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(57) Abstract: A system, method, and computer program product are disclosed for a flow rate algorithm that utilizes changes 1n fluid
pressure over a set time interval to calculate a true flow rate compared to a programmed flow rate, determine any over-delivery or un-
der-delivery 1n the amount of fluid delivered over the set time 1nterval, compensate for any determined over- delivery or under-delivery
in the fluid flow rate over a subsequent set time interval, and repeat the flow rate algorithm for a series of subsequent set time intervals
over the duration of a fluid injection procedure.
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SYSTEM AND METHOD FOR FLUID DELIVERY USING PRESSURE-BASED
MOTOR CONTROL FOR FLUID INJECTOR DEVICES

CROSS-REFERENCE TO RELATED APPLICATION

[0001] This application claims priority to United States Provisional Application No.
62/938,379, filed 21 November 2019, the disclosure of which 1s incorporated by reference
herein 1n 1ts entirety.

BACKGROUND OF THE DISCLOSURE
1. Field of the Disclosure

[0002] This disclosure relates generally to systems, devices, products, apparatus, and
methods that are used for improved fluid delivery using real-time, pressure-based control of
one or more drive components of a fluid injector during a fluid 1njection procedure.

2. Description of the Relevant Background

[0003] In many medical diagnostic and therapeutic procedures, a medical practitioner, such
as a physician or radiologist, injects a patient with one or more fluids using a powered fluid
injector system. A number of powered fluid injector systems for pressurized injection of fluids
have been developed for use 1n procedures such as angiography, computed tomography (CT),
molecular imaging (such as PET 1maging), and magnetic resonance imaging (MRI).

[0004] An actual flow rate (or delivered volume) of fluid that 1s delivered to the patient 1s
targeted to be as close as possible to the programmed flow rate (or desired volume). However,
the actual performance of the fluid delivery system 1s a function of many factors due to overall
impedance, compliance, and capacitance of the fluid delivery system, such as pressure induced
swelling of fluid path components and mechanical slack within the system. In certain delivery
procedures, impedance, compliance, and capacitance of the flud delivery system may cause a
flumd flow over-rate or under-rate (or volume over- or under-delivery) from a programmed flow
rate (or desired volume). Further, there are inherent interactions between two or more fluids
that have different fluid properties (e.g. viscosity, density, bulk modulus) which can cause
anomalies 1n flow rate out of the injector as compared to flow rate set by the injector. The
combination of these various interactions cannot readily be modeled into characterizations of
the compliance of the fluid delivery system.

[0005] Existing injector systems and protocols fail to address the under-delivery or over-
delivery of fluid resulting from system impedance, compliance, and/or capacitance. As a result,
less than optimal 1injection boluses may occur and/or fluid delivery procedures may can cause

relatively large amounts of wasted fluid, and/or under-delivery of fluid to a patient.
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Accordingly, there 1s a need 1n the art to improve fluid delivery profiles during fluid injection

procedures using fluid injection devices so that optimum fluid delivery 1s obtained.

SUMMARY OF THE DISCLOSURE

[0006] Accordingly, provided are systems, devices, products, apparatus, and/or methods
for a fluid injector system having improved fluid delivery by real-time control of a fluid injector
motor 1n response to changes in pressure of fluid within an injection reservoir. Embodiments
of the present disclosure allow for improved dose efficiency for contrast agent delivery and
similar imaging quality with reduced contrast volume due to accuracy of contrast delivery.
[0007] According to non-limiting embodiments, a fluid injector system for use in
administering at least one fluid to a patient. The fluid 1njector system may include a memory
for storing therein a programmed flow rate to be delivered during execution of a fluid delivery
procedure using a fluid injector and a maximum allowable deviation 1n the programmed flow
rate. The fluid injector further may include at least one sensor for measuring a pressure of the
at least one fluid, wherein the pressure 1s generated by at least one drive component of the fluid
injector during execution of the fluid delivery procedure. The fluid injector further may include
a control device operatively associated with the at least one drive component of the flmd
injector, the control device including at least one processor programmed or configured to
perform an operation. According to embodiments, the at least one sensor may measure the
pressure by a strain on a motor of at least one drive component, for example by measuring a
current of a motor. The operation may include determining an actual flow rate during a
specified time interval of the fluid delivery procedure based on a change 1n pressure measured
by the at least one sensor over the specified time interval, determining a deviation of the actual
flow rate from the programmed flow rate over the specified time interval, and calculating a
new programmed flow rate for a subsequent time interval after the specified time interval based
on the programmed flow rate and the deviation of the actual flow rate from the programmed
flow rate over the specified time interval.

[0008] In accordance with some non-limiting embodiments, the control device including
at least one processor may be further programmed or configured to perform an operation
including comparing the maximum allowable deviation to the deviation of the actual flow rate
from the programmed flow rate over the specified time interval to determine a flow rate
correction, and calculating the new programmed flow rate for the subsequent time interval
based on the programmed flow rate and the flow rate correction.

[0009] In accordance with some non-limiting embodiments, the deviation of the actual

flow rate from the programmed flow rate may be limited by predetermined bounds. In
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accordance with some non-limiting embodiments, the flow rate correction may be equal to the
maximum allowable deviation 1f the deviation of the actual flow rate from the programmed
flow rate 1s greater than the maximum allowable deviation. In accordance with some non-
limiting embodiments, a difference between the deviation of the actual flow rate from the
programmed flow rate and the maximum allowable deviation may be stored as a buffer
deviation for use in determining a new flow rate correction in one or more subsequent time
intervals after the second time interval. In accordance with some non-limiting embodiments,
the flow rate correction may be equal to the actual flow rate if the deviation of the actual flow
rate from the programmed flow rate 1s less than or equal to the maximum allowable deviation.
[0010] In accordance with some non-limiting embodiments, wherein the control device 1s
configured to use a machine learning model designed to receive, as an input, data associated
with the fluid 1njection procedure, and provide, as an output, instructions to drive the one or
more drive components to deliver a desired volume of fluid at the programmed flow rate.
[0011] In accordance with some non-limiting embodiments, the operation to determine the
actual flow rate during the specified time interval may include measuring a first pressure using
the at least one sensor at a beginning of the specified time interval and measuring a second
pressure using the at least one sensor at an end of the specified time interval and converting the
first pressure and the second pressure to a change 1n pressure corresponding to the actual flow
rate during the specified time interval.

[0012] In accordance with some non-limiting embodiments, the change in pressure may be
based on a difference between the second pressure and the first pressure, and at least one scaling
factor that 1s determined by one or more features of the fluid injector.

[0013] In accordance with some non-limiting embodiments, the at least one sensor may be
a force sensor for measuring a force output of the at least one drive component. In accordance
with some non-limiting embodiments, the at least one sensor may be a pressure sensor
associated with a fluid reservoir or a flud path component of the fluid injector. According to
certain non-limiting embodiments, the at least one sensor may be a current sensor measuring a
currant of a motor associated with the at least one drive component.

[0014] In accordance with some non-limiting embodiments, the flow rate correction for
each subsequent time interval may be based on a difference between the maximum allowable
deviation and the deviation of the actual flow rate from the new programmed flow rate over
each subsequent time interval, and a buffer deviation from at least one previous time interval.
[0015] In accordance with some non-limiting embodiments, the operation performed by

the control device further may include the operation to repeat steps (a)-(c) for each subsequent
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time interval in the fluid injection procedure, wherein the new programmed flow rate 1s used
as the programmed flow rate. In accordance with some non-limiting embodiments, the
operation performed by the control device further may include delivering the fluid at the new
programmed flow rate in the subsequent time interval.

[0016] In accordance with some non-limiting embodiments, a computer-implemented
method for monitoring performance of a fluid 1njector system for use in administering at least
one fluid to a patient may include (a) storing, in a memory device, a programmed flow rate for
the fluid to be delivered and a maximum allowable deviation 1in the programmed flow rate
during a fluid delivery procedure using a fluid injector; (b) measuring, using at least one sensor,
a pressure of the at least one fluid generated by at least one drive component of the fluid injector
during execution of the flmd delivery procedure; (¢) determuning, with a control device
comprising at least one processor, an actual flow rate during a specified time interval of the
fluid delivery procedure based on a change 1n pressure measured by the at least one sensor over
the specified time interval; (d) determining, with the control device, a deviation of the actual
flow rate from the programmed flow rate over the specified time interval; (e) calculating, with
the control device, a new programmed flow rate for at least one subsequent time interval after
the specified time interval based on the programmed flow rate and the deviation of the actual
flow rate from the programmed flow rate over the specified time interval.

[0017] In accordance with some non-limiting embodiments, the method further may
include comparing, with the control device, the maximum allowable deviation to the deviation
of the actual flow rate from the programmed flow rate over the specified time interval to
determine a flow rate correction, and calculating the new programmed flow rate for the
subsequent time 1nterval based on the programmed flow rate and the flow rate correction.
[0018] In accordance with some non-limiting embodiments, the method further may
include repeating steps (¢)-(e) for each subsequent time interval 1n the fluid injection procedure,
wherein the new programmed flow rate 1s used as the programmed flow rate. In accordance
with some non-limiting embodiments, the method further may include delivering the fluid at
the new programmed flow rate in the subsequent time interval.

[0019] In accordance with some non-limiting embodiments, a computer program product
1s provided for controlling operation of a fluid 1injector system for use in administering at least
one fluid to a patient. The computer program product may include at least one non-transitory
computer-readable medium having one or more instructions that, when executed by at least
one processor, cause the at least one processor to: determine an actual flow rate for the fluid

during a specified time interval of a fluid delivery procedure based on a change in pressure
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generated by at least one drive component of the fluid mjector during the fluud delivery
procedure and measured by at least one sensor over the specified time interval; determine, with
a control device operatively associated with the at least one drive component of the fluid
injector, a deviation of the actual flow rate from the programmed flow rate over the specified
time interval; and calculate a new programmed flow rate for at least one subsequent time
interval after the specified time interval based on the programmed flow rate and the deviation
of the actual flow rate from the programmed flow rate over the specified time interval.

