOTAL.I

and CH

that is the product of

0 A

I

yield time as a product because

increasing hydraulic resistance increases time for a given volume to flow into a volume of
magnitude governed by the capacitance. Time constant
pressure volume at time

i.

increases proportional to VQJ^, the zero

Decreasing component stiffness also increases

since a deform able

volume dilates more for a given pressure increase as stiffness decreases. Note that component
stiffness is the inverse of

e

f ective

.

Sources of Pressure Data During Transition from Contrast to Saline
[00285]

Ideally pressure P; is available as real-time acquired data or accessed from a database.

If pressure data is not available, then

P

can be calculated over the transition time range if steady

state values and initial conditions are given. An example of calculations required to analytically

determine transient pressure is presented below.
[00286]

Equation 16 gave the flow rate from syringe j at time i and is copied below for

convenience in Equation 33. The example in Equation 33 considers both total capacitance for
multiple syringes that are not isolated with valves and the total hydraulic resistance:
a l

33).

87]

Determining pressure during a transition such as when syringe A finishes injecting

contrast and syringe B begins injecting saline requires manipulation of Equation 33 so that time
constant

can be calculated and subsequently used to define pressure and flow rate through the

transition. Derivation of the equations is given below without units for clarity.
inch
p o n a — or eel

TOTAL .

"

ipound —force — second]
inch?

inches
oound —force] \

TOTA .

pouna — orce

Pi...*.

me

At

—secona

(Equation

34)

Where
35)

(Equation

—

and
j .i- &

STEADY STATE,]

from Equation 34. Steady state flow rate

y i

Equat ion 36)

Q STEADY STATE,;

neglecting small errors. Steady state pressure

also the programmed flow rate

PSTEADY STATE,

s

typically determined empirically

although it can be calculated with knowledge of hydraulic resistance and the steady state flow
rate using Equation
P

Substituting — and QSTEADY STATE,] '-

dP
Q .STEADY STATE,]

Multiplying both sides by R

A

+ Ch,TOTAL,i

(Equation

37)

R-TOTAL.i

gives

dP

TAL,iQSTEADY S ATE,j — i

+ ^TQTAL ,i

,T TAL,i ~

(Equation

38)

Where
TOTAL.i ^h.TOTAL.i

and

PSTEADY STATE,)

~

RTOTAL,I QSTEADY STATE

dP
PSTEADY STATE,] = Pi +

Manipulating to prepare for integration gives

—

(Equation

Substituting gives
39)

sTEADY STATE ,j

dt

Multiplying

i)

STATE ,! ~

dt(P STEADY
i

~

{Equation

=

i) -

(Equation 41)

dP

~ (Equation 42)
P

( ^STEADY STATE,]

i

both sides by (-1) so P i s positive

-dt

dP

i
Distinguishing

i

P' for mathematical

P from

(Equation 43)

^STEADY STATE,] )

clarity and then integrating

gives

(Equation 44)
Substituting

the limits of integration:
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Simplifying:
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[00288]

If resistivity,

saline transition
state pressure
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exponential,

relationship
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[00289]

=

PSTEADY

ATE

-

+

Initial pressure Pi

t

PsTBADY STATE

eR

rA i

,

O rAL,i

(Equation

52)

for the first iteration is either the steady state pressure for the

contrast or the maximum contrast pressure if steady state pressure s not achieved for contrast.
Steady state may not be achieved due to a low volume injection that did not allow time for steady

state conditions or a limit for pressure on the injector was exceeded.
[00290]

Since R en i y is

function of flow rate and there is a mixture of fluids during the

transition, both P and r , must be solved iterative! by updating all of the variables in Equation
52, i.e., they are variable coefficients. Recall piston displacement influences capacitance since it

directly changes theoretical volume

which is the reason that capacitance is labeled Ch

i

to

indicate that it varies with time if piston velocity is not equal to zero. High-volume injections
have more initial capacitance and longer initial time constants than a lesser fill volume i the
same syr nge
[00291]

Flow rate Qj

must also be solved iteratively since it is a factor in Roensity - The

algorithm to calculate (^follows in the next section.

Iterative Equations for Flow Rate During Transition from Contrast to Saline
[00292]

Pressure lags the flow rate transition as theory predicts and FIG. 51 illustrates in

systems with capacitance as contrast injection ends and saline injection begins. If pressure is not

available as a database or real-time data, then it can be calculated incrementally during the
transition from contrast to saline. The key is to calculate pressure at time ,
o for the time constant labeled τ :

s

flow rate Qi-At

, using the prior

-A
Pi = PSTEADY STATE,] +

Pt- u

PSTEADY STATE,]) 6

E

t io

53)

where
=

54) and

P-TGTAL,i-AtCh,TGTAL,i (Equation

R TOTAL.i
pound- force-second
π

[inch

j n

Psaline.k

+ Qi VTAL,i-At

2
k

pound- f rc - s c n
inch4
[inch*](Constant) 2

(Equation 55)

Note that for many injections n=2 and m=l. Simplifying equation 55 for subsequent calculations
gives:
R T oTAL,i

[00293]

R Q+

=

Format of Equation 56 for

56)
will be of use in solving for Qj . Flow rate may

R TOTA

also be available as a function of pressure although this is less likely in the transition range.

