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PATIENT-BASED PARAMETER GENERATION SYSTEMS FOR MEDICAL
INJECTION PROCEDURES

CROSS-REFERENCE TO RELATED APPLICATION

[0001] This application claims benefit of U.S. Provisional Application Serial

No. 60/877,779, filed on December 29, 2006, and U.S. Provisional Patent Application

Serial No. 60/976,002, filed July 28, 2007, the contents of which are hereby

incorporated by reference.

RELATED APPLICATIONS

[0002] This application contains subject matter that may be related to that

disclosed and/or claimed in Published PCT Application No. WO/2006/058280 (PCT

International Patent Application No. PCT/US05/042891), filed on November 23, 2005

and Published PCT Application No. WO/2006/055813 (PCT International Patent

Application No. PCT/US2005/041913), filed on November 16, 2005, the disclosures

of which are incorporated herein by reference and made a part hereof.

BACKGROUND OF THE INVENTION

[0003] The present invention is related to devices, systems and methods for

fluid delivery, and, particularly, to devices, systems and methods for delivery of a

pharmaceutical fluid to a patient, and, especially for delivery of a contrast medium to

a patient during a medical injection procedure.

[0004] The following information is provided to assist the reader to

understand the invention disclosed below and the environment in which it will

typically be used. The terms used herein are not intended to be limited to any

particular narrow interpretation unless clearly stated otherwise in this document.

References set forth herein may facilitate understanding of the present invention or

the background of the present invention. The disclosure of all references cited herein

are incorporated by reference.

[0005] The administration of contrast medium (with, for example, a powered

injector) for radiological exams typically starts with the clinician filling an empty,

disposable syringe with a certain volume of contrast agent pharmaceutical. In other

procedures, a syringe pre-filled with contrast agent is used. The clinician then



determines a volumetric flow-rate and a volume of contrast to be administered to the

patient to enable a diagnostic image. An injection of saline solution, having a volume

and flow rate determined by the operator, often follows the administration of contrast

agent into the veins or arteries. A number of currently available injectors allow for the

operator to program a plurality of discrete phases of volumetric flow rates and

volumes to deliver. For example, the SPECTRIS SOLARIS® and STELLANT ®

injectors available from Medrad, Inc. of Indianola, Pennsylvania, provide for entry of

up to and including six discrete pairs or phases of volumetric flow rate and volume for

delivery to a patient (for example, for contrast and/or saline). Such injectors and

injector control protocols for use therewith are disclosed, for example, in U.S. Patent

No. 6,643,537 and Published U.S. Patent Application Publication No. 2004-0064041,

assigned to the assignee of the present invention, the disclosures of which are

incorporated herein by reference. The values or parameters within the fields for such

phases are generally entered manually by the operator for each type of procedure and

for each patient undergoing an injection/imaging procedure. Alternatively, earlier

manually entered values of volume and flow rate can be stored and later recalled from

the computer memory. However, the manner in which such parameters are to be

determined for a specific procedure for a specific patient are not well developed.

[0006] In that regard, differences in contrast dosing requirements for different

patients during imaging and other procedures have been recognized. For example,

U.S. Patent No. 5,840,026, assigned to the assignee of the present invention, the

disclosure of which is incorporated herein by reference, discloses devices and

methods to customize the injection to the patient using patient specific data derived

before or during an injection. Although differences in dosing requirements for

medical imaging procedures based upon patient differences have been recognized,

conventional medical imaging procedures continue to use pre-set doses or standard

delivery protocols for injecting contrast media during medical imaging procedures.

Given the increased scan speed of recently available CT scanners including MSCT (or

MDCT) scanners, single phase injections are dominant over biphasic or other

multiphasic injections in regions of the world where such fast scanners are used.

Although using standard, fixed or predetermined protocols (whether uniphasic,

biphasic or multiphasic) for delivery simplifies the procedure, providing the same

amount of contrast media to different patients under the same protocol can produce

very different results in image contrast and quality. Furthermore, with the



introduction of the newest MSCT scanners, an open question in clinical practice and

in the CT literature is whether the standard contrast protocols used with single-slice,

helical scanners will translate well to procedures using the MSCT machines. See, for

example, Cademartiri, F. and Luccichenti, G., et al., "Sixteen-row multislice

computed tomography: basic concepts, protocols, and enhanced clinical applications."

Semin Ultrasound CT MR 25(1): 2-16 (2004).

[0007] A few studies have attempted quantitative analyses of the injection

process during CT angiography (CTA) to improve and predict arterial enhancement.

For example, Bae and coworkers developed pharmacokinetic (PK) models of the

contrast behavior and solved the coupled differential equation system with the aim of

finding a driving function that causes the most uniform arterial enhancement. K. T.

Bae, J . P. Heiken, and J . A. Brink, "Aortic and hepatic contrast medium enhancement

at CT. Part I . Prediction with a computer model," Radiology, vol. 207, pp. 647-55

(1998); K. T. Bae, "Peak contrast enhancement in CT and MR angiography: when

does it occur and why? Pharmacokinetic study in a porcine model," Radiology, vol.

227, pp. 809-16 (2003); K. T. Bae et al., "Multiphasic Injection Method for Uniform

Prolonged Vascular Enhancement at CT Angiography: Pharmacokinetic Analysis and

Experimental Porcine Method," Radiology, vol. 216, pp. 872-880 (2000); U.S. Patent

Nos. 5,583,902, 5,687,208, 6,055,985, 6,470,889 and 6,635,030, the disclosures of

which are incorporated herein by reference. An inverse solution to a set of

differential equations of a simplified compartmental model set forth by Bae et al.

indicates that an exponentially decreasing flow rate of contrast medium may result in

optimal/constant enhancement in a CT imaging procedure. However, the injection

profiles computed by inverse solution of the PK model are profiles not readily

realizable by most CT power injectors without major modification.

[0008] In another approach, Fleischmann and coworkers treated the

cardiovascular physiology and contrast kinetics as a "black box" and determined its

impulse response by forcing the system with a short bolus of contrast (approximating

an unit impulse). In that method, one performs a Fourier transform on the impulse

response and manipulates this transfer function estimate to determine an estimate of a

more optimal injection trajectory than practiced previously. D. Fleischmann and K.

Hittmair, "Mathematical analysis of arterial enhancement and optimization of bolus

geometry for CT angiography using the discrete Fourier transform," J Comput Assist



Tomogr, vol. 23, pp. 474-84 (1999), the disclosure of which is incorporated herein by

reference.

[0009] Uniphasic administration of contrast agent (typically, 100 to 150 mL of

contrast at one flow rate) results in a non-uniform enhancement curve. See, for

example, D. Fleischmann and K. Hittmair, supra; and K. T. Bae, "Peak contrast

enhancement in CT and MR angiography: when does it occur and why?

Pharmacokinetic study in a porcine model," Radiology, vol. 227, pp. 809-16 (2003),

the disclosures of which are incorporated herein by reference. Fleischmann and

Hitmmair thus presented a scheme that attempted to adapt the administration of

contrast agent into a biphasic injection tailored to the individual patient with the intent

of optimizing imaging of the aorta. A fundamental difficulty with controlling the

presentation of CT contrast agent is that hyperosmolar drug diffuses quickly from the

central blood compartment. Additionally, the contrast is mixed with and diluted by

blood that does not contain contrast.

[0010] Fleischmann proscribed that a small bolus injection, a test bolus

injection, of contrast agent (16 ml of contrast at 4 ml/s) be injected prior to the

diagnostic scan. A dynamic enhancement scan was made across a vessel of interest.

The resulting processed scan data (test scan) was interpreted as the impulse response

of the patient/contrast medium system. Fleischmann derived the Fourier transform of

the patient transfer function by dividing the Fourier transform of the test scan by the

Fourier transform of the test injection. Assuming the system was a linear time

invariant (LTI) system and that the desired output time domain signal was known (a

flat diagnostic scan at a predefined enhancement level) Fleischmann derived an input

time signal by dividing the frequency domain representations of the desired output by

that of the patient transfer function. Because the method of Fleischmann et. al.

computes input signals that are not realizable in reality as a result of injection system

limitations (for example, flow rate limitations), one must truncate and approximate

the computed continuous time signal.