[0020] In accordance with some non-limiting embodiments, the computer program product
further may include one or more instructions that, when executed by the at least one processor,
cause the at least one processor to compare, with the control device, a maximum allowable
deviation to the deviation of the actual flow rate from the programmed flow rate over the
specified time interval to determine a flow rate correction, and calculate, with the control
device, the new programmed flow rate for the subsequent time interval after the specified time
interval based on the programmed flow rate and the flow rate correction.

[0021] In accordance with some non-limiting embodiments, the computer program product
further may include repeating steps (a)-(c) for each subsequent time interval in the flud
injection procedure, wherein the new programmed flow rate 1s used as the programmed flow
rate. In accordance with some non-limiting embodiments, the computer program product
further may include delivering the fluid at the new programmed flow rate in the subsequent
time 1nterval.

[0022] Further embodiments of the present disclosure are characterized in one or more of
the following clauses:

[0023] Clause 1. A fluid myjector system configured for use 1n administering at least one
fluid to a patient, the flud 1njector system comprising: a memory for storing therein a
programmed flow rate to be delivered during execution of a fluid delivery procedure using a
fluid 1mjector and a maximum allowable deviation 1n the programmed flow rate; at least one
sensor configured for measuring a pressure of the at least one fluid, wherein the pressure 1s
generated by at least one drive component of the fluid injector during execution of the flud
delivery procedure; and a control device operatively associated with the at least one drive
component of the fluid injector, the control device including at least one processor programmed
or configured to perform an operation comprising: determining an actual flow rate during a
specified time interval of the fluid delivery procedure based on a change 1n pressure measured
by the at least one sensor over the specified time interval; determining a deviation of the actual

flow rate from the programmed flow rate over the specified time interval; and calculating a
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new programmed flow rate for a subsequent time interval after the specified time interval based
on the programmed flow rate and the deviation of the actual flow rate from the programmed
flow rate over the specified time interval.

[0024] Clause 2. The fluid mmjector system of clause 1, wherein the control device
including the at least one processor 1s further programmed or configured to perform an
operation comprising comparing the maximum allowable deviation to the deviation of the
actual flow rate from the programmed flow rate over the specified time interval to determine a
flow rate correction, and calculating the new programmed flow rate for the subsequent time
interval based on the programmed flow rate and the flow rate correction.

[0025] Clause 3. The fluid injector system of clause 1 or clause 2, wherein the deviation
of the actual flow rate from the programmed flow rate 1s limited by predetermined bounds.
[0026] Clause 4. The fluid 1njector system of clause 2 or clause 3, wherein the flow rate
correction 1s equal to the maximum allowable deviation 1f the deviation of the actual flow rate
from the programmed flow rate 1s greater than the maximum allowable deviation.

[0027] Clause 5. The flud 1mnjector system of clause 4, wherein a difference between the
deviation of the actual flow rate from the programmed flow rate and the maximum allowable
deviation 1s stored as a buffer deviation for use in determining a new flow rate correction 1n
one or more subsequent time intervals after the second time interval.

[0028] Clause 6. The fluid 1mjector system of any of clauses 2-5, wherein the flow rate
correction 1s equal to the actual flow rate 1f the deviation of the actual flow rate from the
programmed flow rate 1s less than or equal to the maximum allowable deviation.

[0029] Clause 7. The fluid mmjector system of any of clauses 2-6, wherein the control
device 1s configured to use a machine learning model designed to receive, as an input, data
associated with the flmd myection procedure, and provide, as an output, instructions to drive
the one or more drive components to deliver a desired volume of fluid at the programmed flow
rafte.

[0030] Clause 8. The fluid imjector system of any of clauses 1-7, wherein the operation to
determine the actual flow rate during the specified time interval comprises measuring a first
pressure using the at least one sensor at a beginning of the specified time interval and measuring
a second pressure using the at least one sensor at an end of the specified time interval and
converting the first pressure and the second pressure to a change in pressure corresponding to

the actual flow rate during the specified time interval.
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[0031] Clause 9. The flmd mjector system of clause 8, wherein the change 1n pressure 1s
based on a difference between the second pressure and the first pressure, and at least one scaling
factor that 1s determined by one or more features of the fluid injector.

[0032] Clause 10. The fluid injector system of any of clauses 1-9, wherein the at least one
sensor 1s a force sensor configured for measuring a force output of the at least one drive
component.

[0033] Clause 11. The flmd injector system of any of clauses 1-9, wherein the at least one
sensor 1S a pressure sensor associated with a fluid reservoir or a fluid path component of the
flurd 1yector.

[0034] Clause 12. The fluid injector system of any of clauses 2-11, wherein the flow rate
correction for each subsequent time interval 1s based on a difference between the maximum
allowable deviation and the deviation of the actual flow rate from the new programmed flow
rate over each subsequent time interval, and a buffer deviation from at least one previous time
interval.

[0035] Clause 13. The fluid injector system of any of clauses 1-12, wherein the operation
performed by the control device further comprises the operation to repeat steps (a)-(c¢) for each
subsequent time interval in the fluid injection procedure, wherein the new programmed flow
rate 1s used as the programmed flow rate.

[0036] Clause 14. The fluid injector system of any of clauses 1-13, wherein the operation
performed by the control device further comprises delivering the fluid at the new programmed
flow rate 1n the subsequent time interval.

[0037] Clause 15. A computer-implemented method for monitoring performance of a fluid
injector system configured for use in administering at least one fluid to a patient, the method
comprising: (a) storing, in a memory device, a programmed flow rate for the fld to be
delivered and a maximum allowable deviation 1in the programmed flow rate during a flud
delivery procedure using a fluid 1injector; (b) measuring, using at least one sensor, a pressure
of the at least one fluid generated by at least one drive component of the fluid injector during
execution of the fluid delivery procedure; (¢) determining, with a control device comprising at
least one processor, an actual flow rate during a specified time interval of the fluid delivery
procedure based on a change 1n pressure measured by the at least one sensor over the specified
time 1nterval; (d) determining, with the control device, a deviation of the actual flow rate from
the programmed flow rate over the specified time interval; (e) calculating, with the control

device, a new programmed flow rate for a subsequent time interval after the specified time



WO 2021/102242 PCT/US2020/061474

interval based on the programmed flow rate and the deviation of the actual flow rate from the
programmed flow rate over the specified time interval.

[0038] Clause 16. The computer-implemented method of clause 15, further comprising
comparing, with the control device, the maximum allowable deviation to the deviation of the
actual flow rate from the programmed flow rate over the specified time interval to determine a
flow rate correction, and calculating the new programmed flow rate for the subsequent time
interval based on the programmed flow rate and the flow rate correction.

[0039] Clause 17. The computer-implemented method of clause 15 or 16, wherein the
deviation of the actual flow rate from the programmed flow rate 1s limited by predeternuned
bounds.

[0040] Clause 18. The computer-implemented method of clause 16 or 17, wherein the flow
rate correction 1s equal to the maximum allowable deviation 1f the deviation of the actual flow
rate from the programmed flow rate 1s greater than the maximum allowable deviation.

[0041] Clause 19. The computer-implemented method of clause 18, wherein a difference
between the deviation of the actual flow rate from the programmed flow rate and the maximum
allowable deviation 1s stored as a buffer deviation for use in determining a new flow rate
correction 1n one or more subsequent time intervals after the second time interval.

[0042] Clause 20. The computer-implemented method of any of clauses 16-19, wherein
the flow rate correction 1s equal to the actual flow rate 1f the deviation of the actual flow rate
from the programmed flow rate 1s less than or equal to the maximum allowable deviation.
[0043] Clause 21. The computer-implemented method of any of clauses 16-20, wherein
the control device 1s configured to use a machine learning model designed to receive, as an
input, data associated with the fluid injection procedure, and provide, as an output, instructions
to drive the one or more drive components to deliver a desired volume of fluid at the
programmed flow rate.

[0044] Clause 22. The computer-implemented method of any of clauses 15-21, wherein
determining the actual flow rate during the specified time interval comprises measuring a first
pressure using the at least one sensor at a beginning of the specified time interval and measuring
a second pressure using the at least one sensor at an end of the specified time interval and
converting the first pressure and the second pressure to a change 1n pressure corresponding to
the actual flow rate during the specified time interval.

[0045] Clause 23. The computer-implemented method of clauses 22, wherein the change
in pressure 1s based on a difference between the second pressure and the first pressure, and at

least one scaling factor that 1s determined by one or more features of the fluid injector.
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[0046] Clause 24. The computer-implemented method of any of clauses 15-23, wherein
the at least one sensor 1s a force sensor configured for measuring a force output of the at least
one drive component.

[0047] Clause 25. The computer-implemented method of any of clauses 15-23, wherein
the at least one sensor 1s a pressure sensor associated with a fluid reservoir or a fluid path
component of the fluid injector.

[0048] Clause 26. The computer-implemented method of any of clauses 15-25, wherein
the flow rate correction for each subsequent time interval 1s based on a difference between the
maximum allowable deviation and the deviation of the actual flow rate from the new
programmed flow rate over each subsequent time interval, and a buffer deviation from at least
one previous time interval.

[0049] Clause 27. The computer-implemented method of any of clauses 15-26, further
comprising repeating steps (c)-(e) for each subsequent time interval in the flmd 1njection
procedure, wherein the new programmed flow rate 1s used as the programmed flow rate.
[0050] Clause 28. The computer-implemented method of any of clauses 15-27, further
comprising delivering the fluid at the new programmed flow rate in the subsequent time
interval.