Several numerical techniques can be used to calculate flow rate, such as the one below.
[00294]

To find Qj , substitute P- and (i? 0 + R Qj
Pi

=

TOTAL iQj i

= ¾ + Ri Q

Q

Modify the format to find the positive root Qj

=

into Equation 1:

¾¾

Qj,i

(Equation 57)

i

R Q i + R Q Q i - Pi = 0 (Equation

58)

(Equation 58')

2R

where the uncorrected flow rate is the positive square root in Equation 58'

Transition Behavior at Beginning and End of Treatment
[00295]

In the absence of real time data or a database, the exponential relationships in

Equations 33 through 58' quantifying pressure and flow rate through the transition from contrast
to saline also describe the period to steady state a both the beginning and end of the treatments.
An example calculation follows for a contrast injection flowed by a saline injection where the
two syringes are not isolated with a valve.
[00296]

initial and boundary conditions simplify the calculations for pressure and flow rate to

steady state both at the beginning of an injection and at the end of an injection. At the beginning

of the injection,

Q STEADY STATE,}

s

the programmed rate and pressure

PSTEADY STATE,}

i either

determined by experiment or estimated by
PSTEADY STATE,}

C j,

Ay: ;
~

T T

(Equation

where C is a constant used to estimate the final diameter due to

)

PSTEADY STATE,}

Recall that this

elastic diameter influence is on the order of 1.0% and may be neglected with little influence
depending on the precision required. Pressure and flow rate are calculated with the exponential
relationships below using the same algorithm presented above:

- t
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Qj ,i = QSTEADY STATE + Qj .i- & ~
[00297]

eR

QsTEADY STATE

T AL,i

h,
T O TAL

,

(Equation 61)

After either reaching steady state or the end of the injection, Equation 16 may be used

to complete the treatment. Note that subscript j identifies the individual syringe and that VQ
varies with both fill volume LFI
[00298]

and piston displacement yj .

The end of the treatment similarly uses the exponential relationships for both pressure

and flow rate. Steady state values for both pressure and flow rate are zero: initial conditions are

the values at the end of piston displacement for the saline. In addition to pressure and flow rate
calculations at the end of the treatment, the sum of time increments to reach zero determines how
uid will continue to flow out of the catheter due only to flow out of capacitance, Q

i

=

Controlling Flow Rate
[00299]

Iteration continues through the criteria of time and/or stroke length increments. As a

new syringe B with the saline begins injection, fluid properties including density and viscosity
will be those of the mixture pm iX and µ

only about
[00300]

ιχ

in the tubing which is of minimal influence since its

ml.

Injection with a different fluid is the point in the algorithm where if

Qj .i > QSTEADY STATEJ) then

decrease in piston displacement

occurs incrementally as

needed to limit flow rate Qj < QSTEADY STATEJ [00301]

It is important to recognize that the passive response of the syringe that does not have

specified piston displacement contributes to total flow and pressure such that its flow rate,
pressure, and capacitance change. For example, if y
be into residual volume of capacitance C

Fluid Lengtk

Bi

=

FILL

Bi

i

> 0 and y B ,i = 0, then flow QB i will

of syringe B such that

[inches] +

=- φ

PB

+

(Equation

(Equation 63)

since both fluid length and diameter are proportional to pressure

P .

Total flow rate is reduced by

Q i in this scenario since QB i is less than zero;
QB, i <

[00302]

(Equation

65).

The present disclosure utilizes control of piston displacement

to vary both flow

rate and capacitance in order to maintain programmed flow rates. Recall that
influences flow rate Qj i by volume displacement and capacitance Ch
both of which change pressure

P

directly

by changing fluid length

and the resulting total flow rate QTOTAU

Methods for Reducing Overrate
[00303]

As discussed herein, a multiphase injection can include a contrast or first phase

followed by a second or saline flush phase. At the start of the saline flush phase, the conduit or
fluid path is full of contrast, which is typically a highly viscous fluid that is also of higher density

and higher bulk modulus of elasticity than saline. As the injection proceeds, saline introduced to

the conduit or fluid path begins to displace the contrast remaining in the fluid path. When the
saline flush reaches the end of the conduit and the catheter, pressure

P

begins to decrease

significantly due to the hydraulic resistance difference between the saline and the contrast. As a
result, flow rate QTOTAU at the early part of the second phase increases because P >
STEADY STATE,

This flow rate increase can be referred to as "a fluid flow spike" as shown in

FIG. 51.
[00304]