[0011] In addition to control of a powered injector to provide a desired time

enhancement curve, the operation of a powered injector should be carefully controlled

to ensure the safety of the patient. For example, it is desirable not to exceed a certain

fluid pressure during an injection procedure. In addition to potential hazards to the

patient (for example, vessel damage) and potential degradation of the diagnostic

and/or therapeutic utility of the injection fluid, excessive pressure can lead to



equipment failure. Disposable syringes and other fluid path components (sometimes

referred to collectively as a "disposable set") are typically fabricated from plastics of

various burst strengths. If the injector causes pressure in the fluid path to rise above

the burst strength of a disposable fluid path element, the fluid path element will fail.

[0012] In addition to problems of control with current injector systems, many

such systems lack convenience and flexibility in the manner in which the injector

systems must be operated. In that regard, the complexity of medical injection

procedures and the hectic pace in all facets of the health care industry place a

premium on the time and skills of an operator.

[0013] Although advances have been made in the control of fluid delivery

systems to, for example, provide a desirable time enhancement curve and to provide

for patient safety, it remains desirable to develop improved devices, systems, and

method for delivery of fluids to a patient.

SUMMARY OF THE INVENTION

[0014] In one aspect, the present invention provides system including a

parameter generation system to determine parameters of at least one phase (for

example, of the plurality of phases) of an injection procedure based at least in part

upon a type of the injection procedure. The parameter generator system determines

the amount of a pharmaceutical that is to be delivered to a patient at least in part on

the basis of the concentration of an agent in the pharmaceutical and at least on part on

the basis of a function that depends upon and varies with a patient parameter. The

patient parameter can, for example, be weight, body mass index, body surface area or

cardiac output. The pharmaceutical can, for example, include a contrast enhancing

agent for use in an imaging procedure.

[0015] In ;one embodiment at least a first portion of the volume of the

pharmaceutical to be injected is calculated using the formula: Vi = weight * X * Y,

wherein V is the first portion of the volume, X is a function of weight, and Y is a

function of the concentration of contrast enhancing agent in the pharmaceutical. X

can, for example, be determined for a particular patient weight (or other patient

parameter) from an algorithm in which X is calculated as a function of weight. X can

alternatively be determined for a particular patient weight (or other patient parameter)

from a table wherein X is set forth as a function of weight.



[0016] Vi can, for example, be the volume of the pharmaceutical to be

delivered in a phase in which only the pharmaceutical is to be delivered. The

parameter generation system can also determine a volume V2 of pharmaceutical to be

delivered in at least a second phase in which both the pharmaceutical and a diluent are

to be delivered to the patient. The flow rate of the pharmaceutical in the first phase

can be established to be approximately equal to the flow rate of admixture of

pharmaceutical and diluent fluid in the second phase.

[0017] The flow rate of the pharmaceutical (in the first phase) can, for

example, be calculated by dividing Vi by an injection duration of the first phase. The

injection duration of the first phase can, for example, be determined by adding a

factor K to a scan duration of an imaging system. K can, for example, be in the range

of approximately 0 to approximately 10 seconds. A minimum first phase injection

duration can also be input into the parameter generation system.

[0018] The volume V of contrast to be delivered to the patient in the second

phase can, for example, be calculated based at least in part on a patient parameter.

The patient parameter can, for example, be weight, body mass index, body surface

area or cardiac output. In one embodiment, the volume V2 is determined by the

formula V2 = weight * Z, wherein Z is a constant.

[0019] The volume of saline to be delivered to the patient can, for example, be

calculated from V and a ratio of pharmaceutical to diluent fluid in the second phase.

[0020] The parameter generation system can determine whether the total

volume of the pharmaceutical to be delivered to the patient in all phases exceeds the

volume pharmaceutical available for delivery to the patient (for example, exceeds the

volume of a container for the pharmaceutical from which pressurized pharmaceutical

will be delivered to the patient). In such an embodiment, the parameter generation

system can include rules to reduce the total volume of the pharmaceutical if the

determined total volume exceeds the available volume. For example, the total volume

can reduced so that the reduced total volume of the pharmaceutical to be delivered to

the patient does not exceed the volume of a container from which the pharmaceutical

is to be delivered.

[0021] Further, a deteπnination can be made by the parameter generation

system of whether the flow rate of the pharmaceutical during the first phase will

exceed a predetermined flow rate. In such an embodiment, the parameter generation



system can include rules to, for example, adjust Vi so that the predetermined flow rate

is not exceeded.

[0022] A total volume of pharmaceutical to be delivered to the patient in all

phases is preferably determined by the parameter generation system. In the case of,

for example, use of an unfilled container for fluid delivery, a container from which the

pharmaceutical is to be delivered can then be filled with a load volume of

pharmaceutical based upon the determined total volume of pharmaceutical to be

delivered by the patient. The container can, for example, be a syringe. However, the

parameter generation systems of the present invention are also suitable for use in

connection with prefilled containers (for example, syringes) or in connection with

continuous or multipatient fluid delivery systems that can include large, bulk

containers of pharmaceutical and/or agent.

[0023] In several embodiments, an initial protocol is determined by the

parameter generation system to, for example, determine the total volume. The initial

protocol can then be adjusted based upon a characterization of the cardiovascular

system of the patient.

[0024] A test bolus of the pharmaceutical can, for example, be performed to

characterize the cardiovascular system of the patient. The initial protocol can, for

example, be adjusted at least in part on the basis of a time to peak enhancement of the

test bolus. In several embodiments, the initial protocol is adjusted at least in part on

the basis of a time to peak enhancement of the test bolus and a level of enhancement

of the peak enhancement.

[0025] A scan delay can, for example, be determined at least in part on the

basis of the time to peak enhancement. In one embodiment, scan delay is calculated

by the formula: scan delay = time to peak + C, wherein C is a function of a patient

parameter such as weight, body mass index, body surface area or cardiac output. C

can, for example, be a function of weight, body mass index, body surface area or

cardiac output in the case of scan durations of at least a predetermined time, and C

can be set to a predetermined value in the case of scan durations less than the

predetermined time.

[0026] A determination can be made as to whether to adjust the ratio of the

pharmaceutical to the diluent fluid in the second phase at least in part on the basis of

the level of the peak enhancement.



[0027] A duration of the second phase can be calculated according to the

formula: D DF = Scan Delay + Scan Duration - Dc
Diag, wherein Dc

Dιag is a duration of

the first phase and Scan Duration is a scan duration of the imaging system. Dc
D'ae

can, for example, be determined by adding a factor K to the scan duration of an

imaging system. K can, for example, be in the range of approximately 0 to

approximately 10 seconds. A minimum first phase injection duration can be input

into the parameter generation system.

[0028] A determination of whether pharmaceutical is going to injected beyond

an end time of a scan can, for example, be made and parameters can, for example, be

adjusted to prevent injection beyond the end time of the scan.

[0029] In another aspect, the present invention provides a system including

parameter generation system to determine parameters of at least one phase (for

example, of a plurality of phases) of an injection procedure in which a pharmaceutical

including an image contrast enhancement agent is delivered to a patient wherein the

parameter generation system includes an algorithm to determine parameters based at

least in part upon a type of the injection procedure, a determined time to peak

enhancement and a level of peak enhancement. As used herein, the term "algorithm"

refers to a procedure for determining the parameters, which can, for example, be

embodied in software.

[0030] The time to peak enhancement and the level of peak enhancement can,

for example, be determined at least in part by an injected bolus of the pharmaceutical

into a patient. The time to peak enhancement and the level of peak enhancement can

also be determined at least in part by a model of propagation of the pharmaceutical in

a patient.

[0031] A volume of the pharmaceutical to be loaded and optionally a volume

of a diluent to be loaded can, for example, be determined by determination of initial

parameters of the injection procedure at least in part on the basis of at least one

parameter of the patient and a determined scan duration. The at least one parameter of

the patient can, for example, be weight, body mass index, body surface area or cardiac

output.

[0032] At least one of the time to peak enhancement and the level of peak

enhancement can be used to adjust the initial parameters.

[0033] In a further aspect, the present invention provides a system including a

parameter generation system to determine parameters of a diagnostic injection



protocol including at least one phase in which a pharmaceutical including an image

contrast enhancement agent is delivered to/injected into a patient. The parameter

generation system includes an algorithm adapted to determine parameters of an initial

protocol using information available prior to characterization of a cardiovascular

system of the patient and an algorithm to adjust the parameters of the initial protocol

based at least in part on the characterization of the cardiovascular system to determine

the parameters of the diagnostic injection protocol.