[0051] Clause 29. A computer program product for controlling operation of a fluid injector
system configured for use 1n administering at least one fluid to a patient, the computer program
product comprising at least one non-transitory computer-readable medium comprising one or
more 1nstructions that, when executed by at least one processor, cause the at least one processor
to: determine an actual flow rate for the fluid during a specified time interval of a fluid delivery
procedure based on a change 1n pressure generated by at least one drive component of the fluid
injector during the fluid delivery procedure and measured by at least one sensor over the
specified time interval; determine, with a control device operatively associated with the at least
one drive component of the fluid injector, a deviation of the actual flow rate from the
programmed flow rate over the specified time interval; and calculate, with the control device,
a new programmed flow rate for a subsequent time interval after the specified time interval
based on the programmed flow rate and the deviation of the actual flow rate from the
programmed flow rate over the specified time interval.

[0052] Clause 30. The computer program product of clause 29, further comprising one or
more 1nstructions that, when executed by the at least one processor, cause the at least one
processor to compare, with the control device, a maximum allowable deviation to the deviation

of the actual flow rate from the programmed flow rate over the specified time interval to
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determine a flow rate correction, and calculate, with the control device, the new programmed
flow rate for the subsequent time interval after the specified time interval based on the
programmed flow rate and the flow rate correction.

[0053] Clause 31. The computer program product of clause 29 or 30, wherein the deviation
of the actual flow rate from the programmed flow rate 1s limited by predetermined bounds.
[0054] Clause 32. The computer program product of clause 30 or 31, wherein the flow rate
correction 1s equal to the maximum allowable deviation 1f the deviation of the actual flow rate
from the programmed flow rate 1s greater than the maximum allowable deviation.

[0055] Clause 33. The computer program product of clause 32, wherein a difference
between the deviation of the actual flow rate from the programmed flow rate and the maximum
allowable deviation 1s stored as a buffer deviation for use in determining a new flow rate
correction 1n one or more subsequent time intervals after the second time interval.

[0056] Clause 34. The computer program product of any of clauses 30-33, wherein the
flow rate correction 1s equal to the actual flow rate 1f the deviation of the actual flow rate from
the programmed flow rate 1s less than or equal to the maximum allowable deviation.

[0057] Clause 35. The computer program product of any of clauses 29-34, wherein the
control device 1s configured to use a machine learning model designed to receive, as an input,
data associated with the fluid injection procedure, and provide, as an output, instructions to
drive the one or more drive components to deliver a desired volume of fluid at the programmed
flow rate.

[0058] Clause 36. The computer program product of any of clauses 29-35, wherein
determining the actual flow rate during the specified time interval comprises measuring a first
pressure using the at least one sensor at a beginning of the specified time interval and measuring
a second pressure using the at least one sensor at an end of the specified time interval and
converting the first pressure and the second pressure to a change 1n pressure corresponding to
the actual flow rate during the specified time interval.

[0059] Clause 37. The computer program product of clause 36, wherein the change 1n
pressure 1s based on a difference between the second pressure and the first pressure, and at least
one scaling factor that 1s determined by one or more features of the fluid injector.

[0060] Clause 38. The computer program product of any of clauses 29-37, wherein the at
least one sensor 1s a force sensor configured for measuring a force output of the at least one

drive component.
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[0061] Clause 39. The computer program product of any of clauses 29-37, wherein the at
least one sensor 1s a pressure sensor associated with a fluid reservoir or a fluid path component
of the flud 1njector.

[0062] Clause 40. The computer program product of any of clauses 30-39, wherein the
flow rate correction for each subsequent time interval 1s based on a difference between the
maximum allowable deviation and the deviation of the actual flow rate from the new
programmed flow rate over each subsequent time interval, and a buffer deviation from at least
one previous time interval.

[0063] Clause 41. The computer program product of any of clauses 29-40, further
comprising repeating steps (a)-(c) for each subsequent time interval in the flud 1njection
procedure, wherein the new programmed flow rate 1s used as the programmed flow rate.
[0064] Clause 42. The computer program product of any of clauses 29-41, further
comprising delivering the fluid at the new programmed flow rate in the subsequent time
interval.

[0065] These and other features and characteristics of the present disclosure, 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 1n the various figures.

BRIEF DESCRIPTION OF THE DRAWINGS

[0066] Additional advantages and details of the disclosure are explained 1n greater detail
below with reference to the exemplary embodiments that are illustrated in the accompanying
schematic figures, 1n which:

[0067] FIG. 1 1s a perspective view of a fluid injector system according to one example of
the present disclosure;

[0068] FIG. 2 1s a perspective view of a multi-use disposable set for use with a flmd
injector system of FIG. 1;

[0069] FIG. 3 1s a perspective view of a fluid injector system according to another example
of the present disclosure;

[0070] FIG. 4 1s a schematic view of an electronic control system of a fluid injector system

1n accordance with examples of the present disclosure;
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[0071] FIG. S1illustrates a typical injection profile using conventional injector technologies
compared with an injection profile utilizing an embodiment of the pressure-based servo control
of the present disclosure; and

[0072] FIG. 6 1s a graph showing a change 1n flow rate as a function in change 1n pressure
over a predetermined time interval of a flurd 1njection protocol;

[0073] FIG. 7 1s a graph showing a change 1n a plurality of actual flow rates as a function
1n changes 1n pressure over a predetermined time nterval of a fluid injection protocol;

[0074] FIG. 8 1s a representative flow chart of a flow control process in accordance with
some non-limiting embodiments of the present disclosure;

[0075] FIG. 9A 1s a graph showing a change 1n flow rate as a function of time for a sub-
optimal bounding function in accordance with a first example;

[0076] FIG. 9B 1s a graph of an error buffer (in ml) as a function of time for the sub-
optimal bounding function shown in FIG. 9A;

[0077] FIG. 10A 1s a graph showing a change 1n flow rate as a function of time for a sub-
optimal bounding function 1n accordance with a second example;

[0078] FIG. 10B 1s a graph of an error buffer (in ml) as a function of time for the sub-
optimal bounding function shown in FIG. 10A;

[0079] FIG. 11A 1s a graph showing a change in flow rate as a function of time for an
unacceptable bounding function in accordance with a first example;

[0080] FIG. 11B 1s a graph of an error buffer (in ml) as a function of time for the
unacceptable bounding function shown in FIG. 11A;

[0081] FIG. 12A 1s a graph showing a change 1n flow rate as a function of time for an
unacceptable bounding function 1n accordance with a second example;

[0082] FIG. 12B 1s a graph of an error buffer (in ml) as a function of time for the
unacceptable bounding function shown in FIG. 12A;

[0083] FIG. 13A 1s a graph showing a change in flow rate as a function of time for a
satisfactory bounding function 1n accordance with some non-limiting embodiments of the
present disclosure;

[0084] FIG. 13B 1s a graph of an error buffer (in ml) as a function of time for the
satisfactory bounding function shown 1n FIG. 13A;

[0085] FIG. 14A 1s a graph of a plurality of pressure curves as a function of time used 1n
machine learning for pressure optimization 1n accordance with some non-limiting

embodiments of the present disclosure;
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[0086] FIG. 14B 1s a graph of a plurality of flow rate curves as a function of time used 1n
machine learning for flow rate optimization in accordance with some non-limiting
embodiments of the present disclosure;

[0087] FIG. 15 1s a schematic representation of a pressure control system in accordance
with some non-limiting embodiments of the present disclosure; and

[0088] FIG. 16 1s a representative flow chart of a flow control process 1n accordance with
some non-limiting embodiments of the present disclosure;

[0089] In FIGS. 1 to 16, like characters refer to the same components and elements, as the
case may be, unless otherwise stated.

[0090] It 15 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.

DETAILED DESCRIPTION OF THE DISCLOSURE

22 e
2

[0091] 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 1t 1s oriented 1n the drawing figures. When used 1n
relation to a syringe of a multi-patient disposable set, the term “proximal™ refers to a portion
of a syringe nearest a piston for delivering fluid from a syringe. Spatial or directional terms,

2% <¢ 22 <l 22 <e 2% <@

such as “left”, “right”, “inner”, “outer”, “above”, “below”, and the like, are not to be considered
as limiting as the invention can assume various alternative orientations.

[0092] All numbers used 1n the specification and claims are to be understood as being
modified 1in all instances by the term “about” The terms “approximately™, “about”, and
“substantially” mean a range of plus or minus ten percent of the stated value.

[0093] As used herein, the term “at least one of” 1s synonymous with “one or more of”. For
example, the phrase “at least one of A, B, and C” means any one of A, B, and C, or any
combination of any two or more of A, B, and C. For example, “at least one of A, B, and C”
includes one or more of A alone: or one or more of B alone; or one or more of C alone; or one
or more of A and one or more of B; or one or more of A and one or more of C; or one or more
of B and one or more of C; or one or more of all of A, B, and C. Stmilarly, as used herein, the
term ““at least two of”” 1s synonymous with “two or more of”. For example, the phrase “at least
two of D, E, and F” means any combination of any two or more of D, E, and F. For example,

“at least two of D, E, and F” includes one or more of D and one or more of E; or one or more

of D and one or more of F; or one or more of E and one or more of F; or one or more of all of

D. E. and F.
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[0094] It 15 also to be understood that the specific devices and processes 1llustrated 1n the
attached drawings, and described 1in the following specification, are simply exemplary
examples of the disclosure. Hence, specific dimensions and other physical characteristics
related to the examples disclosed herein are not to be considered as limiting. In the present
document, the word “exemplary” 1s used herein to mean “serving as an example, instance, or
illustration.” Any embodiment or implementation of the present subject matter described herein
as “exemplary” 1s not necessarily to be construed as preferred over other embodiments.