As an example of the mechanism for the difference in hydraulic resistance is that the

viscosity ratio of contrast to saline can be 10:1, 20:1, or 26:1. Density ratio of contrast to saline
can be 1.4: 1 . It is noted that the flow rate does not increase by a factor 10, 20, or 26 during the

saline flush phase, because a significant amount of pressure is required to accelerate fluid
through narrow catheters for delivery to the patient resulting in the density resistance being a
function of the flow rate. In a similar manner, due to residual volume in hydraulic capacitance of
the syringes and other fluid path elements, the pressure does not drop instantly since it takes a

proportional amount of time for residual volume to flow out of capacitance proportional to the
time constant τ .
[00305]

In some examples, during the injection, potential energy or pressure can be converted

into the kinetic energy (e.g., fluid velocity). In many fluid systems, this kinetic energy can be

recovered in a properly designed diffuser. However, in fluid delivery applications, the narrowest
element is usually the catheter. In that case, high velocity fluid may dissipate its energy in the
patient's vessel.

The smaller the catheter, the more significant the effect of acceleration

compared to tha of the viscosity.
[00306]

With reference to FIG 50, a method for performing an injection with a fluid delivery

system which addresses fluid velocity increases caused by differences in fluid density or
viscosity and which reduces fluid overrate or fluid flow spike in a multiphase injection is
illustrated.

The method is adapted to maintain a substantially constant fluid flow rate, flow

volume, and pressure throughout a multiphase injection and, in particular, to address
discontinuities in flow rate, fluid pressure, or volume, which can occur at transitions between
phases of an injection for fluids of different densities and/or viscosities, such as a phase
transition between contrast and saline.
[00307]

As indicated at 910, a multiphase fluid deliver}' system is provided. The multiphase

fluid delivery system can include a first syringe containing a first fluid and a second syringe
containing a second fluid. In other embodiments, different pump-types with at least first and
second fluids, such as piston pumps, peristaltic pumps, or combinations of different pumps may
be utilized in multiphase fluid deliver}- injections, where fluid flow rates and phase transitions
may be controlled using calculation processes and various methods described herein. In general,
the first fluid delivered as part of the disclosed method is contrast and the second fluid is saline.
In some examples, the first fluid is denser than the second fluid. In other examples, the first

syringe and the second syringe may both contain contrast agents of the same or different
concentrations. In some examples, the first syringe and the second syringe contain the same type
and concentration of fluid.

The fluid delivery system can also include a fluid conduit for

conducting fluid from the first syringe and the second syringe to a patient. For example, the
conduit can be a fluid path set as described in connection with FIGS. 1-6. The system also
includes an injector having a first piston for expelling fluid from the first syringe and a second
piston for expelling fluid from the second syringe.

In some examples, the syringes are

conventional disposable or reusable syringes configured to be inserted into a front loading
injector and including a moveable plunger configured to be driven by the piston, as shown in
FIG. 1 . In other examples, rolling diaphragm syringes can be used for the injection procedures

described herein.

In other examples, other pumping mechanisms, such as piston pumps,

peristaltic pumps, and combinations of these with syringes may be used for the injection
procedures described herein.
[00308]

As indicated at 912, an injection procedure is initiated by, for example, advancing the

first piston to expel fluid from the fi rs syringe into the conduit during a first injection phase. As
the first injection phase occurs, as indicated at 914, fluid pressure in the first syringe and/or the
second syringe is measured. Syringe pressure can be measured in various ways, for example via

motor current, a strain gauge, a pressure gauge, or another suitable device associated with a
syringe barrel or fluid conduit. Any change in pressure represents a change in the amount of

fluid leaving the syringe.
[00309]

It is understood, however, that the implementation of this approach depends upon

whether the syringes are open to each other or separated by check valves or stopcocks. For
example, if there are stopcocks on the output of each syringe, once the transition is made from
contrast to saline and the respective check valve or stopcock is closed, only the saline syringe
pressure is monitored and the saline plunger is moved accordingly.

The contrast syringe is

isolated from the fluid path. If the two syringes are connected through open tubes, then both
pressures are preferably monitored and both plungers are preferably moved. For example, the
contrast plunger may be moved backward at a rate such that no fluid flows out of the contrast
syringe and the saline plunger may be moved backward or forward such that the desired saline

flow rate is achieved. If the two syringes are connected with one or more check valves, again
both pressures are preferably monitored and both plungers will need to be moved to prevent flow
dribble of contrast out into the saline flush phase; however, the contrast syringe plunger may be
moved or allowed to move backwards even more quickly because the check valve prevents any
flow of saline into the contrast syringe
[00310]

As shown at 916, displacement distance that ranges over both a positive and negative

direction for a syringe piston is calculated based on the measured or calculated pressure and a
target fluid flow rate. In some cases, the distance is calculated only for the second or saline
syringe. In other examples, a distance can be calculated for both syringes to relieve pressure in

each syringe.