[0034] As described above, the initial protocol can, for example, be used to

determine a total volume of pharmaceutical to be injected into the patient in all

phases. A container from which the pharmaceutical is to be delivered can be filled

with a load volume of pharmaceutical based upon the determined total volume of

pharmaceutical to be delivered to the patient. The container can, for example, be a

syringe. The parameter generation system is also suitable for use in connection with

prefilled containers (for example, syringes) or in connection with continuous or

multipatient fluid delivery systems.

[0035] In another aspect, the present invention provides a system including a

parameter generation system to determine parameters of a diagnostic injection

protocol including at least one phase in which a pharmaceutical including an image

contrast enhancement agent is injected into a patient. The parameter generation

system includes an algorithm to determine a scan delay for the patient (that is, on a

per-patient or individualized basis).

[0036] The scan delay can, for example, be determined at least in part on the

basis of the time to peak enhancement (for example, as determined during a test

injection). For example, the scan delay can be calculated by the formula: scan delay

= time to peak + C, wherein C is a function of a patient parameter such as weight,

body mass index, body surface area and/or cardiac output. C can, for example, be a

function of a parameter such as weight, body mass index, body surface area and/or

cardiac output in the case of scan durations of at least a predetermined time, and C

can be set to a predetermined value in the case of scan durations less than the

predetermined time.

[0037] In another aspect, the present invention provides system including a

parameter generation system to determine parameters of a diagnostic injection

protocol including at least one admixture phase in which an admixture including a

pharmaceutical including an image contrast enhancement agent and a diluent is



injected into a patient, wherein the parameter generation system includes an

algorithm to determine a ratio of pharmaceutical to diluent in the at least one

admixture phase for the patient (that is, on a per-patient or individualized basis). The

ratio can, for example, be determined based at least in part upon a characterization of

the cardiovascular system of the patient. The ratio can also be determined based at

least in part upon the basis of a patient parameter such as weight, body mass index,

body surface area, and/or cardiac output or upon a level of peak enhancement.

[0038] In a further aspect, the present invention provides a system as

described above further including at least one pressurizing mechanism; at least a first

fluid container operably associated with the at least one pressurizing mechanism, the

first fluid container being adapted to contain a pharmaceutical comprising a contrast

enhancing agent to be injected in an imaging procedure; at least a second fluid

container operably associated with the at least one pressurizing mechanism, the

second fluid container adapted to contain a diluent fluid; a controller operably

associated with the at least one pressurizing mechanism, the controller comprising a

programming system to allow programming of an injection protocol including one or

a plurality of phases. The system can further include an imaging system. The

parameter generation system can, for example, be in communicative connection with

at least one of the imaging system or the controller of the pressuring mechanism.

[0039] In another aspect, the present invention provides an injector including

a parameter generation system as described herein or of which the parameter

generation system is a component.

[0040] In still a further aspect, the present invention provides an imaging

system including a parameter generation system as described herein or of which the

parameter generation system is a component.

[0041] The present invention also provides method of determining parameters

as set froth in the systems described above. The present invention also provides

parameter generation systems as described above.

[0042] The present invention, along with the attributes and attendant

advantages thereof, will best be appreciated and understood in view of the following

detailed description taken in conjunction with the accompanying drawings.



BRIEF DESCRIPTION OF THE DRAWINGS

[0043] Figure 1 illustrates an embodiment of a multi-phasic Graphical User

Interface (GUI) for use in the present invention to set forth parameters for a plurality

of phases for a two-syringe injector also illustrated in Figure 1.

[0044] Figure 2 illustrates an embodiment of a graphical interface from which

an operator can choose a vascular region of interest for imaging.

[0045] Figure 3 illustrates an embodiment of a graphical interface of a

proposed work flow environment for use in the present invention.

[0046] Figure 4 illustrates an embodiment of an iodine flux algorithm for use

in the present invention.

[0047] Figure 5 illustrates an embodiment of a weight based algorithm for use

in the present invention.

[0048] Figure 6 illustrates an embodiment of a breath hold duration algorithm

for use in the present invention.

[0049] Figure 7 illustrates an embodiment of a reduced-order compartmental

model and the first-order coupled differential equation system describing this model.

[0050] Figure 8A illustrates a simulated enhancement curve in the heart/aortic

compartment of a 65 cm, 120kg male.

[0051] Figure 8B illustrates a time enhancement curve to a test/timing

injection from the simulated patient in Figure 8A.

[0052] Figure 9 illustrates a simulated time enhancement curve for the

simulated patient of Figure 8A using the proposed methodology described within.

[0053] Figure 10 illustrates a time enhancement curve resulting from a 120 ml

uniphasic injection.

[0054] Figure 11 illustrates a time enhancement curve resulting from a 75 ml

contrast bolus followed with a 50 ml saline push or flush.

[0055] Figure 12 illustrates simulated time enhancement curves resulting from

injections performed with a 75 ml main bolus followed by a diluted phase of contrast

of the same flow rate having a contrast/saline ratio of 50/50.

[0056] Figure 13 illustrates simulated time enhancement curves resulting from

injections performed with a 75 ml main bolus followed by a diluted phase of contrast

of the same flow rate having a contrast/saline ratio of 30/70.



[0057] Figure 14 illustrates simulated time enhancement curves resulting from

injections performed with a 75 ml main bolus followed by a diluted phase of contrast

of the same flow rate having a contrast/saline ratio of 70/30.

[0058] Figure 15 illustrates an injection process of contrast material with a

fixed, time axis wherein the bottom axis presents the contrast injection profile, the

middle axis sets forth the enhancement profiles for left and right heart compartments,

and the top axis sets forth the scanning duration.

[0059] Figure 16 illustrates a heuristic for determining contrast/saline ratio of

an admixture or dual flow phase on the basis of peak enhancement of a test bolus.

[0060] Figure 17 sets forth preliminary clinical data for uniphasic injections,

biphasic injections and multiphasic, admixture injections of the present invention.

[0061] Figure 18 illustrates several scan images of the left and right heart for a

uniphasic injection, a biphasic injection and a multiphasic injection including a phase

in which a contrast/saline admixture is injected.

[0062] Figure 19 illustrates an embodiment of a graphical user interface for

use with an embodiment of a parameter generator of the present invention.

[0063] Figure 20 illustrates another portion of a graphical user interface for

use with an embodiment of a parameter generator of the present invention.

[0064] Figure 21 illustrates another portion of a graphical user interface for

use with an embodiment of a parameter generator of the present invention.

[0065] Figure 22 illustrates another portion of a graphical user interface for

use with an embodiment of a parameter generator of the present invention.

[0066] Figure 23 illustrates another portion of a graphical user interface for

use with an embodiment of a parameter generator of the present invention.

[0067] Figure 24A illustrates PB PK simulation results using Table 1 weight

factors set forth below with 370 mgl/ml contrast with a 6ml/s flow rate limit (13 sec

scan duration).

[0068] Figure 24B illustrates PB PK simulation results using Table 1 weight

factors set fort below with 320 mgl/ml contrast with a 6ml/s flow rate limit (13 sec

scan duration).

[0069] Figure 24C illustrates enhancement profiles in left heart (L) and right

heart (R) compartments generated via PB PK simulation results using Table 1 weight

factors set forth below with 370 mgl/ml contrast and a 6ml/s flow rate limit (12 sec



scan duration), wherein the vertical lines indicate the scanning window as determined

by the scan delay computation described within and a 13 second scan duration.

[0070] Figure 24D illustrates enhancement profiles in left heart (L) and right

heart (R) compartments generated via PB PK simulation results using Table 1 weight

factors set forth below with 320 mgl/ml contrast and a 6ml/s flow rate limit (12 sec

scan duration), wherein vertical lines indicate the scanning window as determined by

the scan delay computation described within and a 13 second scan duration.

[0071] Figure 24E illustrates a table of contrast loading results using values

set forth in Table 1 and the dual flow loading coefficient.

[0072] Figure 24F illustrates a table of total contrast volume, including a 20

ml test bolus.

[0073] Figure 24G illustrates a table of total Iodine dose for loaded contrast

volumes, including a 20 ml test bolus.