[0095] The terms “first”, “second”, and the like, or a), b), ¢) etc. are not intended to refer
to any particular order or chronology, but refer to different conditions, properties, or elements.
The term “at least™ 1s synonymous with “greater than or equal to.” Various described operations
may be performed 1n a different order, modified, or removed. Moreover, steps may be added
to described methods and still conform to the described embodiments. Further, operations
described herein may occur sequentially or certain operations may be processed in parallel.
[0096] When used 1n relation to a flmd reservoir, such as a syringe or multiple syringe
disposable set, the term “distal™ refers to a portion of the fluid reservoir nearest to a patient.
When used 1n relation to a fluid reservoir, such as a syringe or multiple syringe disposable set,
the term “proximal” refers to a portion of the fluid reservoir nearest to the injector system.
[0097] As used herein, the terms “communication” and “communicate” may refer to the
reception, receipt, transmission, transfer, provision, and/or the like of information (e.g., data,
signals, messages, structions, commands, and/or the like). For one unit (e.g., a device, a
system, a component of a device or system, combinations thereof, and/or the like) to be 1n
communication with another unit means that the one unitis able to directly or indirectly receive
information from and/or transmit information to the other unit. This may refer to a direct or
indirect connection that 1s wired and/or wireless 1n nature. Additionally, two units may be 1n
communication with each other even though the information transmitted may be modified,
processed, relayed, and/or routed between the first and second unit. For example, a first unit
may be in communication with a second unit even though the first unit passively receives
information and does not actively transmit information to the second unit. As another example,
a first unit may be 1n communication with a second unit if at least one intermediary unit (e.g.,
a third unit located between the first unit and the second unit) processes information received
from the first unit and communicates the processed information to the second unit. In certain
embodiments, a message may refer to a network packet (e.g., a data packet and/or the like) that

includes data. It will be appreciated that numerous other arrangements are possible.
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[0098] As used herein, the term “server” may refer to one or more computing devices, such
as processors, storage devices, and/or sitmilar computer components that communicate with
client devices and/or other computing devices over a network, such as the Internet or private
networks, and, in some examples, facilitate communication among other servers and/or client
devices. It will be appreciated that various other arrangements are possible. As used herein, the
term “‘system™ may refer to one or more computing devices or combinations of computing
devices such as, but not limited to, processors, servers, client devices, software applications,
and/or other like components. In addition, reference to “a server” or “a processor,” as used
herein, may refer to a previously-recited server and/or processor that 1s recited as performing a
previous step or function, a different server and/or processor, and/or a combination of servers
and/or processors. For example, as used 1n the specification and the claims, a first server and/or
a first processor that 1s recited as performing a first step or function may refer to the same or

different server and/or a processor recited as performing a second step or function.

22  <e
2

[0099] The terms “comprises™, “comprising’’, or any other variations thereof, are intended
to cover anon-exclusive inclusion, such that a setup, device, or method that comprises a list of
components or steps does not include only those components or steps but may include other
components or steps not expressly listed or inherent to such setup, device, or method. In other
words, one or more elements 1n a system or apparatus proceeded by “comprises ... a”’ does not,
without more constraints, preclude the existence of other elements or additional elements 1n
the system or method. The terms “includes™, “including”, or any other variations thereof are
intended to cover a non-exclusive inclusion such that a setup, device, or method that includes
a list of components or steps does not include only those components or steps but may include
other components or steps not expressly listed or inherent to such setup, device, or method. In
other words, one or more elements 1n a system or apparatus proceeded by “includes ... a” does
not, without more constraints, preclude the existence of other elements or additional elements
1in the system or method.

22 e 22 .

[0100] The terms “embodiment”, “embodiments”, “one or more embodiments”, “some
non-limiting embodiments”, and “one embodiment™ mean “one or more (but not all)
embodiments of the present disclosure” unless expressly specified otherwise. A description of
an embodiment with several components in communication with each other does not imply
that all such components are required. To the contrary, a variety of optional components are
described to illustrate the wide variety of possible embodiments of the disclosure.

[0101] No aspect, component, element, structure, act, step, function, instruction, and/or the

like used herein should be construed as critical or essential unless explicitly described as such.
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As used 1n the specification and the claims, the singular form of an,” and “the” include
plural referents unless the context clearly dictates otherwise. Also, as used herein, the articles
“a’” and “an” are intended to include one or more 1tems and may be used interchangeably with
“one or more” and “‘at least one.” Furthermore, as used herein, the term “‘set™ 1s intended to
include one or more 1tems (e.g., related 1tems, unrelated 1items, a combination of related and
unrelated 1tems, and/or the like) and may be used interchangeably with “one or more™ or “at
least one.” Where only one 1tem 1s intended, the term “one” or stmilar language 1s used. Also,
as used herein, the terms “has,” “have,” “having,” or the like are intended to be open-ended
terms. Further, the phrase “based on” 1s intended to mean “based at least partially on™ unless
explicitly stated otherwise.

[0102] When a single device or article 1s described herein, 1t will be clear that more than
one device/article (whether they cooperate) may be used in place of a single device/article.
Similarly, where more than one device or article 1s described herein (whether they cooperate),
1t will be clear that a single device/article may be used 1n place of the more than one device or
article or a different number of devices/articles may be used instead of the shown number of
devices or articles. The functionality and/or the features of a device may be altematively
embodied by one or more other devices which are not explicitly described as having such
functionality/features. Thus, other embodiments need not include the device 1tself.

[0103] In the following detailed description of the embodiments of the disclosure,
reference 1s made to the accompanying drawings that form a part hereof, and in which are
shown by way of 1llustrating specific embodiments in which the disclosure may be practiced.
It should be understood, however, that 1t 1s not intended to limit the disclosure to the forms
disclosed, but on the contrary, the disclosure 1s to cover all modifications, equivalents, and
alternatives falling within the spirit and the scope of the disclosure. It 1s to be understood that
other embodiments may be utilized and that changes may be made without departing from the
scope of the present disclosure. The following description 1s, therefore, not to be taken 1n a
limiting sense.

[0104] According to various embodiments, the present disclosure presents algorithmic
approachs and new drive logic that utilizes motor control to ensure that the approprate volume
of fluid 1s delivered 1n the approprate duration during an injection procedure or protocol when
using a fluid mmjector system. The methods of the present disclosure compensate for volume
variations due to compliance and the resulting under and over delivery of fluid volume over a

given injection window to ensure optimized fluid delivery performance which meets flow rate,

volume, and duration accuracy requirements.
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[0105] Several types of fluid injector systems are available on the market, including piston
driven syringe-based fluid injector systems, compression-based fluid injector systems, and
flmmd delivery using a peristaltic pump. Piston driven- and compression-based delivery
technologies utilize movement of a piston or compressing surfaces at a constant or varying
speed for a given duration or to a specific position to control the volume of fluid delivered and
the flow profile. Peristaltic pump technologies utilize spinning rollers spinning at a given RPM
with a known delivery volume per revolution or per minute to deliver a volume of fluid at a
defined rate for a given time. Conventional injector technologies measure the volume of flud
delivered based on the programmed or set fluid flow rate(s) over the duration of the injection.
[0106] Referring to FIGS. 1-2, in which like reference characters refer to like parts
throughout the several views thereof, one embodiment of the present disclosure 1s generally
directed to a multi-fluid medical injector/injector system 100 (hereinafter “fluid injector system
100”) which 1n certain embodiments may include a multi-use disposable set (MUDS) 130
configured for delivering fluid to a patient using a single-use disposable set (SUDS) connector
and fluid path 190 (not shown 1n detail), and 1in various embodiments may include two, three,
or more disposable fluid reservoirs or syringes, which may be disposed after one injection
procedure or a specific number (multi-use) of injection procedures. The fluid 1injector system
100 may be a piston driven, syringe-based fluid delivery system and may include multiple
components as described herein. Generally, fluid 1njector system 100 depicted in FIGS. 1-2
has a powered fluid 1njector or other administration device and a fluid delivery set intended to
be associated with the powered fluid 1njector to deliver one or more fluids from one or more
single- or multi-dose containers under pressure into a patient, as described herein. The various
devices, components, and features of the fluid 1njector system 100 and the fluid delivery set
associated therewith are described herein.

[0107] While the various examples of the methods and processes are shown with reference
to the flud 1mmjector system 100 having the MUDS 130 and the SUDS 190 configuration 1n
FIGS. 1-2, the disclosure 1s not limited to such an injector system and may be utilized in other
syringe based injector systems, such as but not limited to those described in U.S. Patent Nos.,
7,553,294 7,563,249, 8,945.051; 9,173,995;10,124,110; 10,507,319; 10,549,084; 10,583,256;
and U.S. Application Publication No. 2018/0161496, the disclosures of each of which are
incorporated herein 1n their entirety by this reference.

[0108] With reference to FIG. 1, the fluid injector system 100 according to one example
includes an injector housing 102 that encloses the various mechanical drive components,

electrical and power components necessary to drive the mechanical drive components, and
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control components, such as electronic memory, processors, and electronic control devices,
used to control operation of reciprocally movable pistons (not shown) associated with the flud
injector system 100. Such pistons may be reciprocally operable via electro-mechanical drive
components such as a ball screw shaft driven by a motor, a voice coil actuator, a rack-and-
pinion gear drive, a linear motor, servo motor, stepper motor, and the like.

[0109] Flumd mmjector system 100 may include at least one bulk fluid connector 118 for
connection with at least one bulk fluid source 120. In some examples, a plurality of bulk fluid
connectors 118 may be provided. For example, as shown 1n the fluid injector embodiment in
FIG. 1, three bulk fluid connectors 118 may be provided in a side-by-side or other arrangement.
In some examples, the at least one bulk fluid connector 118 may include a spike configured for
removably connecting to the at least one bulk fluid source 120, such as a vial, a bottle, or a bag.
The at least one bulk fluid connector 118 may be formed on or part of the MUDS 130 (shown
in FIG. 2). The at least one bulk fluid source 120 may be configured for receiving a medical
fluid, such as saline, Ringer’s lactate, an 1imaging contrast medium solution, or other medical
flmd, for delivery to the patient by the fluid injector system 100.