For example, the distance or displacement can be calculated based on a

relationship between the time course of the pressure in a syringe labeled B syringe and the fluid
volume leaving, as expressed by a discrete time equation, referred to herein as the "Impedance
model equation", shown below in Equation 66:

QB.I

[00311]
fi,B,i a n d

=

B i ...

¾ -

c

+

(Equation 66)

Note that Equation 66 above accounts for residual volume from both capacitance
compression of the fluid volume VQ

divided by the fluid bulk modulus β Β ί . Fluid

compression is negligible in radiology applications unless air is present in the fluid.
[00312]

Equation 66 also indicates that syringe B is isolated from syringe A and other

syringes since capacitance excludes that of syringe A . In this case,

Q B>I = QTOTAL.V total

flow

rate is equal only to that from syringe B .
[00313]

Derivation of Equation 66 is described in Equations 1 through 65. In Equation 66,

is the volumetric flow rate (with dimensions of length 3 per unit time (e.g.,

:

1

Y )) for fluid

volume leaving the second or saline syringe at a given time i . A i ... t is a cross-sectional area of
the syringe. Ay i is the incremental displacement of the piston B at time i with units L . The
value Ch

is a pressure and position dependent incremental, hydraulic, capacitance of syringe B

in the fluid delivery system (e.g., the conduit or fluid path set and syringe). Specifically, C
is r change in volume of syringe B per unit pressure and has dimensions of lenth 5 per unit force
(e.g., L F ) . For example, syringe capacitance can be characterized by the three-dimensional

curves FIG. 52A a d FIG. 52B showing proportional changes in injection volume and pressure
with respect to undelivered volume in the syringe. Two different materials are used in FIG. 52A
and FIG. 52B; in FIG. 52A the representative components are more stiff and directly

proportional to pressure than those material properties in FIG. 52B, so both capacitance of
components represented by FIG. 52A and time to respond are both less than those same
variables represented in FIG. 52B.
[00314]

Dimensional changes in the components due to thermal gradients and temperature

changes influence the relationship between pressure and flow rate. Knowledge of the coefficient
of thermal expansion for both fluids and components allows calculated strain and resulting
dimensional changes to be added to the strain and dimensional changes due to pressure.
[00315]

Time-dependent material properties of the components commonly called creep, stress

relaxation, and viscoelasticity are significant in many of the polymer components used for
injector components and measurably influence variables contributing the pressure-flow rate
relationship. Adding time-dependent material data enables calculations used to modify piston
speed to account for the time dependence. As shown by Equation 66, as pressure of the syringe

starts to decrease, the syringe capacitance adds a volume-dependent value -

) related to

PB,i

compressibility of fluid contained in the syringe to the piston dependent displacement of fluid
n the volume-dependent value, VQ

i

is a theoretical, zero-pressure, volume of the

syringe at time / and β Β ί is a bulk modulus of the fluid contained in the syringe having

dimensions of force per unit area (e.g., FL 2 ) . For liquids, which have a comparative large bulk
modulus β Β ί the impact of the volume-dependent value (

- will generally be rather small
PB,i

However, for a gas or a solution containing a substantial quantity of air the contribution of the
volume-dependent value (

) will be greater.

Air in the fluid can be accumulated during

injection which explains the time increment i assigned to β
[00316]

ί

.

As discussed above, the change in pressure (

PI

)

'

determined by (1)

measuring fluid pressure during injection, (2) accessing a database of pressure versus time or (3)
using fluid mechanics models common for servo hydraulics to predict pressure as a function of
the component geometry, fluid properties, and desired flow rate. If pressure is calculated or
accessed from a database, then the piston rate profile can be calculated to correct for overrate a
priori. Accordingly, Equation 66 can be solved to determine a change in distance (

to produce a desired fluid volume flow rate (Op)

) needed

The change in distance or plunger

displacement can be used for controlling movement of the injector piston. Piston displacement
for any syringe or fluid can be calculated using Equation 66. However, the bulk fluid and
syringe compliance constants must be updated to accurately represent the components, fluids,
and associated properties.
[00317]

As shown at 918, the piston displacement

is modified with the calculated

distance.