[0074] Figure 25 illustrates Fick's principle.

[0075] Figure 26 illustrates an embodiment of a clinical workflow of the

present invention setting forth scanner operations, patient management operations and

injection system operations

[0076] Figure 27A illustrates a flowchart for an embodiment of a protocol

generation process of the present invention.

[0077] Figure 27B illustrates a graph of Time to reach 3A peak on the

downslope of a time enhancement curve as a function of cardiac output.

[0078] Figure 28 illustrates a schematic of representative timing for a CTA

(CT Angiography) procedure.

[0079] Figure 29 illustrates raw data from a clinical trial for 20 patients

wherein the y-axis is the actual volume of contrast used in the dilution phase and the

x-axis is the weight of the patients in the sample (in lbs).

[0080] Figure 30 illustrates a Monte-Carlo simulation using biometrics for 70

patients that computed diagnostic and dilution contrast protocols using a preloaded

volume.

[0081] Figure 3 1 illustrates a functional description of an embodiment of a

protocol adjustment function that applies changes to the injection protocols based on

features of a test bolus enhancement.

[0082] Figure 32A and 32B illustrate an embodiment of a process for

adjusting volumes, when applicable



[0083] Figure 33A illustrates the workflow diagram of Figure 26 in which a

patient weight input step is encircled with circle A and a corresponding graphical user

interface in which patient weight can be selected from a plurality of weight ranges.

[0084] Figure 33B illustrates the workflow diagram of Figure 26 in which a

contrast concentration input step is encircled with circle B and a corresponding

graphical user interface in which contrast concentration is selected from a plurality of

available choices.

[0085] Figure 33C illustrates the workflow diagram of Figure 26 in which the

syringe loading step is encircled with circle C and a corresponding graphical user

interface or screen display in which the calculated contrast syringe and saline syringe

load volumes are set forth for the user/clinician.

[0086] Figure 33D illustrates the workflow diagram of Figure 26 in which the

step of data transfer from a scout scan to the protocol generation interface of the

present invention is encircled with circle D and a corresponding graphical user

interface for entering scan duration.

[0087] Figure 33E illustrates the workflow diagram of Figure 26 in which an

initial diagnostic protocol computation step is encircled with circle E and a

corresponding graphical user interface wherein the user is prompted to have the

protocol generation system generate the protocol.

[0088] Figure 33F illustrates the workflow diagram of Figure 26 in which the

data transfer step of data from a test bolus to the protocol generation interface is

encircled with circle F and a corresponding graphical user interface for manual data

entry of the time to peak and peak enhancement.

[0089] Figure 33G illustrates the workflow diagram of Figure 26 in which the

point at which the determination of diagnostic protocol has been completed by the

protocol generation interface and the diagnostic injection can be initiated is encircled

with circle G and a corresponding graphical user interface setting forth the computed

diagnostic protocol.

[0090] Figure 34A illustrates an embodiment of another graphical user

interface for use in connection with the present invention and a representation of an

ideal contrast injection with relationship to a scan

[0091] Figure 34B illustrates volumetric flow rates and iodine administration

rates for a contrast only phase (phase 1) and a dual flow or admixture phase as



determined by an embodiment of a protocol generation process of the present

invention.

[0092] Figure 35A illustrates results obtained using a protocol generated by a

protocol generation process of the present invention as compared to the results

obtained using a uniphasic protocol, a biphasic protocol and a fixed dual flow

protocol.

[0093] Figure 35B illustrates enhancement results obtained in the descending

aorta using a protocol generated by a protocol generation process of the present

invention as compared to the results obtained using a biphasic protocol.

[0094] Figure 35C illustrates enhancement results obtained in the right

ventricle using a protocol generated by a protocol generation process of the present

invention as compared to the results obtained using a biphasic protocol.

[0095] Figure 36A illustrates CTA scan results obtained using a protocol

generated by a protocol generation process of the present invention for a 139 pound

female subject.

[0096] Figure 36B illustrates CTA scan results obtained using a protocol

generated by a protocol generation process of the present invention for a 202 pound

male subject.

[0097] Figure 37 illustrates a summary of answers provided by two blinded

readers to the questions: "For this patient's intended diagnosis, do you believe that the

contrast medium delivery protocol was sufficient to visualize anatomy and diagnose

pathology?" for a study group in which the protocol was determined using a

parameter generation system of the present invention and for a control group in which

a standard protocol was used.

[0098] Figure 38 illustrates a graphical representation of ratings by two

blinded readers of the imaging achieved by each of a contrast medium delivery

protocol generated using a parameter generation system of the present invention

(study group) and a standard contrast medium delivery protocol (control group) for

left coronary imaging wherein a rating or "1" corresponds to the conclusion that the

structure in question was not visualized, a rating of "2" corresponds to a conclusion

that the structure in question is faintly visualized, a rating of "3" corresponds to a

conclusion that the structure in question is faintly visualized and delineation is

limited, a rating of "4" corresponds to a conclusion that the structure in question is

visualized and complete delineation is possible, a rating of "5" corresponds to a



conclusion that the structure in question is excellently visualized and delineation is

excellent.

[0099] Figure 39 illustrates an analysis similar to that of Figure 39 for right

coronary imaging.

[00100] Figure 40 illustrates mean attenuation achieved for imaging of various

regions of interest for a contrast medium delivery protocol generated using a

parameter generation system of the present invention (study group).

[00101] Figure 4 1 illustrates mean attenuation achieved for imaging of various

regions of interest for a standard contrast medium delivery protocol (control group).

[00102] Figure 42 illustrates mean attenuation achieved for various regions of

interests (coronary arteries) for each of a standard contrast medium delivery protocol

in which 70 ml of contrast medium (Ultravist 370, Schering) were injected with a

flow-rate of 5.0ml/s (Group 1) and a contrast medium delivery protocol generated

using a parameter generation system of the present invention (Group 3).

[00103] Figure 43 illustrates mean attenuation achieved for various regions of

interests (coronary arteries) for each of a standard contrast medium delivery protocol

in which 80 ml of contrast medium were injected with a flow-rate of 6.0ml/s

(Group 2) and a contrast medium delivery protocol generated using a parameter

generation system of the present invention (Group 3).

[00104] Figure 44 illustrates mean attenuation achieved for various regions of

interests (left and right ventricles) for each of a standard contrast medium delivery

protocol in which 70 ml of contrast medium (Ultravist 370, Schering) were injected

with a flow-rate of 5.0ml/s (Group 1) and a contrast medium delivery protocol

generated using a parameter generation system of the present invention (Group 3).

[00105] Figure 45 illustrates mean attenuation achieved for various regions of

interests (left and right ventricles) for each of a standard contrast medium delivery

protocol in which 80 ml of contrast medium were injected with a flow-rate of 6.0ml/s

(Group 2) and a contrast medium delivery protocol generated using a parameter

generation system of the present invention (Group 3).

[00106] Figure 46 illustrates a graphical representation of the volume of

contrast medium injected in two phases of injection (a contrast medium only phase -

volume A - and a dual flow phase - volume AJB) for each of Group 1, Group 2 and

Group 3.



[00107] Figure 47 illustrates mean contrast enhancement in five coronary

segments across 32 subjects for another study of a parameter generation system of the

present invention.

[00108J Figure 48 illustrates mean contrast enhancement in four locations of

the right and left ventricles.

DETAILED DESCRIPTION OF THE INVENTION

[00109] As used herein with respect to an injection procedure, the term

"protocol" refers to a group of parameters such as flow rate, volume injected, duration

etc. that define the amount of fluid(s) to be delivered to a patient during an injection

procedure. Such parameters can change over the course of the injection procedure.

As used herein, the term "phase" refers generally to a group of parameters that define

the amount of fluid(s) to be delivered to a patient during a period of time (or phase

duration) that can be less than the total duration of the injection procedure. Thus, the

parameters of a phase provide a description of the injection over a time instance

corresponding to the time duration of the phase. An injection protocol for a particular

injection procedure can, for example, be described as uniphasic (a single phase),

biphasic (two phases) or multiphasic (two or more phases, but typically more than two

phases). Multiphasic injections also include injections in which the parameters can

change continuously over at least a portion of the injection procedure.