[0110] With reference to FIG. 2, the MUDS 130 may be configured for removably
connection to the fluid 1njector system 100 for delivering one or more fluids from the one or
more bulk fluid sources 120 to the patient. Examples and features of embodiments of the
MUDS 130 are further described in U.S. Patent No. 10,507,319 and 1s operated with the SUDS
190 described 1n U.S. Patent No. 10,549,084. The MUDS 130 may include one or more fluid
reservolrs, such as one or more syringes 132. As used herein, the term “fluid reservoir” means
any container capable of taking in and delivering a fluid, for example during a fluid injection
procedure including, for example a syringe, a rolling diaphragm, a pump, a compressible bag,
and the like. Fluid reservoirs may include the interior volume of at least a portion of a flud
pathway, such as one or more manifold or tubing lengths, that are in fluid communication with
the interior of the fluid reservoir, including flmd pathway portions that remain in fluid
communication with the fluid reservoir after the system 1s closed or fluidly 1solated from the
remainder of the flud pathway with the closed system. The number of fluid reservoirs may
correspond to the number of bulk fluid sources 120. For example, with reference to FIG. 2, the
MUDS 130 may have three syringes 132 in a side-by-side arrangement where each syringe 132
1s fluidly connectable to the three corresponding bulk fluid sources 120. Each syringe 132 may
be fluidly connectable to one of the bulk fluid sources 120 by a corresponding bulk fluid
connector 118 and an associated MUDS fluid path 134. The MUDS flud path 134 may have a
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spike element that connects to the bulk fluid connector 118 and fluid line 150. In some
examples, the bulk fluid connector 118 may be provided directly on the MUDS 130.

[0111] With continued reference to FIGS. 1 and 2, the MUDS 130 may include one or
more valves 136, such as stopcock valves, for controlling which medical fluid or combinations
of medical fluids are withdrawn from the multi-dose bulk fluid source 120 (see FIG. 1) 1nto
the flud reservoirs 132 and/or are delivered to a patient from each fluid reservoir 132 via
manifold 148. In some examples, the one or more valves 136 may be provided on a distal end
of the plurality of syringes 132 or on a manifold 148. The manifold 148 may be in selectable
fluid communication via valves 136 with the interior volume of the syringes 132. The interior
volume of the syringes 132 may be 1n selectable fluid communication via valves 136 with a
first end of the MUDS fluid path 134 that connects each syringe 132 to the corresponding bulk
fluid source 120. The opposing second end of the MUDS fluid path 134 may be connected to
the respective bulk fluid connector 118. Depending on the position of the one or more valves
136, fluid may be drawn into the interior volume of the one or more syringes 132 or 1t may be
delivered from the interior volume of the one or more syringes 132. In a first filling position,
the one or more valves 136 are oriented such that fluid flows from the bulk flmd source 120
into the desired syringe 132 through a fluid inlet line 150. During the filling procedure, the one
or more valves 136 are positioned such that fluid flow through one or more fluid outlet lines
152 and/or manifold 148 1s blocked. In a second delivery position, fluid from one or more
syringes 132 1s delivered to manifold 148 through the syringe valve outlet ports. During the
delivery procedure, the one or more valves 136 are positioned such that fluid flow through one
or more fluid inlet lines 150 1s blocked. In a third position, the one or more valves 136 are
oriented such that flud flow through the one or more fluid inlet lines 150 and the one or more
fluid outlet lines 152 or the manifold 148 1s blocked. Thus, 1n the third position, each of the
one or more valves 136 1solates the corresponding syringe 132 and prevents fluid flow into and
out of the interior volume of the corresponding syringe 132, thus defining a closed system. The
one or more valves 136 and/or fluid outlet lines 152 may be integrated into or in fluid
communication via the manifold 148. The one or more valves 136 may be selectively
positioned to the first, second, and third position by manual or automatic handling.

[0112] With continued reference to FIGS. 1 and 2, according to some non-limiting
embodiments, the fluid mjector system 100 may have a connection port 192 that 1s configured
to form a releasable fluid connection with at least a portion of the SUDS. In some examples,
the connection port 192 may be formed on the MUDS 130. Desirably, the connection between
the SUDS and the connection port 192 1s a releasable connection to allow the SUDS to be
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selectively connected to and disconnected from the connection port 192. In some examples, the
SUDS may be disconnected from the connection port 192 and disposed after each fluid delivery
procedure, and a new SUDS may be connected to the connection port 192 for a subsequent
flmd delivery procedure. The SUDS may be used to deliver one or more medical fluids to a
patient by a SUDS fluid line having a distal end that may be selectively disconnected from the
body of the SUDS and connected to a patient catheter.

[0113] Referring again to FIG. 1, the fluid injector system 100 may include one or more
user interfaces 124, such as a graphical user interface (GUI) display. The user interface 124
may display information pertinent to a fluid injection procedure involving the fluid injector
system 100, such as injection status or progress, current flow rate, fluid pressure, and volume
remaining in the at least one bulk fluid source 120 connected to the fluid 1injector system 100
and may be a touch screen GUI that allows an operator to input commands and/or data for
operation of the fluid injector system 100. Additionally, the fluid injector system 100 and/or
user interface 124 may include at least one control button 126 for tactile operation by an
operator. The at least one control button 126 may be a graphical part of the user interface 124,
such as a touch screen, and/or may be located on a surface of the fluid injector system 100.
[0114] While FIGS. 1-2 1illustrate one example of a fluid injector system 100, it 1s to be
understood that the present disclosure 1s not limited to any particular type or variety of the flmd
injector system 100. Referring now to FIG. 3, another non-limiting example of a fluid injector
system 100 according to the present disclosure includes at least one fluid reservoir, such as a
syringe 12, at least one piston (not pictured) connectable to at least one plunger 14, and a fluid
control module (not pictured). The at least one syringe 12 1s generally adapted to interface with
at least one component of the system, such as a syringe port 13. The fluid injector system 100
1s configured to releasably receive the at least one syringe 12, which 1s to be filled with at least
one fluid F, as described herein. The system may be a multi-syringe injector, wherein several
syringes may be oriented side-by-side or another spatial relationship which are separately
actuated by respective pistons associated with the injector.

[0115] With continued reference to FIG. 3, the injector system 100 may be used during a
medical procedure to inject the at least one medical fluid F into the vasculature system of a
patient by driving a plunger 14 of at least one syringe 12 with a drive member, such as the at
least one piston 103 (see FIG. 4). The at least one piston may be reciprocally operable upon at
least a portion of the at least one syringe, such as the plunger 14. Upon engagement, the at least

one piston may move the plunger 14 toward the distal end 19 of the at least one syringe, as well
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as retracting the plunger 14 toward the proximal end 11 of the at least one syringe 12. Non-
limiting examples of fluid injector of FIG. 4 are described in U.S. Patent Nos., 7,540,856.
[0116] A tubing set 17 (e.g., first and second fluid conduits 17a and 17b, and common
fluid conduit 20) may be 1in fluud communication with an outlet port of each syringe 12 to place
each syringe in fluid communication with a catheter for delivering the fluid F from each syringe
12 to the catheter (not shown) 1n a patient at a vascular access site. The first and second fluid
conduits 17a and 17b may be connected to the common fluid conduit 20 by any suitable
mechanism known 1n the art. The fluid injector system 100 shown 1in FIG. 3 1s an open system
due to the lack of valves capable of 1solating the syringes 12 from one another and from at least
a portion of the tubing set 17. However, 1t 1s to be understood that valves, sitmilar to the valves
136 described herein, may be added distally of the syringes 12 to convert the fluid 1njector
system 100 of FIG. 3 to a closed system.

[0117] Referring now to FIG. 4, fluid injector systems 100 in accordance with the present
disclosure may be associated with and controlled by an electronic control device 400
configured to execute one or more 1njector protocols including, for example, the fluid filling,
priming, and delivery operations. In some examples, the electronic control device 400 may
control the operation of various valves, stopcocks, piston members, and other elements to affect
a desired gas/air removal, fluid filling, and/or fluid delivery procedure. The control device 400
may be integrated into the fluid mjector system 100, and/or may be separated from but in
communication with the fluid injector system 100. The electronic control device 400 may
include at least one processor 404, memory 408, an mput component 410, and an output
component 412. The electronic control device further may include a bus that permits
communication among the components of the electronic control device 400. The at least one
processor 404 may be implemented 1n hardware, firmware, or a combination of hardware and
software. For example, processor 404 may include a processor (e.g., a central processing unit
(CPU), a graphics processing unit (GPU), an accelerated processing unit (APU), etc.), a
microprocessor, a digital signal processor (DSP), and/or any processing component (e.g., a
field-programmable gate array (FPGA), an application-specific integrated circuit (ASIC), etc.)
that can be programmed to perform a function. Memory 408 may include a hard disk (e.g., a
magnetic disk, an optical disk, a magneto-optic disk, a solid-state disk, etc.) and/or another type
of computer-readable medium. The mmput component 410 may include a component that
permits the electronic control device 400 to receive information, such as via user input (e.g.,
the user interface 124). The output component 412 may include a component that provides

output information from the electronic control device 400 (e.g., the user interface 124).
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[0118] The electronic control device 400 may be programmed or configured to perform
one or more processes and/or methods based on the at least one processor 404 executing
software 1nstructions stored by a computer-readable medium, such as memory 408. When
executed, software instructions stored in memory 408 may cause the at least one processor 404
to perform one or more processes and/or methods described herein.

[0119] The number and arrangement of components of the electronic control device 400
shown 1n FIG. 4 are provided as an example. In some non-limiting embodiments, the electronic
control device 400 may include additional components, fewer components, different
components, or differently arranged components than those shown in FIG. 4. Additionally or
alternatively, a set of components (e.g., one or more components) of the electronic control
device 400 may perform one or more functions described as being performed by another set of
components of the electronic control device 400.