In some examples, the piston is permitted to passively retract due to a pressure

difference between pressure in the syringe barrel and atmosphere. In other examples, the piston
can be (1) actively drawn back by the injector at a controlled rate, (2) drawn back by a controlled

amount to more rapidly reduce the stored volume and energy, or (3) moved at specific positive
increments such that flow rate does not exceed the programmed rate. Check valves in the system
help to prevent any blood from being retracted into the fluid path upon piston retraction. Mixing

of fluids that is not desired is also controlled with valves. Then, as shown at 920, a second
injection phase of the injection is performed by advancing the second piston from the retracted

position through at least a portion of the second syringe to expel fluid from the second syringe
and into the conduit. In some examples, changes in pressure in the syringe(s) can continue to be

monitored during the second phase of the injection. If an identified pressure change indicates
that a flow rate spike may occur, the piston can be retracted or otherwise reduced in

displacement rate, as described herein, to relieve pressure buildup.
Conditions may also evolve that require the piston displacement to be increased to

[00318]

meet the specified fluid flow rate. The relationships described herein all support such required
responses.
The graph in FIG. 49 shows total flow rate 1024b and pressure for an injection

[00319]

performed both uncorrected and with motor control of the piston, as occurs in the method of
I
second

FIG. 50. As shown in FIG. 49, total flow rate 1024b is generally constant at about 5 — — .

The total flo

rate 1024b does not include a flow rate spike at the transition between contrast

and saline which is evident in FIG. 51.

Another parameter captured by the fluid -structure model presented here is total time

[00320]

for the injection. Controlling overrate of flow means that less fluid is injected over a given time.
FIG. 49 illustrates both uncorrected and corrected pressure. Observe the increase for flow at
steady state pressure and the longer time for pressure to reach the final steady state value of zero.

This method of reducing fluid overrate is preferred because it addresses fluid overrate

[00321]

while allowing a fluid injection to continue the saline flush at the programmed rate.
Furthermore, the method shown in FIG. 50 does not require any knowledge or estimate of the
impedance downstream of the syringe except to assume that there is little capacitive storing of
energy downstream from the syringe. As such, more complex calculations based on geometry or
materi al properties of the conduit, fluid path set, catheter, or syringes are not required. Note tha

downstream information is required unless an empirical relationship is available.
As discussed above, Equation 66 includes several values tha may be temperature

[00322]

dependent.

Since contrast is heated in some instances prior to being injected, variations in

temperature can occur between delivered contrast and saline. For example, the constant value
fi ict ve

which relates to the incremental capacitance of the fluid delivery system, may vary

based on temperature or material degradation of the syringes and other system components. In a
similar manner, syringe volume VQ B i can vary based on temperature and pressure and be time
dependent. While different syringe and tubing materials may react differently to temperature

changes, material deformation and changes in material properties tend to become more
pronounced as temperature and pressure increase.

As such, in some examples, material

deformation at increased pressure or temperature may need to be considered when calculating
piston displacement.
[00323]

A graph showing effects of temperature and pressure on a polycarbonate syringe is

shown in FIG. 53. The graph illustrates an example relationship between syringe barrel swell
and pressure in the syringe. Because the swell is small compared to the inner diameter (ID) of
the syringe barrel, the increase in volume is proportional to delta ID and to the length of the
syringe between the plunger and the syringe tip.

Since the slope of delta ID vs. pressure is

relatively linear; the capacitance may be modeled as a constant with pressure which is dependent
upon plunger position. For this relationship between pressure and volume, capacitance may be
used in the control of the syringe plungers discussed herein.
[00324]

More specifically, the graph in FIG. 53 illustrates that the syringe barrel diameter

increases as temperature and pressure increase.

The swell of the syringe becomes more

pronounced at higher pressures and temperatures as a result of the elastic modulus decreasing
with temperature, a phenomena common to most materials.

As a result, compliance and

resulting capacitance of the syringe would also be expected to increase along with the increase in
temperature and pressure.

Material degradation with time and temperature can chronically

reduce stiffness and strength over the entire temperature range. In view of such changes to
syringe barrel diameter and compliance based on temperature and pressure, it may be beneficial
to monitor the syringe or fluid delivery system and to update or recalculate constant values for

the impedance module equation periodically to account for pressure and temperature changes or
material degradation of the syringe or fluid path set.

Relationships are determined before

injection and are stored in readable media accessible to the injector. During injection, piston
position and speed are updated to account for the change in volume stiffness or its inverse,
compliance.
[00325]

Other processes for reducing phase spikes or fluid overrate based on measured

pressure can also be performed. For example, rather than retracting the piston by the calculated
distance, it is possible to stop the piston motion until the pressure in the saline syringe stops
decreasing or stabilizes as set forth above.

Once the fluid pressure in the saline syringe

stabilizes, movement of the piston to expel fluid from the syringe can continue.

[00326]

In another example, the piston can be pushed back to a zero position or to a position

corresponding to some minimal pressure, rather than attempting to calculate a retraction distance.
Once the piston is retracted to the zero position or minimum pressure position, the piston can
then be advanced to expel fluid from the syringe. This option has the benefit of absolutely
minimizing the saline overrate event. However, retracting the piston to the zero position would
likely cause a momentary dip in the saline flush delivery into the patient.
[00327]

In other examples, a saline over-velocity or overrate could be reduced either through a

reduced flow phase or by setting a saline pressure limit that is below the contrast pressure.
Alternatively, a time when a transition (e.g., a transition between contrast and saline) will occur
can be calculated, since a volume of the fluid path to the catheter is known. Accordingly, the

saline flow or flush may be reduced or stopped just prior to the calculated time, so that any
stored pressure produced by saline traveling through the fluid path set bleeds off more quickly.