[00110] In several embodiments of the present invention, an injection system

(such as a dual syringe injector system 100 as illustrated in Figure 1 and as, for

example, disclosed in U.S. Patent No. 6,643,537 and Published U.S. Patent

Application Publication No. 2004-0064041) for use with the present invention

includes two fluid delivery sources (sometimes referred to as source "A" and source

"B" herein; such as syringes) that are operable to introduce a first fluid and/or a

second fluid (for example, contrast medium, saline, etc.) to the patient independently

(for example, simultaneously, simultaneously in different volumetric flow proportion

to each other, or sequentially or subsequent to each other (that is, A then B, or B then

A)).

[00111] In the embodiment of Figure 1, source A is in operative connection

with a pressurizing mechanism such as a drive member HOA, and source B is in

operative connection with a pressurizing mechanism such as a drive member HOB.



The injection system includes a controller 200 in operative connection with injector

system 100 that is operable to control the operation of drive members 11OA and 11OB

to control injection of fluid A (for example, contrast medium) from source A and

injection of fluid B (for example, saline) from source B, respectively. Controller 200

can, for example, include a user interface comprising a display 210. Controller 200

can also include a processor 220 (for example, a digital microprocessor as known in

the art) in operative connection with a memory 230. Imaging system 300 can, for

example, be a CT system, a Magnetic Resonance Imaging (MRI) system, an

ultrasound imaging system, a Positron Emission Tomography (PET) system or

another imaging system. The injection system can be in communicative connection

with imaging system 300 and one, a plurality or all the components of the injection

system and imaging system 300 can be integrated.

[00112] In several embodiments of the present invention, phase variables or

parameters as described above are populated within a phase programming mechanism

(see Figure 1 for an embodiment of a user interface therefor that can, for example, be

used with injector system 100) based on one or more parameters of interest, including,

for example, but not limited to, contrast agent concentration (for example, iodine

concentration in the case of a CT procedure), a patient parameter (for example, body

weight, height, gender, age, cardiac output, etc.) the type of scan being performed,

and the type of catheter inserted into the patient for intravascular access. As

discussed above, differences in dosing requirements for different patients during

imaging and other procedures have been recognized. For example, U.S. Patent Nos.

5,840,026 and 6,385,483, assigned to the assignee of the present invention, the

disclosures of which are incorporated herein by reference, disclose devices and

methods to customize the injection to the patient using patient specific data derived

before or during an injection. Likewise, PCT International Patent Application

No. PCT/US05/41913, entitled MODELING OF PHARMACEUTICAL

PROPAGATION, filed November 16, 2005, claiming the benefit of U.S. Provisional

Patent Application Serial No. 60/628,201, assigned to the assignee of the present

invention, the disclosures of which are incorporated herein by reference, also

discloses customization of injections to a patient using patient specific data and sets

forth a number of models to describe a time enhancement output for a given input or

protocol.



[00113] Because optimal sets of flow rates and volumes are not readily known

to the operator of the injector, the present invention eases the task of an operator in,

for example, scanning patients in an imaging procedure by providing a set of injection

protocols that are predetermined as being effective for the type of procedure being

performed. For example, such protocols can be established in the clinical literature,

established by collection of patient data over time (by, for example, employing

artificial intelligence techniques, statistical means, adaptive learning methodologies,

etc.), established through mathematical modeling or otherwise established for a type

of procedure being performed.

[00114] The operator can, for example, first choose the concentration of

contrast agent (for example, concentration of iodine in a CT procedure) to be

delivered into a patient. This choice is made, for example, by a selection mechanism,

or by direct input of numerical values on the graphical user interface. The clinical

operator can also select the gauge of the catheter inserted into that specific patient.

Catheter size can be entered so that in subsequent steps, when the volumetric flow

rate is determined, the pressure head to be developed in a disposable fluid path set can

be calculated as described below (for example, via a computer program).

Alternatively, one or more sensors can be provided to sense catheter size and provide

this information to the injector.

[00115] The clinical operator can, for example, control the injection system by

either entering volumes and flow rates manually into the fields provided on the User

Interface (see Figure 1) or by entering a "protocol wizard or generation mode",

"helper mode" or "operator assist mode" as described herein. In an operator assist

mode, such fields are automatically populated. If the operator chooses to enter the

operator assist mode, the operator can be presented with a mechanism or mode (see,

for example, Figure 2) of selecting an organ or vascular system to be scanned.

[00116] The present invention provides systems, devices and methodologies or

algorithms that predict the flow rate profile (which can be constant or varying during

a phase) and volume of contrast agent to deliver depending upon the procedure and

the region of interest chosen. For example, an operator can choose the heart,

descending aorta or ascending aorta (referred to as cardiac imaging, a form of

Computed Tomography Angiography (CTA)). One embodiment of a graphical

interface from which the operator chooses the vascular region of interest, and which

follows the work flow described herein, is depicted in Figure 2 . The operator can, for



example, choose a region of interest by highlighting (for example, using a touch

screen or a mouse controlled cursor) a region of interest on an illustration of the body

set forth on the user interface or can choose a region of interest from a menu such as a

pull down menu. Hierarchical groupings of regions of interest can be provided.

[00117] In addition to use of the injector system to effect the above-identified

choices, the choices set forth above can also or alternatively be made on a user-

interface on the imaging system or scanner and/or from a database on the imaging

system or scanner. In the case that the choices are made via an interface or database

resident on the scanner, the data can then be transmitted to the injector. Moreover, the

interface can exist solely on the scanner/imaging system. In this case, the final

protocol can be transmitted to the injection system. Likewise, the interface or

database can exist on a machine or system separate from the injector and the scanner.

Data (for example, protocols) can be transmitted from that system to the injector. A

communication interface that may be used herein is disclosed in U.S. Patent No.

6,970,735, the contents of which is incorporated herein by reference.

[00118] Upon choosing the region to be imaged, the operator can, for example,

be prompted to enter values for other variables (for example, patient physiological

variables such as the patient's weight, height, gender, etc.). An example of an

embodiment or implementation of this is to provide a keypad on the user interface

into which the operator enters the patient's weight in pounds or kilograms. In another

embodiment, the operator chooses a weight range from among low, mid and high

ranges. Such variables can also be measured by one or more sensing devices

associated with the system and/or read electronically or digitally from patient records

as may be kept in a hospital database. The steps necessary to conduct a contrast

injection can be presented to the operator as depicted in Figure 3 . In the embodiment

of Figure 3, the operator can, for example, be prompted in an order (for example, a

suggested or required sequential order) natural to the type of imaging procedure to be

performed. The operator can, for example, be given the ability to choose a vascular

region or organ of the body to image, the type of algorithm to conduct the injection,

and an ability to change the type of contrast, catheter gauge, and/or physical attributes

of the patient.

[00119] As discussed above, the operator can be presented with a choice of the

type of algorithm the operator would like the system to use to produce a set of flow

rates and volumes (that is, phase parameters) for that patient. In the case of cardiac



imaging, algorithm choices can, for example, include: (i) an Iodine Flux Algorithm,

(see Figure 4) (ii) a Weight Based Algorithm (see Figure 5), (iii) a Breath Hold

Duration Algorithm (see Figure 6) or (iv) a "Cardiac" algorithm (see Figures 24A

through 35B) or other body region specific algorithm . One or more of these

algorithms can, for example, be based upon empirical data (for example, as published

in the radiological medical literature). Additional algorithms can be included for

other types or classes of imaging procedures. The methodologies and/or logic for

embodiments of the four algorithms described above are set forth in Figures 4, 5, 6,

and 24A through 35B, respectively. Upon entering the data required for a particular

algorithm, the operator can be queried if the operator wishes to perform a test

injection (or timing injection). If the operator chooses yes, the software can provide

that, for example, two additional phases (corresponding to the test injection) must be

inserted in the start of the injection protocol (for example, one phase for contrast

delivery and a subsequent phase for a saline flush injection).

[00120] Based upon the selections made, the software implementing the present

invention computes an injection protocol for the user's review. If the operator chooses

to perform a test injection, then the first two phases of the protocol can, for example,

include injection of 15 or 20 ml of contrast agent (for example, 15 ml if the patient

weight < 90 kg, 20 ml if the patient weight > 90 kg) delivered at 4 ml/s. The second

phase of the protocol can include injection of 20 ml of saline injected at 4 ml/s. The

next phase or phases can, for example, include volumes and flow rates computed by

one of the four algorithms discussed above or one or more other algorithms.