[0120] With continued reference to FIG. 4, the electronic control device 400, more
particularly the at least one processor 404, may be 1n operative communication with one or
more components of the fluid injector system 100 to control an operation of the fluid injector
system 100. The electronic control device 400 may be 1n operative communication with one or
more drive components S10a, S10b, S10n respectively associated with one or more flud
reservoirs S00a, S00b, S00n of the flud injector system 100 to control filling of fluid and
delivery of fluid from the fluid reservoirs 500a, S00b, S00n. More particularly, each of the one
or more drive components S10a, S10b, 510n may be associated with one of the fluid reservoirs
500a, 500b, S500n such that fluid contained 1n each of the fluid reservoirs 500a, 500b., S00n
may be selectively delivered via actuation of the associated drive component S10a, S10b, 510n.
The fluid reservoirs S00a, S00b, S00n may be, or may correspond to, the syringes 132 of the
fluid mjector system 100 of FIGS. 1-2 and/or the syringes 12 of the fluid injector system 100
of FIG. 3, as described herein. The one or more drive components 510a, S10b, 510n may be,
or may correspond to, the pistons (not pictured) of the fluid injector systems 100 of FIGS. 1-
3. The one or more flud reservoirs 500a, S00b, S00n may be 1n fluid communication with a
fluid conduit 830, such as a SUDS 190 or tubing set 17 for delivering fluid to a catheter or
other component connected to a patient.

[0121] In certain examples of a closed fluid 1injector system 100 (e.g., the flud injector
system 100 of FIGS. 1 and 2), the electronic control device 400 further may be 1n operative
communication with one or more valves 520a, 520b. 520n 1n order to rotate or otherwise

actuate the valves 520a, 520b, 520n to direct flow into or out of and/or 1solate flow from one
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or more of the fluid reservoirs S00a, 500b. 500n to the fluid conduit 530. The valves 520a,
S20b, S20n may be, or may correspond to, the valves 136 described herein in FIG. 2.

[0122] In certain examples, at least one processor 404 may be programmed or configured
to execute a fluid imjection protocol (1.e., a flud delivery procedure) during which at least one
fluid 1s delivered to a patient. The fluid injection protocol may include a programmed flow rate,
a desired volume of fluid to be delivered, and a type of fluid or a combination of two or more
fluids to be delivered. Each fluid injection protocol may have one or more phases, with each
phase having predetermined fluid flow, volume, and fluid type settings.

[0123] During a fluid injection procedure, a load 1s applied to the system by way of, e.g..
one or more drive components S10a, S10b, 510n to deliver the fluid from one or more fluid
reservolrs (1.e., fluid reservoirs S00a, S00b, 500n) to the patient via an administration line/flud
path set. The resulting change 1n fluid pressure within each of the fluid reservoirs (1.e., fluid
reservoirs 500a, S00b, S00n) may cause the system to store some elastic energy in the form of
increased internal volume (1.e., swelling) of the flmd reservoirs S00a, S00b, 5S00n, and/or
elastic mechanical deflection of, e.g., the plungers coupled to each drive component, etc. and
mechanical slack associated with imnjector components. This pressure-dependent increase in
volume 1s known as the compliance volume of the system. Based on known characteristics of
each fluid reservoir 500a, 500b, S00n and the fluid injector system 100 as a whole, a measured
change of fluid pressure within the system allows for a corresponding change in compliance
volume to be calculated. In one embodiment, compliance volume may be determined via a
global equation executed by the at least one processor 404 using information regarding changes
in fluid pressure, fluid tflow rate, etc. In another embodiment, the compliance volume may be
determuned through the use of one or more sensors capable of measuring, e.g., expansion,
deflection, etc. of the various components of the system. In still another embodiment, the
compliance volume of a specific component (e.g., a certain size/model of fluid reservoir) may
be predetermined, and the component may include a scannable bar code or other indicator that
provides the compliance volume characteristics of the component under various pressure and
flow rate conditions. It 1s to be understood that other methods of determining compliance
volume are also possible.

[0124] During an injection procedure, fluid flow increase out of the injector 1s typically
accompanied by a pressure increase within the fluid reservoir or pump associated with the
injector. However, increases in pressure over a period of time may result in further increase 1n
pressure of the system beyond the programmed increase, for example, due to mechanical

deflection, or intrinsic fluid dynamics of mixing fluids with differing densities. For example,
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if the pressure of the fluid delivery 1s increased by 100 ps1 over a time period of 1 second, then
the fluid flow rate must be increased to compensate for the increase in pressure.

[0125] System compliance may cause gradients in pressure, which cause deviations 1n the
actual flow rate from a programmed flow rate. Stmilarly, gradients in fluid flow rates can result
in gradients 1in pressures within a fluid injection system. However, if the pressure does not
significantly change during an injection, then the fluid flow rate may be considered to be
substantially constant. This 1s possible if the various effects from fluid injector features, such
as effects resulting from position-based changes 1in system compliance or the effects resulting
from creep over time, are 1gnored. Under 1deal conditions, 1f the pressure reaches steady state
pressure 1nstantaneously, there should be a square wave for the flmd flow rate. However,
system compliance 1n conventional fluid injection systems, for example in the form of
volumetric swelling of fluid delivery components such as fluid reservoirs, and tubing; or
volumetric increases due to taking up mechanical slack under pressurized delivery conditions,
may result in fluid flow maccuracies before the injector reaches a steady state pressure profile.
[0126] With reference to FIG. S, a fluid flow profile 610 1s shown for a fluid injection
protocol where compliance volume affects the volumetric accuracy of the fluid delivered to the
patient (dotted line) in comparison to a fluid flow profile for an injection protocol where
pressure reaches steady state pressure near instantaneously (solid line). As can be seen 1n FIG.
S, maccuracies 1n fluid volume delivery are illustrated by tailing at the beginning 615 (during
compliance volume uptake) and at the end 616 (during compliance volume release) of a
measured flow rate curve 610 of an exemplary fluid injection procedure. Broadening of the
bolus shape over time generally results from compliance volume effects. On the other hand, a
programmed flow rate curve 620 preferably has a near instantaneous rise to the programmed
flow rate, which 1s maintained for the duration of the injection procedure, followed by a near
instantaneous drop to zero flow rate. The substantially square profile of the programmed flow
rate curve 620 desirably rises to a steady state pressure substantially instantaneously and shows
no or only minimal tailing at the beginning and at the end of the fluid injection procedure.
[0127] Non-limiting embodiments of the present disclosure are directed to systems,
devices, products, apparatus, and/or methods for improved and accurate fluid delivery profiles
by instituting a pressure-based control of fluid rate by controlling one or more drive
components (e.g., one or more drive components S10a, S10b, S10n) using the electronic
control device 400, such as the at least one processor 404. According to various embodiments,
the flow rate commanded by the one or more drive components S10a, S10b, 5S10n 1s based on

a previously measured change in pressure over a short time interval and the flow rate 1s adjusted
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by an algorithmic analysis of the change in pressure compared to the expected change in
pressure. Using a real-time feedback loop over the duration of the fluid delivery, an accurate
relationship between changes 1n pressure of the fluid and true fluid flow rates can be utilized
to make adjustments to the next measured fluid flow rate, correcting for either over or under
delivery of fluid over the short time interval, so that the resulting flow rate profile has a more
square flow profile with minimized tailing (similar to 620 1in FIG. S).

[0128] According to various embodiments, tuning the system response may be important
for the implementation of the method. If the system response 1s too slow, fluid may be delivered
at an undesired flow rate for a longer duration. For example, with reference to FIGS. 9A, 10A,
11A, and 12A, the solid lines indicating an actual flow rate deviate significantly from desired
flow rates (dashed lines) or commanded flow rates (dotted lines). The associated error buffer
(expressed in mL) shown in FIGS. 9B, 10B, 11B, and 12B indicates an over- or under-delivery
of flmd as a function of time for systems with sub-optimal or unacceptable fluid delivery
profiles. In instances where the pressure 1s increasing, this means that the actual flow rate 1s
below the desired rate (FIGS. 9A-9B) and when pressure 1s decreasing the actual flow rate will
be higher than desired (FIGS. 10A-10B). For injections of short duration or low volume, an
overly dampened response, such as that exemplified in FIGS. 11A-11B, 1s unacceptable.
Conversely, if the mitial response 1s too aggressive or the system 1s stiff relative to the
established bounds, the system may overshoot the desired flow rate and will deliver at a higher
flow rate than desired for some duration and require additional time to recover and approach
the desired rate (FIGS. 10A-10B). If the bounding function 1s hyper-responsive for a given
system, the method may introduce undesired oscillations in flow rate (FIGS. 12A-12B).
[0129] Considering the scenarios shown in FIGS. 9A-12B, 1n order to produce the desired
injector performance, the present disclosure tunes the system response to pressure such that
flow rate adjustments are balanced with the pressure response of the system, which 1s dictated
by the stiffness of the system including fluid reservoirs, tubing or other fluid path components,
injector components, and the fluid being delivered. To avoid slow or reinforcing feedback, in
some non-limiting embodiments of the present disclosure, the systems and methods described
herein scale pressure measurements and convert the input to a flow rate 1n order to provide a
direct comparator for the desired flow rate. In addition, the measurement interval 1s selected to
provide the desired responsiveness, while a maximum allowable deviation 1in pressure for a
oiven time interval prevents a hypersensitive response and provides sufficient time for the
physical system to act. Incorporation of the maximum allowable deviation with the error buffer

allows for relatively large deviations in flow rate achieved without introducing undesired
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fluctuations or straining system components. With reference to FIG. 13A, the solid line
indicating an actual flow rate substantially matches the desired flow rates (dashed line) or
commanded flow rate (dotted line). The associated error buffer (expressed in mL) shown 1n
FIG. 13B 1s tuned to mmnimize over- or under-delivery of fluid as a function of time.