The amount of the halt, preferably in volume, can be estimated based on a pressure vs. volume of
expansion curves or equations of the various fluid path elements. The volume of expansion
curve for a fluid path set can be determined experimentally or derived mathematically from fluid
path element geometries and material properties.
[00328]

It would also be possible to take no action to compensate for system impedance,

meaning that the piston would continue to move forward at a constant rate.

However, this

approach would produce the largest deviation from an ideal or programmed delivery.
Accordingly, as shown in FIG. 51, fluid spike or fluid overrate would be expected to occur at a
transition between contrast and saline phases of an injection.
Derivation of the impedance model equation
[00329]

An example of the impedance model, which may be computed and used by a fluid

delivery system controller, is shown in Equations 1 through 65. In some examples, the model
may be used in an iterative computer program to determine an actual volumetric flow rate
fluid flowing out of syringe at time
effects, namely motion of the piston

i.

Q

for

As described in the model, fluid flow is the sum of two
and change in pressure of the syringe

P

-

P _ ).

,

which influences flow into or out of the capacitive component of the impedance of the syringe.
[00330]

As will be appreciated by one of ordinary skill in the art, separate aspects of the

models may model each of the syringes. Further, the overall impedance model may include
multiple models of various subsystems or system aspects. The model may be operated in real

time, optionally in an iterative way, such that as the pressure changes in the syringe and/or flow
out of the syringes may be calculated. In some examples, calculated values may be used by a
fluid delivery system controller to make the actual flow closer to the desired flow by moving the
syringe plunger
[00331]

appropriately.

Derivation of the impedance model for Syringe A (containing a first fluid) and

Syringe B (containing a second fluid) is shown in Equations 1 through 65.
Equation 13, total volumetric fl o

As shown in

rate ( Q TOTAL ) is equal to the volumetric flow rate for Syringe

A ( QA ) and Syringe B ( Q )
[00332]

At any time

i,

total f ow rate

Q

A L ,i

is given by the Impedance Equation, Equation

67:

(Equation 67)
[00333]

Equation 14 shows that total capacitance

Ch

------

CA

+ C

in Equation 67 is the

sum of all of the capacitance in the system. Note the variations in Equation 67 that can be used
depending on the sources of input data including hydraulic resistance, elastic response of the
materials that create capacitance, pressure, and flow rate.
[00334]

If pressure and flow rate are being calculated throughout the iterations of the

injection, the algorithms using equations 1 to 65 must be utilized at each increment. Adjusting
∆¾

requires that iterations must continue until the sum of the iterations of

equals the total

length that coiTesponds to the injection volume for each syringe. Additional increments are
required to allow fluid to flow from residual volume in capacitance after all pistons have
stopped.
[00335]

Note that as pressure decreases P < Pi-&t, flow is out of capacitance, which is the

mechanism for overrate. In some examples, the pressure value P is determined based on real
time data acquisition. For example, pressure sensors in the fluid delivery system can measure
pressure of Syringe A, Syringe B, or a combined pressure for the system. In other examples, Pi
can be determined a priori based on volumetric flow rate and a friction model factor defined
according to Equations

through 65 and equations using knowledge of steady state pressure and

flow rates described previously.

For example, Equations 17-23 illustrate calculations for

changes in syringe diameter over time, changes to syringe cross sectional area with respect to
time, changes in length of the syringe and fluid, and changes to fluid volume with respect to time
as a function of pressure and piston position

[00336]

Equations 13 and 16 show that the sum of flow from all syringes is

QTOTAU.

The

calculated value is compared to a set point or target value as described above in FIG, 50. Based
on the results of the comparison, a necessary change of position or retraction ( y A>i and/or Ay

i)

of the pistons can be calculated and carried out. In some examples, a position of both pistons can
be modified. In other examples, only a position of the saline piston is modified. Further, the
calculations can be repeatedly carried out by the system and the position of the piston(s) adjusted
or moved as needed to control flow rate in the system.
[00337]

Computer pseudocode for implementing aspects of these calculations is shown in

FIG. 54. In the pseudocode, control for the saline piston is related to the values for DELTAZB
and ZADJUSTB, which are related to rotation of an injector motor (e.g., a motor that turns ball
screw(s) of a drive assembly mechanism). As will be evident to one of ordinary skill in the art,
communication to the motor controller current can be performed using syntax in the same
program used for the fluid flow. For example, communication with the motor controller can be

over one or more of analog, RS-232, RS-485, TCP and/or Ethernet connections. As shown in
FIG. 54, the DO UNTIL loop does not execute unless the initial calculation for a respective
increment predicts flow rate in excess of the predetermined limit (e.g., SyringeBFlow
ratesetpoint).
[00339]