[00121] In a number of embodiments of the present invention, injection

parameters for an injection procedure including a phase in which an admixture of

contrast media and a diluent/flushing fluid (for example, saline) are calculated. In

that regard, to address a number of problems associated with, for example, heart

imaging, procedures have been developed which include the injection of saline

following the contrast agent bolus, and, more recently, the admixture of contrast

media with saline via simultaneous injection of contrast media and saline (sometimes

referred to herein as "dual flow").

[00122] As discussed above, one proposed solution to non-uniform

enhancement problems is injection of contrast with an exponentially decaying flow

rate over time. While this technique can indeed produce more uniform contrast

enhancement in a large vessel, it also reduces the maximum enhancement, which is



not necessarily desirable. While, theoretically, it seems logical to believe that the

exponentially decaying flow rates can help with right-heart artifacts (for example, by

introducing less contrast later in the injection and mixing less with the earlier injected

contrast), it has not been demonstrated or investigated. Furthermore, because the latter

portion of the decayed injection is at a lower flow rate, there is a loss of momentum

for that section of the bolus, slowing its entry to the right heart. While a saline push

after the decayed exponential injection may help in ensuring the contrast is all

"pushed" into the right heart, turbulence resulting from the mixing of contrast and

blood at different flow rates may cause flow artifact within the right heart.

[00123] An alternative for reducing right heart artifact is to inject a volume of

contrast at a discrete flow rate followed by an admixture of contrast and saline (with a

final push of saline). The admixture can be injected at the same flow rate as the initial

bolus of contrast. The admixture can be produced by the simultaneous injection of

contrast and saline with, for example, a dual-syringe power injector, wherein the flow

rates of contrast and saline are proportional to each other. This technique has been

recently adopted in the clinical setting and initial results suggest that it reduces right

heart artifact. However, in implementing such admixture protocols, there are

currently no established systems or methods for determining appropriate or ideal

injection parameters for a given patient (for example, initial flow rate and volume,

percentage of admixture, duration of the phases, and scan delay).

[00124] In several embodiments, the present invention provides systems and

methods for interfacing with the injection system to reduce clinician "guesses" at

appropriate or optimal flow rate and volume parameters for a given patient. The

systems and methods of the present invention provide for the consideration of a

number of variables including, but not limited to, patient specific parameters such as

patient weight (and other habitus indicators such as height, cardiac output, etc.), time

of contrast arrival from a timing injection, contrast concentration, and total desired

contrast agent (for example, iodine) load. The systems and methods of the present

invention can, for example, include a per-patient saline admixture protocol generator.

[00125] The predicted contrast enhancement in the aortic/heart compartment of

a human male can be used in this section to elaborate the principle of the proposed

algorithm. In several studies, simulations were performed in a SIMULINK®

(available from MathWorks, Inc. of Natick Massachusetts) implementation of a full

body, Physiologic Based Pharmacokinetic Model (PBPK) PK model as described in



Bae et al. See Bae, K. T., J . P. Heiken, et al., "Aortic and hepatic contrast medium

enhancement at CT. Part I. Prediction with a computer model," Radiology 207(3):

647-55 (1998), and Bae, K. T., H. Q. Tran, et al., "Multiphasic injection method for

uniform prolonged vascular enhancement at CT angiography: pharmacokinetic

analysis and experimental porcine model," Radiology 216(3): 872-80 (1998); U.S.

Patent Nos. 5,583,902, 5,687,208, 6,055,985, 6,470,889 and 6,635,030. The

modeling approach in that work recognized that the full body physiologic

pharmacokinetic model taught in Bae, Heiken et al, 1998 supra, was too large and

included too may unknowns to feasibly compute on a per patient basis. Bae and

colleagues, therefore, approximated large parts of the anatomy with single

compartments and, because first-pass enhancement dynamics are of interest, removed

the capillary transfer compartments. The resulting, reduced-order model is illustrated

in Figure 7 . In Figure 7, V are the fluid volumes of the respective "compartments", C

are the predicted concentrations in each "compartment", and Q are the volumetric

flow rates of blood throughout the body. Q and V are estimated from anatomical data.

The first-order, coupled differential equation system describing this model is

formulated assuming a continuous time process and is also set forth in Figure 7.

[00126] In several studies of the present invention, an assumption was made

that the aortic/heart compartment was well mixed. Although the x-axes in Figures 8A

through 9 are labeled in time units, another assumption was that the time axis maps to

spatial dimensions in the compartment of interest. Figure 8A demonstrates the

phenomenon of non-uniform contrast enhancement (caused by recirculation of

contrast into the compartment). Figure 8B presents the results of performing a small

volume "test" or "timing" injection on the same patient scanned in connection with

Figure 8A (the cardiac output and central blood volume for the model were derived

from anthropometric data tables). The time to peak contrast enhancement was

measured as 12 seconds in Figure 8B. The time of peak represents the transit time for

a small bolus of contrast to migrate from the injection site, to the right heart, through

the pulmonary circulation, and to the left heart compartment. The simulated time to

peak enhancement may be less than that from a "real" patient. In that regard, the

model set forth in Figure 7 was not directly validated with human data, but was

allometrically scaled from porcine data. In any event, the absolute values in these

simulations are not critical. Rather, we are interested in the dynamics of the system.

Noticeable in Figure 8B is the recirculation of contrast after the peak (or first



moment) of the bolus arrived in the compartment (> 15 sec). The reduced-order

model set forth in Figure 7 does not reproduce with high fidelity the recirculation

dynamics (for example secondary peaks).

[00127] Previous studies have concluded that if an injection duration is longer

than the time for contrast arrival as computed from a timing injection, that the time to

peak contrast enhancement increases linearly as the duration of injection increases. As

the duration of the injection exceeds the duration of the time to peak of the test

injection, the asymmetry of the enhancement curve becomes pronounced because the

new contrast is mixing with the contrast already present in the compartment. This

phenomenon serves as a basis of one embodiment of one algorithm of the present

invention for computing admixture protocol (for example, saline plus contrast media).

[00128] Figure 9 sets forth a time enhancement curve that was simulated with a

biphasic protocol. The first phase's duration was computed to equal the time to peak

enhancement of the timing bolus, plus three seconds (an arbitrary offset term). The

second phase was a diluted phase (90% contrast, 10% saline) that resulted in an

effective contrast concentration of 288 mgl/ml (concentration in the dilution phase =

desired or programmed ratio (90/100 in this instance) concentration of drug (320

mgl/ml)). The volume was set so that a total volume of 120 ml was injected into the

patient. The flow rate was the same in both phases to maintain the momentum of the

contrast into the right heart. Figure 9 demonstrates a reduction in the asymmetric

"peak" in the second half of the injection, while maintaining a contrast enhancement

about 350 HU. In comparison, an exponentially decreasing flow rate technique

results in a lower peak enhancement. An advantage of the injection protocol of the

present invention (as compared to a decelerating injection flow rate protocol) arises in

that, because the volumetric flow rate of the injected fluid is not decreasing, there is

less likelihood for flow artifacts within the peripheral venous system before the heart.

In that regard, injectate moving with a flow rate less than the endogenous flow rate of

the venous system can result in dispersion of the contrast media because some parts of

the bolus arrive to the right heart with different velocities. In the present invention, a

multiphasic injection protocol can be provided in which one or more of the

parameters are changed periodically or continuously over at least a period of the

injection duration, wherein total flow rate is maintained constant. In this manner, for

example, a concentration of contrast active agent (for example, iodine, gadolinium,

etc.) delivered to a patient can be decreased over time while maintaining flow rate



constant (for example, by increasing the portion of saline injected during that time).

A broader, more uniform peak of enhancement can thereby be maintained (see, for

example, Figure 9). Moreover, that uniformity can be changed between different

phases of the injection procedure. For example, liver enhancement can be changed

during different phases of the imaging procedure to, for example, correspond to

different portions of th liver in which peak enhancement time can vary because of

variations in blood supply.