[0130] According to various embodiments, changes in pressure may be measured by
determining, for example, a force applied by the one or more drive components S10a, S10b.
510n. In some embodiments, a force sensor 540 may be associated with each of the one or
more drive components S10a, S10b, 510n and may be configured for measuring a force exerted
by the one or more drive components S10a, S10b, 5S10n. In some embodiments, pressure may
be measured using the one or more drive components S10a, S10b, S10n. For example, pressure
may be measured by measuring a current of a motor of the one or more drive components 510a,
S10b, 510n and correlating the current measurement to a pressure. In this manner, the one or
more drive components S10a, S10b, S10n function as the sensor. The pressure measurement
obtained by the force sensor S40 and/or the current measurement of the one or more drive
components S10a, S10b, 510n 1s an estimated pressure measurement because 1t 1s based on an
indirect measurement. According to further embodiments, changes 1n pressure may be
measured by other methods, such as one or more pressure sensors S50 configured for measuring
an actual flud pressure 1n a fluid reservoir and/or a fluid path set (such as one or more of flud
reservoirs 500a, S00b, 500n and/or the fluid conduit 530).

[0131] Instead of determining the fluid flow rate by a programmed or set flow rate over the
duration of the entire fluid injection procedure, a programmed flow rate profile 1s achieved by
measuring an actual flow rate during a plurality of discrete time intervals during the flmd
injection procedure. Actual flow rate i1s determined by measuring differences in fluid pressure
during each time interval, and the actual flow rate for each time interval 1s then compared to
the desired fluud flow rate. Pressure 1s adjusted dynamically after each time interval to
compensate for over or under delivery of fluid volume 1n a subsequent time interval(s).

[0132] In some embodiments, the electronic control device 400 may be configured to
perform flow rate control by controlling operation of the one or more drive components S10a,
S10b, 510n based on pressure measurements determined by at least one sensor, such as the
force sensor S40 and/or the pressure sensor 550. In further embodiments, the electronic control
device 400 may be configured to perform pressure control by controlling operation of the one
or more drive components S10a, S10b, S10n based on pressure measurements determined by
at least one sensor, such as the force sensor 540 and/or the pressure sensor 550. For example,

the electronic control device 400, more particularly the at least one processor 404, may be
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configured for determining an actual flow rate/pressure during a time interval of the flud
delivery procedure based on a change 1n pressure measured by the at least one sensor (such as
the force sensor 540, the pressure sensor 550, and/or the current of a motor of the one or more
drive components 510a, 510b, S10n) over the time interval during execution of the flmd
delivery procedure. The time interval can be any fraction of the run time of the fluid delivery
procedure. In some embodiments, the time interval can be 1 millisecond to 5000 milliseconds.
In other words, the actual flow rate/pressure during the time interval can be deternmuned by
taking pressure measurements at a beginning (first pressure measurement) and an end (second
pressure measurement) of the time interval.

[0133] As discussed herein, the pressure may be measured by the force required to move a
servo control motor that operates a piston of a fluid injection device or a servo control motor
that operates a peristaltic pump 1njection device. According to certain embodiments, the force
may be measured by the current necessary for the motor to move the drive component. A
difference between the second pressure measurement and the first pressure measurement 1s the
change 1n pressure that occurs during the time interval.

[0134] The calculated change 1n pressure may be scaled using one or more scaling factors
to account for fluid over-delivery/under-delivery caused by, for example, uptake of or release
of compliance volume of fluid 1n the 1njector system. Such scaling factor(s) may be unique to
the flmid 1mnjector system and/or the fluid mmjection procedure being performed. The scaling
factor(s) may vary based on the characteristics of at least one of the one or more drive
components S10a, S10b, 510n, the one or more fluid reservoirs S00a, S00b, S00n, the flud
contained 1n the one or more fluid reservoirs 500a, S00b, 500n, the fluid conduit 530, and the
pressure required to deliver the fluid during the fluid delivery procedure. The scaling factor(s)
may be expressed as an algorithmic equation, such as a linear algorithmic equation. In some
embodiments, the algorithmic equation may include non-linear functions, such as an
exponential relationship between the change in pressure and the scaled pressure value.

[0135] The electronic control device 400, more particularly the at least one processor 404,
may be further configured to determine an actual flow rate of fluid over the time interval during
execution of the fluid delivery procedure. For example, the actual flow rate may be expressed
as a function of the scaled change in pressure over the duration of the time interval. The
electronic control device 400, more particularly the at least one processor 404, may be further
configured to determine a change in flow rate based on an absolute value of a difference
between the actual flow rate and the programmed flow rate. The electronic control device 400

may determine the change in flow rate at each time interval.
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[0136] In some embodiments, a maximum allowable deviation or change in flow rate
between the actual flow rate and the programmed flow rate may also be stored in the memory
408 of the electronic control device 400. The maximum allowable deviation or change in flow
rate represents the highest permissible difference between the actual flow rate and the
programmed flow rate during each time interval of the fluid delivery procedure.

[0137] In some embodiments, a deviation or change in flow rate between the actual flow
rate and the programmed flow rate may be limited by predetermined bounds. In various
embodiments, the predetermined bounds may be a preset mimimum and maximum threshold, a
percentage of the programmed flow rate, a function based on one or more factors including the
programmed flow rate, statistical limits based on standard deviation from the programmed flow
rate, a moving average of the actual flow rate relative to the programmed flow rate, and any
combination thereof.

[0138] The electronic control device 400, more particularly the at least one processor 404,
may be further configured to compare the maximum allowable deviation or change 1n the flow
rate to the change 1n flow rate between the actual flow rate and the programmed flow rate over
the time 1nterval. The result of this comparison 1s a flow rate correction that can be used to
determine a new programmed flow rate for a subsequent time interval, as discussed herein. In
this manner, the new programmed flow rate for the subsequent time interval may be adjusted
to 1increase or decrease the programmed flow rate from the previous time interval in order to
account for any under or over delivery of fluid during the previous time interval, respectively.
[0139] In some embodiments, the flow rate correction may be equal to the maximum
allowable change 1n flow rate i1f the change 1in flow rate between the actual flow rate and the
programmed flow rate 1s higher than the maximum allowable deviation or change. In further
embodiments, the flow rate correction may be equal to the actual flow rate 1f the change 1n the
flow rate between the actual flow rate and the programmed flow rate 1s less than or equal to the
maximum allowable deviation or change. A difference between the change 1n flow rate and the
maximum allowable deviation or change in flow rate may be stored in the memory 408 of the
electronic control device 400 as a buffer deviation for use in determining a new flow rate
correction 1n subsequent time intervals after the second time interval. In this manner, the error
in the amount of fluid that 1s actually delivered during the fluid delivery procedure may be
spread over multiple time intervals instead of being accounted for only 1n a subsequent time
interval to the time interval 1n which the error was accumulated. For example, a fraction of the
difference between the change in flow rate and the maximum allowable deviation or change 1n

flow rate may be added to each of a plurality of time intervals after the time interval in which
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the error was accumulated. The flow rate correction for each subsequent time interval may be
based on a difference between the maximum allowable deviation and the deviation of the actual
flow rate from the programmed flow rate over each subsequent time interval, and a buffer
deviation from a previous time interval.

[0140] The calculation of a new programmed flow rate can be repeated for each subsequent
time 1nterval, up to the last time interval of the fluid injection procedure. In this manner, the
new programmed flow rate from a previous time interval 1s used as a programmed flow rate
for the current time interval, and an updated programmed flow rate 1s calculated for the
subsequent time interval.

[0141] According to various embodiments, an example of injector logic that may be
programmed into the at least one processor 404 of the electronic control device 400 may
include the following steps:

[0142] Initializing all variables to zero,

[0143] Setting a programmed flow rate (Fd) to be used during the specified time interval
of the fluid 1njection procedure,

[0144] Setting a maximum allowable change 1in flow rate (AFmax) as a maximum
difference 1in flow between an actual flow rate and a programmed flow rate,

[0145] Initiating the flud delivery procedure by actuating at least one drive component,
[0146] Measuring a first pressure (P1) at a start of the specified time interval using
pressure/force sensor and/or motor current measurement,

[0147] Measuring a second pressure (P2) at an end of the specified time interval using
pressure/force sensor and/or motor current measurement,

[0148] Determining the change in pressure (AP) over the specified time interval and add

any over-delivery (OD) from a previous time interval (AP = P2 — P1 + OD),

[0149] Determining a scaled change 1n pressure (APs) based on the calculated change 1n
pressure (AP) and one or more scaling factors (APs = A* AP + B, where A and B are constants
that are unique to each injector system),

[0150] Determining an actual flow rate (Fa) for the specified time interval based on a scaled
change 1n pressure between the end (T2) and the beginning (T1) of the specified time interval
(Fa= APs/(T2 —T1)),

[0151] Determining a change 1n flow rate (AFr) based on an absolute value of a difference
between the actual flow rate (Fa) and the programmed flow rate (Fd) (AFr = [Fa — Fd)),

[0152] Comparing the change in flow rate (AFr) with maximum allowable change in flow

rate (AFmax),
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[0153] If the change 1n flow rate (AFr) 1s greater than the maximum allowable change 1n
flow rate (AFmax) (AFr > AFmax), any over delivery or under delivery 1s to be corrected for
over more than one time interval,

[0154] Setting the flud flow rate correction (F*) to be equal to the maximum allowable
change 1n flow rate (AFmax) (F* = AFmax),

[0155] Storing the difference between the change 1in flow rate (AFr) and the maximum
allowable change 1n flow rate (AFmax) in an over-delivery buffer (OD) to be added over one
or more subsequent time interval(s),

[0156] If the change 1n flow rate (AFr) 1s less than or equal to the maximum allowable
change 1n flow rate (AFmax) (AFr <= AFmax), any over delivery or under delivery can be
corrected for over the subsequent time interval,

[0157] Setting the flow rate correction (F*) to be equal to the delta flow rate F* = AFr,
[0158] Determining a new programmed flow rate (Fn) for the next time interval where the
new rate 1s based on a combination of the desired flow (Fd) rate for the previous time interval
and the flow rate correction (F*) (Fn = Fd + F*), and

[0159] Repeating the process for the remaining time intervals in the fluud delivery
procedure using the new flow rate (Fn) from each time interval as the programmed flow rate
1n a subsequent time interval.