While several examples of a fluid injection system are shown in the accompanying

figures and described hereinabove in detail, other examples will be apparent to, and readily made
by, those skilled in the art without departing from the scope and spirit of the disclosure. For

example, it is to be understood that this disclosure contemplates that, to the extent possible, one
or more features of any example can be combined with one or more features of any other
example. Accordingly, the foregoing description is intended to be illustrative rather than
restrictive. Although the disclosure has been described in detail for the puipose of illustration
based on what is currently considered to be the most practical and preferred examples, it is to be
understood that such detail is solely for that purpose and tha the disclosure is not limited to the

disclosed examples but, on the contrary, is intended to cover modifications and equivalent
arrangements.

WHAT IS CLAIMED IS:
1.

A method of improving fluid delivery performance of a fluid injection system, the

method comprising:
modeling one or more factor that affects impedance of the fluid injection system based
upon one or more known, estimated and measured parameter;
initiating delivery of at least a first fluid to a patient at a first flow rate;
measuring one or more characteristic of the fluid deliver}';
modeling one or more factor that affects impedance of the fluid injection system based
upon one or more measurement of the one or more characteri stic of the fluid delivery, and
adjusting one or more characteristic of the fluid injection system based upon the one or
more factor that affects impedance of the fluid injection system modeled on the one or more
known, estimated and measured parameter or modeled on the one or more measurement of the
one or more characteristic of the fluid delivery to improve fluid delivery performance.

2.

The method of claim 1, further comprising initiating delivery of at least a second fluid to

the patient at a second flow rate.

3.

The method of claims 1 or 5, wherein an operator of the fluid injection system is notified

of at least one adjustment made or suggested by the one or more factor that affects impedance of
the fluid injection system modeled on the one or more known, estimated and measured parameter
or modeled on the one or more measurement of the one or more characteristic of the fluid
delivery.

4.

The method of claims 1 or 5, further comprising adjusting the one or more characteristic

of the fluid injection system based upon the one or more factor that affects impedance of the
fluid injection system modeled on the one or more known, estimated and measured parameter
prior to delivery of fluid to the patient.

5.

A method of improving fluid delivery performance of a fluid injection system, the

method comprising:

modeling one or more factor that affects impedance of the fluid injection system based
upon one or more known, estimated and measured parameter;
initiating delivery of at least a first fluid to a patient at a first flow rate;
measuring one or more characteristic of the fluid deliver}';
modeling one or more factor that affects impedance of the fluid injection system based
upon the one or more measurement of the one or more characteristic of the fluid delivery; and
adjusting one or more characteristic of the fluid injection system based upon the one or
more factor that affects impedance of the fluid injection system modeled on the one or more
known, estimated and measured parameter or modeled on the one or more measurement of the
one or more characteristic of the fluid delivery during delivery of the first fluid to improve fluid
delivery performance.

6.

The method of claim 5, further comprising initiating delivery of at least a second fluid to

the patient at a second flow rate and adjusting the one or more characteristic of the fluid injection
system based upon the one or more factor that affects impedance of the fluid injection system
modeled on the one or more known, estimated and measured parameter or modeled on the one or
more measurement of the one or more characteristic of the fluid delivery during delivery of one
of the first or second fluid to improve fluid delivery performance.

7.

The method of claims 1 or 5, wherein the one or more parameter is temperature,

viscosity, pressure, bulk modulus, concentration, catheter size, hydraulic resistance, desired flowrate, and system capacitance.

8.

The method of claims 1 or 5, wherein the one or more characteristic of the fluid delivery

is temperature, viscosity, pressure, bulk modulus, hydraulic resistance, actual flow rate, and
system capacitance.

9.

The method of claim 6, wherein the adjustment of the one or more characteristic of the

fluid injection system based upon the one or more factor that affects impedance of the fluid
injection system modeled on the one or more known, estimated and measured parameter or

modeled on the one or more measurement of the one or more characteristic of the fluid delivery
occurs during deliver}' of both the first and second fluids

10.

A method of improving fluid delivery performance of a fluid injection system, the

method comprising:
modeling one or more factor that affects impedance of the fluid injection system based
upon one or more known, estimated and measured parameter;
initiating delivery of at least a first fluid to a patient at a first flow rate;
measuring one or more characteristic of the fluid delivery;
modeling one or more factor that affects impedance of the fluid injection system based
upon the one or more measurement of the one or more characteristic of the fluid delivery;
adjusting one or more characteristic of the fluid injection system based upon the one or
more factor that affects impedance of the fluid injection system modeled on the one or more
known, estimated and measured parameter or modeled on the one or more measurement of the
one or more characteristic of the fluid delivery during delivery of the first fluid;

re-measuring one or more characteristic of the fluid delivery;
re-modeling one or more factor that affects impedance of the fluid injection system based
upon one or more known, estimated and measured parameter or one or more re-measurement of

the one or more characteristic of the fluid delivery; and
re-adjusting the one or more characteristic of the fluid injection system based upon the
one or more factor that affects impedance of the fluid injection system re-modeled on the one or

more known, estimated and measured parameter or re-modeled on the one or more remeasurement of the one or more characteristic of the fluid delivery during delivery of the first
fluid to improve fluid deliver}' performance.