[00129) Another embodiment of the present invention for protocol

determination or parameter generation in the case of a dual flow injection or

simultaneous injection of an admixture of diluent/flushing fluid and contrast is

discussed in connection with Figures 10 through 18. Once again, a primary goal of

rational CT contrast protocol design is to develop injection protocols tailored to each

patient considering, for example, the individual's hemodynamic state, the imaging

region of interest, and the injection system constraints. The injection strategy can, for

example, make use of the ability of the STELLANT ® D injection system, available

from Medrad, Inc. of Indianola, Pennsylvania, to provide simultaneous delivery (and

thus dilution) of contrast media and saline. As described below, an additional phase

of diluted contrast media allows for additional left heart enhancement, but with a

reduced contrast agent (iodine) load to reduce or eliminate right heart artifacts.

[00130] Figures 10 thorough 14 illustrated enhancement profiles (simulated as

described above) for a 35 yr old, healthy male (200 lbs, 6 ft tall) injected with 370

mgl/ml contrast medium. Enhancement curves are presented for the right heart and

the left heart compartments as predicted with the compartmental, pharmacokinetic

model set forth in Figure 7. Figure 10 depicts enhancement with a 120 ml uniphasic

injection, whereas Figure 11 presents the enhancement resulting from a 75 ml bolus

followed with a 50 ml saline push or flush. Whereas the enhancement of the left heart

in Figure 10 is above 300 Hounsfield Units (HU) throughout the scan duration, the

right heart is enhanced brightly throughout the scan window, and is more likely to

produce image artifacts.

[00131] Figures 12-14 illustrate simulated time enhancement curves resulting

from injections performed with a 75 ml main bolus followed by a diluted phase of

contrast of the same flow rate in the following contrast/saline ratios: 50/50, 30/70, and

70/30, respectively. The enhancements of the left and right hearts were clearly

modified by the additional phase of diluted contrast. The 70/30 phase (Figure 14)



provided good left heart enhancement, but the right heart enhancement may have been

too great. The 30/70 ratio (Figure 13) provided good right heart enhancement, but not

enough left heart enhancement throughout the scan window. The 50/50 ratio

(Figure 12) provides the best trade-off, for this simulated patient, of right heart and

left heart enhancement.

[00132] Figure 15 illustrates an injection process of contrast material with a

fixed, time axis. The bottom axis presents the contrast injection profile (in this

instance, a uniphasic injection at 5ml/s), the middle axis sets forth the enhancement

profiles for left and right heart compartments, and the top axis presents the scanning

duration. The two vertical lines represent the start and completion times of the scan.

In one embodiment, an algorithm of the present invention assumes that the clinician

performs a small, test bolus injection of contrast (for example, a test injection of 20-

25 ml of contrast at the same flow rate as the flow rate to be used during the

diagnostic scan) followed by a saline push. A dynamic CT scan generates an

enhancement curve from which the time to peak of the test bolus and the enhancement

peak of the test bolus can be measured/recorded. It is also assumed that the scan

duration is known before the test bolus and diagnostic injections begin.

[00133] In one embodiment, the first bolus of contrast is made equal in

duration to the scan duration. The flow rate is given by the operator (assumed to be 5

ml/s in this study). The volume of the first phase, therefore, is the product of scan

duration and flow rate. The determination of the volume of the second phase is made

by considering the time to peak of the test injection, the duration of the first phase,

and the end of the scan. The contrast injection should not last longer than the end of

the scan. Because of the propagation delay of contrast from the injection site to the

right atrium (about 5-8 seconds typically), contrast injection is stopped 5-8 seconds

before the end of the scan so that the follow on contrast can fill the right heart. The

approach taken in connection with the embodiment of Figure 15 proscribed a saline

flush of 40 ml at 5 ml/s, so the contrast injection of the dilution phase was ended 8

seconds before the end of the scan.

[00134] The volume of the second, diluted phase is then determined by:
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The value Tscan end is computed by consideration of the time to peak of the test bolus

and the scan duration:

t scan_end = s, _bolus pea + durati θ n scan

The ratio of the second phase is determined by a heuristic that maps peak

enhancement of the test bolus to contrast/saline ratio as set forth in Figure 16.

[00135] To limit the total amount of contrast delivered to each patient (in the

event of an extremely long time to peak of the test enhancement), a maximum of 40

ml is made available for the dilution phase. If the computations above suggest a

contrast volume greater than 40 ml., the system can limit the total contrast volume to

40 ml, compute the total volume in that phase (with the saline) considering the

dilution ratio so as not to exceed 40 ml of contrast. The total contrast volume

allowable in the dilution phase can also be set as a function of weight, estimated or

measured cardiac output, Body Mass Index, or other physiometric indicator.

Bioimpedance measurements have been developed to non-invasively measure cardiac

output. The BIOZ® system available from CardioDynamics International Corporation

of San Diego, California can, for example, be used to measure a patient's cardiac

output via impedance cardiography. Impedance cardiography (ICG), also known as

thoracic electrical bioimpedance (TEB), is a technology that converts changes in

thoracic impedance to changes in volume over time. In this manner, impedance

cardiography is used to track volumetric changes such as those occurring during the

cardiac cycle. Such measurements are gathered noninvasively and continuously. In

general, an alternating current is transmitted through the chest. The current seeks the

path of least resistance: the blood filled aorta. Baseline impedance to current is

measured. Blood volume and velocity in the aorta change with each heartbeat.

Corresponding changes in impedance are used with ECG to provide hemodynamic

parameters. See Overview of Impedance Cardiography available at

http://www.impedancecardiography.com/icgover 10.html and

www.cardiodynamics.com.

[00136] The threshold values in Figure 16 were determined by analyzing

clinical data from a sample of 50 test bolus injections and subsequent numerical

modeling. Heuristically, the rule is designed to provide more contrast in patients with

smaller peak enhancements (assuming that more contrast is needed for sufficient left

and right heart enhancement) and less contrast to patients with strong test



enhancements. Because the volume of agent is being tailored to patients with longer

or shorter times to peak, and the total iodine load is adjusted based on test bolus

enhancement, variability among patient enhancement should be reduced with this

approach. Figure 17 sets forth preliminary clinical data indicating this outcome. In

Figure 17, the first 2 bars are data generated with the algorithm just described for the

left and right heart (SF L and SF R, respectively). The error bars indicate +/- 1

standard deviation. The remaining data points are enhancement values generated with

a uniphasic protocol of 120 ml of contrast (350 mgl/ml, no saline push; UNI_R and

UNI_L), a biphasic protocol (75 ml of 350 mgl/ml with 40 ml of saline; BI_R and

BI_L), and finally a dilution protocol with a fixed dilution ratio of 30/70 for all

subjects (initial phase volume of 350 mg I/ml = scan duration*5ml/s; DF R and

DF L). The volume of the second phase was a fixed 50 ml of fluid. A saline flush of

40 ml followed.

[00137] Figure 18 sets forth scan images for the left and right heart in the case

of a uniphasic or monophasic injection protocol (contrast only, no saline flush), a

biphasic protocol (contrast followed by a saline flush) and a dual flow injection

protocol as described above (contrast, followed by a contrast/saline admixture,

followed by a saline flush). As illustrated in Figure 18, a dual flow injection

procedure in which the injection protocols can be determined as described above can

provide improved imaging procedures for the left and right heart.

[00138] Figures 19 through 23 illustrate several screen captures of a graphical

user interface suitable to effect the dual flow injection protocol determination

described above. In Figures 19 and 20 the algorithm set forth above in connection

with Figures 10 through 18 is selected via the designation Cardiac CTl. A patient

weight of 65 kg and a test scan duration of 30 seconds are input. An iodine flux of

1.0 g/s is established for the imaging procedure injection. As the concentration of

contrast fluid is 250 mgl/ml, a flow rate of 4 ml/s will be used in the imaging

procedure injection.

[00139] As set forth in Figure 21, the flow rate during the test injection is

1.0 ml/s. During the 30 second test injection, a bolus of saline (from source B) is first

injected at a flow rate of 4.0 ml/s for 5 seconds. A bolus of contrast (from source A)

is then injected at a flow rate of 4.0 ml/s for 5 seconds. Finally, a flushing bolus of

saline is injected at a flow rate of 4.0 ml/s for 20 seconds. After the completion of the

test bolus injection, the time to peak and the peak enhancement are determined as



illustrated in Figure 22. Using the values set forth above, the diagnostic injection

protocol is determined using the system/method described in connection with

Figures 10 through 18. Figure 23 sets forth the determined diagnostic injection

protocol including the following three phases: (1) injection of a 70 ml volume of

contrast (source A) at 4 ml/s (duration of 18 seconds); (2) injection of a 35 ml volume

of a 50/50 contrast/saline admixture (dual flow from sources A and B) at 4 ml/s

(duration of 9 seconds); and (3) injection of an 80 ml volume of saline (source B) at

4 ml/s (duration 20 seconds). Thus, a total of 185 ml of fluid is injected over a time

period (total duration) of 47 seconds. As also set forth in Figure 23, a pressure limit

of 300 psi for the fluid path used in the injection procedure was set. Also, a scan

delay of 5 seconds was established.