[0160] According to further embodiments, an example of injector logic that may be
programmed 1nto the at least one processor 404 of the electronic control device 400 may
include the following steps:

[0161] Initializing all variables to zero, including pressure values, time, pressure error, and
position error,

[0162] Setting a maximum change 1n a commanded position of the one or more drive
components S10a, S10b, S10n (Ax command max) to the programmed flow rate (Fd). In
certain embodiments, the programmed volume ay be equal to the sum of the commanded
changes 1n position and the volumetric component from measured pressure change. In specific
embodiments, sum of all Ax command (Ax command sum, as detailed herein) may not be set
at the beginning of the protocol as the volumetric component from measured pressure change
may not be known a priori, as the volumetric component may depend on the measured pressure
during the injection,

[0163] Measuring a current pressure (P measured) and a current position (x measured) at

a first time (t = 0),
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[0164] Setting a first timer equal to the duration of a number of 1terations of the pressure
control loop (Duration 1 =N*Duration 2),
[0165] Setting a second timer equal to a predetermined length of time (e.g., 10 us)
(Duration 2),
[0166] Calculating a pressure error using equation where pressure error 1s a difference
between the measured pressure and the predetermined pressure. Pressure error can be
calculated as

Pressure error =P set - P measured; or

Pressure error =P measured - P set,
The equation used depends of on the final implementation of the controller (generally related
to circuitry details),
[0167] Calculating the change in the commanded position of the one or more drive

components 5S10a, S10b, 510n as a function of the calculated pressure error using Equation 1:

dep(t)

L
AXcommana = Kp1 * €, + Kjq * fo e,(t) dt + Kpq * £

(Equation 1)

where K P1, K II, and K DI, are gains to scale any of the value of pressure error, integral of
pressure error, and derivative of pressure error, respectively. These “pressure gains™ may be
obtained by any number of theoretical and empirical methods. For example, the values for
K P1, K I1, and K D1 may be obtained using the Ziegler-Nichols method to generate a static
pressure 1n a closed fluid container, such as a syringe, at a plurality of pressure over the
programmed pressure range,
[0168] [f the commanded change of the one or more drive components 510a, 510b, S10n
results 1s greater than the programmed flow rate (Fd), the commanded position change 1s set to
the programmed flow rate (Fd),
[0169] [f the commanded position of the one or more drive components 510a, S10b, 510n
results 1s less than 0, the commanded position 1s set to O,
[0170] Calculating the position error as a function of the measured position and the
commanded position of the one or more drive components S10a, S10b, S10n using the
following equations:

Position error = x measured — x command; or

Position error = x command — X measured,
[0171] Calculating the current (or other motion command) delivered to a motor drive

component as a function of Position error, using Equation 2:

dex(t)
dt

[ = Kp, xey + K;) * f; ey(t) dt + Kp, * (Equation 2)
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where K P2, K 12, K D2, are gains to scale the value of position error, the integral of position
error, and the derivative of position error, respectively, and 11s the current (or other command).
These “position gains” may be obtained by any number of theoretical and empirical methods,
[0172] Starting the timers for Duration 1 and Duration 2,
[0173] Actuating the calculated motor drive based on the calculated current command 1,
[0174] Measuring the new position (x measured) at the end of Duration 2,
[0175] Calculating the new position error by the previously utilized relationship,
[0176] Calculating the new motor drive command 1 by the previously utilized relationship,
[0177] Repeating the loop until Duration 1 expires (1.e., N times),
[0178] Resetting the timers for Duration 1 and Duration 2,
[0179] Measuring the new current pressure (P measured),
[0180] Calculating the new pressure error,
[0181] Calculating the new change in commanded position of the one or more drive
components S10a, S10b, 510n,
[0182] Starting the timers for Duration 1 and Duration 2, and
[0183] Repeating the loop of pressure and position control until the sum of all
Ax command (Ax command sum) and the volumetric component scaled from measured
pressure change 1s equal to Vd. The function that describes the volumetric component 1s
generally a nonlinear combination of scaled pressure (p) and scaled piston position (x). For
example, according to an embodiment, the volumetric component 1s calculated by the
following equation (3):

V ¢c=A+B*p + C*x + D*p"2 + E*x"2 + F*p*x (Equation 3)
where A through F are scaling factors, p 1s pressure, and x 1s piston position.
[0184] FIG. 6 1llustrates a graphical relationship between the change 1n pressure versus the
change 1n flow rate for one embodiment of an injector system using the injector logic described
herein. For example, using the graph in FIG. 6, a change 1n flow rate (mL/s) can be determined
for the fluid 1njector based of an observed or determined change in pressure over a time interval
(1 sec according to the embodiment of FIG. 6).
[0185] FIG. 7 illustrates a graphical relationship of the resulting transformation calculation
of the actual flow rate for specific programmed flow rates for one embodiment of an 1njector
system using the imjector logic of the present disclosure. Using the plot in FIG. 7, a difference
between the true flow rate output for the injector system 1s determined for an observed pressure

change over a time interval (1 sec) for specific programmed fluid flow rates.
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[0186] Having described the structure of various fluid injector systems 100 and electronic
control devices 400 configured for controlling operation of the various fluid injector systems
100, a method 800 for improved fluid delivery using real-time, pressure-based control of one
or more drive components S10a, S10b, 510n of a flmd injector system 100 during a fluid
injection procedure will now be described with reference to FIG. 8.

[0187] Prior to initiating a flwd delivery procedure at step 804, such as via actuation of one
or more drive components 5S10a, S10b, 510n of fluid injector system 100 using the electronic
control device 400, a programmed flow rate for a specified time interval of the fluid delivery
procedure and a maximum allowable change 1n the flow rate during any time interval are set at
step 802. For example, the programmed flow rate and the maximum allowable deviation or
change 1n the flow rate may be stored in the memory 408 of the electronic control device 400.
[0188] During the mitial time period and at step 806, a first pressure 1s measured at the
start of the time period and a second pressure 1s measured at the end of the time period. As
described herein, pressure may be measured using one or more force sensors 540 associated
with the one or more drive components S10a, S10b, 510n and/or one or more pressure Sensors
550 associated with one or more of fluid reservoirs S00a, S00b, S00n and/or fluid conduit 530.
[0189] At step 808, a change in pressure during the time interval 1s determined. A
difference between the second pressure measurement and the first pressure measurement 1s the
change 1n pressure that occurs during the time interval.

[0190] At step 810, a scaled change 1n pressure 1s determined using one or more scaling
factors to account for fluid over-delivery/under-delivery caused by, for example, uptake of or
release of compliance volume of fluid 1n the injector system. As described herein, the scaling
factor(s) may vary based on the characteristics of at least one of the one or more drive
components S10a, S10b, 510n, the one or more fluid reservoirs S00a, S00b, S00n, the fluid
contained 1n the one or more fluid reservoirs 500a, 500b, S00n, the fluid conduit 530, and the
pressure required to deliver the fluid during the fluid delivery procedure. In some embodiments,
the scaled pressure may be determined by an algebraic equation, such as a linear or non-linear
algebraic equation.

[0191] At step 812, an actual flow rate during the time interval 1s determined. The actual
flow rate may be expressed as a function of the scaled change 1n pressure over the duration of
the time interval.

[0192] At step 814, a change 1n flow rate between the actual flow rate and the programmed
flow rate 1s determined. The change 1n flow rate may be expressed as an absolute value of the

difference between the actual flow rate and the programmed flow rate.
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[0193] At step 816, a flow correction 1s determined which may be used for correcting a
programmed flow rate in a subsequent time interval. The flow correction 1s based on a
comparison of the change in the flow rate determined 1n step 814 and the stored maximum
allowable change 1n the flow rate (step 802). If the change 1n the flow rate determined 1n step
814 1s greater than the maximum allowable change 1n flow rate set in step 802, then any over-
delivery or under-delivery in fluid 1s to be corrected for over more than one time interval. In
this manner, the fluid flow rate correction 1s set to be equal to the maximum allowable change
in flow rate (step 818) and the difference between the change in the flow rate and the maximum
allowable change 1n flow rate 1s stored in a buffer to be added over one or more subsequent
time 1nterval(s). On the other hand, 1f the change 1n the flow rate determined 1n step 814 1s less
than or equal to the maximum allowable change 1n flow rate set in step 802, then any over-
delivery or under-delivery in fluid 1s to be corrected for the subsequent time interval by setting
the flow rate correction to be equal to the actual flow rate (step 820).

[0194] At step 822, a new programmed flow rate for the subsequent time interval 1s
determined, where the new programmed flow rate 1s based on a combination of the
programmed flow rate for the current time interval (step 802) and the flow rate correction
determined 1n steps 816-820.

[0195] At step 824, the process of steps 802-822 1s repeated for the remaining time intervals
in the fluid delivery procedure using the new programmed flow rate from each time interval as
the programmed flow rate in a subsequent time interval.

[0196] In accordance with some non-limiting embodiments, a second method 900 for
improved fluid delivery using real-time, pressure-based control of one or more drive
components S10a, S10b, 5S10n of a flud 1njector system 100 during a fluid injection procedure
will now be described with reference to FIG. 16. The method 900 may be implemented using
a pressure control system shown in FIG. 15.

[0197] Prior to mitiating a flmd delivery procedure at step 904, such as via actuation of one
or more drive components <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>