1 .

A method of improving fluid delivery performance of a fluid injection system, the

method comprising:
modeling one or more factor that affects impedance of the fluid injection system based
upon one or more known, estimated and measured parameter;
initiating delivery of at least a first fluid to a patient at a first flow rate;
measuring one or more characteristic of the fluid delivery;

modeling one or more factor that affects impedance of the fluid injection system based
upon the one or more measurement of the one or more characteristic of the fluid delivery;
adjusting one or more characteristic of the fluid injection system based upon the one or
more factor that affects impedance of the fluid injection system modeled on the one or more
known, estimated and measured parameter or modeled on the one or more measurement of the
one or more characteristic of the fluid delivery;

initiating delivery of at least a second fluid to a patient at a second flow rate;
re-measuring one or more characteristic of the fluid delivery;
re-modeling one or more factor that affects impedance of the fluid injection system based
upon one or more known, estimated and measured parameter or one or more re-measurement of
the one or more characteristic of the fluid delivery; and
re-adjusting the one or more characteristic of the fluid injection system based upon the

one or more factor that affects impedance of the fluid injection system re-modeled on the one or

more known, estimated and measured parameter or re-modeled on the one or more remeasurement of the one or more characteristic of the fluid delivery during delivery of the first
fluid or the second fluid to improve fluid deliver}' performance.

12.

The method of claim 1 , wherein the re-adjustment of the one or more characteristic of

the fluid injection system based upon the one or more factor that affects impedance of the fluid
injection system modeled on the one or more known, estimated and measured parameter or
modeled on the one or more re-measurement of the one or more characteristic of the fluid
delivery occurs during delivery of both the first and second fluids.

13.

A fluid delivery method, comprising:
providing a fluid deliver}' system for a multiphase fluid injection comprising at least a

first syringe containing a first fluid, at least a second syringe containing a second fluid, a fluid
conduit for conducting fluid from the first syringe and the second syringe to a patient, and an
injector comprising at least a first piston for expelling fluid from the first syringe and at least a
second piston for expelling fluid from the second syringe;

advancing the first piston to expel fluid from the first syringe into the conduit during a
first phase of the injection;

measuring one or more parameter of the injection during the first phase of the injection;
calculating a retraction distance for the second piston based on the one or more measured
parameter and a desired fluid flow rate;
retracting the second piston by the calculated retraction distance to a retracted position;
and

performing a second phase of the injection by advancing the second piston from the
retracted position through at least a portion of the second syringe to expel fluid from the second
syringe and into the conduit.

14.

The method of claim 13, wherein the one or more parameter are temperature, viscosity,

pressure, bulk modulus, concentration, catheter size, hydraulic resistance, actual flow rate,
system capacitance, system impedance, and factors that affect system capacitance, impedance
and hydraulic resistance.

15.

The method of claim 13, further comprising calculating a new flow rate for the second

phase of the injection based on the one or more measured parameter and performing the second
phase of the injection at the new flow rate.

6.

A method of delivering multiple fluids to a patient via a multi-phase injection with a fluid

injector, comprising:
injecting a first fluid during a first phase of the injection with a first pressure limit,
wherein the first fluid has a first viscosity; and
injecting a second fluid during a second phase of the injection with a second pressure
limit, wherein the second fluid has a second viscosity,

wherein the fi rs viscosity is greater than the second viscosity, and
wherein the second pressure limit is less than the first pressure limit to minimize a flow
rate fluctuation in a fluid path at a transition from the first phase to the second phase.

17.

The method according to claim 12, further comprising deriving the second pressure limit

from at least one of a table or an equation or pressure measured during the first phase.

18.

The method according to claim 17, wherein the second pressure limit is derived according

to at least one or more of characteristics of the first fluid, characteristics of the second fluid, a
catheter gauge, a predetermined desired flow rate, a position of a piston in a syringe of the fluid
injector, and combinations thereof.

9.

The method according to claim 6, further comprising:

applying the second pressure limit while injecting an initial amount of the second fluid,
and

applying the first pressure limit while injecting a remaining amount of the second fluid.

20.

The method according to claim 16, further comprising deriving a third pressure limit

from at least one of a table or an equation or pressure measured during the first phase that is

different from the first pressure limit and second pressure limit and then applying the second
pressure limit while injecting an initial amount of the second fluid, and applying the third

pressure limit while injecting a remaining amount of the second fluid.
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