[00140] Other embodiments of protocol generation or determination systems,

devices and methods (sometimes referred to collectively as systems) of the present

invention are described below. As described above, the protocol generation systems

provide an injection protocol that is adapted or personalized for a specific patient. In

several embodiments, an initial protocol, including parameters for one, two or more

phases, is determined based upon available information (for example, one or more

patient parameters such as weight, height, cardiac output, etc., concentration of an

agent in the pharmaceutical to be delivered - for example, a contrast enhancing agent

such as iodine - scan duration, etc.). This initial protocol can, for example, be used to

determine a volume of pharmaceutical, a diluent (for example, saline), and/or other

fluid to be delivered to the patient, which, in turn, can provide volumes of such fluids

to be loaded into containers (for example, syringes) from which the fluid will be

delivered. Several representative embodiments of injection of contrast using fillable

syringes are set forth below to illustrate the present invention. In such procedures, a

clinician must preload the syringe(s) with a volume of contrast prior to, for example,

performing a test or identification bolus. It is impractical (at least with the current

generation of injection systems) to expect the clinician to load or reload contrast into

the syringe after the identification bolus has been performed. The protocol

determination strategies of the present invention enable a priori determination of

doses/volumes that the clinician then loads.

[00141] After determination of an initial protocol and loading of the syringe(s),

an identification bolus or test bolus can be administered to the patient as described

above. Once again, the identification or test bolus is a low volume injection of



contrast. A single level scan can, for example, be performed in a region or territory of

interest in, for example, the cardiac vasculature. The morphology of the resulting

enhancement curve gives insight to the characteristics of the cardiovascular system

and the dynamics of propagation of the agent of interest in the pharmaceutical (the

contrast) in situ, from which tailored or adjusted injection protocols can be generated.

[00142] 1.0 Design Description

[00143] In a representative embodiment, the primary data used to compute the

volume of contrast to be delivered/loaded were the scan duration, one or more patient

parameters such as the patient's weight, and contrast concentration.

[00144] A variable weighting factor (mg Iodine/Body weight kg) was used to

determine the dose of Iodine for the patient. In general, there is a linear relation

between the plasma concentration of Iodine and the enhancement (or CT Number) in

Hounsfield Units in a blood vessel. Weight is easily obtained before the patient is

scanned and serves as a practical means of computing the preload volume of contrast.

The requirement to compute a preload volume can be eliminated through use of a

continuous flow system using bulk containers of, for example, contrast and a flushing

fluid or diluent (for example, saline) as described, for example, in U.S. Patent Nos.

6,901,283, 6,73 1,971, 6,442,418, 6,306,1 17, 6,149,627, 5,885,216, 5,843,037, and

5,806,519, Published U.S. Patent Application No. 2006/021 1989 (U.S. Patent

Application Serial No. 11/072,999), and Published PCT International Patent

Application No. WO/2006/096388 (PCT International Patent Application No.

PCT/US2006/00703), the contents of which are incorporated herein by reference.

[00145] In several embodiments, the process software of the present invention

discretizes the weight ranges of subjects in, for example, 7 ranges (for example, <40

kg,40-59 kg,60-74 kg, 75-94 kg, 95-109 kg, 110-125 kg, > 125 kg). The loading

coefficients or functions for the software, which depend upon and vary with patient

weights, are displayed in Table 1 below. The coefficients or functions were derived

by applying a multi-objective optimization routine (Gembicki's weighted goal

attainment method (Gembicki, F.W., "Vector Optimization for Control with

Performance and Parameter Sensitivity Indices, " Case Western Reserve University

(1974)) to simulated patients representing each of the weight ranges (using the

physiologic based pharmacokinetic model set forth above in Figure 7 . As clear to one

skilled in the art, the loading coefficients or functions can also be determined using a

formula. In the multi-objective optimization, a representative goal was set to attain at



least 350 HU peak enhancement in the Descending Aorta compartment of the

physiologic PK model and attain enhancement greater than 300 HU for at least the

duration of the scan. Rather than simulating and optimize all combinations of contrast

concentration and scan durations, a representative optimization was performed with

370 mgl/ml contrast concentration and a 13 second scan duration - typical for

cardiovascular CTA. The values reported in Table 1 were modified slightly from

those generated in the optimization to accommodate other concentrations using

simulation and applying engineering judgment. The results of the simulations are set

forth in Figures 24A through 24G. The goals set forth above are not explicitly

recognized in the two lightest cases, which were allowed as a result of a desire to

restrict contrast volume to smaller patients (most likely pediatric patients).

Table 1.

[00146] In several embodiments, published results of previous studies were

used to provide the boundary conditions for the dosing scale of the software of the

present invention. Previous studied indicate that a fixed injection duration (and a flow

rate computed to achieve a weighted dose of plasma Iodine) produces enhancement

values (across a sample) and time to aortic peak independent of patient habitus.

Published pharmacokinetic analysis of contrast dynamics also leads to the same

conclusion. In several embodiments, the injection duration in the software of the

present invention was fixed (for a patient) based on the scan duration if the computed

flow rate was not greater than a clinically realizable value (as determined by the

clinician).

(00147] Common current clinical practice calls for CTA injection protocols

with durations equal to the scan duration. This practice may achieve suboptimal



results in most cases because of non-deterministic delays in the scanner's activation

and because the contrast bolus disperses throughout the cardiopulmonary circuit. A

conservative approach to protocol design (to prevent "missing" the bolus) while

recognizing that contrast disperses in the vessels is then to inject contrast with

duration longer than the scan duration. In several embodiments, the protocol

determination software of the present invention used a rule that the inject duration (for

a patient) is the scan duration plus 4 seconds, unless the scan is less than 16 seconds,

for which a minimum injection duration of 16 seconds is proscribed.

[00148] Previous studies have demonstrated the linear time invariant properties

of contrast medium propagation and enhancement. Analyses and experiments reported

in the radiological literature demonstrate that the Iodine flux rate [mg I /s]I into the

patient has a linear relationship to peak Iodine plasma concentration (and

subsequently contrast enhancement). Current practice mandates a high plasma

concentration (and enhancement value) of Iodine for robust coronary artery CTA (>=

400 HU). Therefore, a high Iodine input flux is desired. The input flux should be

constrained, however, with the realization that contrast injection rates typically don't

exceed 6-7 ml/s. Current cardiac 64 MSCT (Multislice CT) scan durations range

from 10-20 seconds.

[00149] Recognizing that the Iodine delivery flux is computed by

multiplication of the contrast concentration [mgl/ml] by the administration flow rate

[ml/s], one skilled in the art appreciates that, to achieve a high input flux, either the

concentration or the flow rate should increase. Simple pharmacokinetic theory and

Fick's principle (see Figure 25) demonstrate this idea explicitly. For the sake of

appreciating CTA enhancement, one can make a conceptual model of the

enhancement mechanism by describing a volumetric flow rate input (Qi) into a well

mixed compartment with a concentration of agent (Ci). The volumetric flow rate of

blood into which the agent is introduced is Qo (the cardiac output for a physiological

system). The governing differential equation for this situation is given in Equation 1

below. A graphical depiction of the single compartment flow model is also depicted

below. The solution of the differential equation for t<tend gives an insight to the

interplay of injection rate, cardiac output, and input concentration of the species being

introduced.



at

Equation 1

Equation 2

[00150] Equation 2 assumes that an input function of concentration in time

extends from 0 to injectDuration seconds (a step function). Analysis of the solution in

Equation 2 demonstrates that as Q j or C i increases, the concentration in the well-mixed

central blood compartment increases (recall that the enhancement level in CTA is

directly proportional to plasma concentration of the contrast agent ( 1 mgl/ml = 25 HU

at 12OkVP)). Also note that as the cardiac output (Q0) increases, the plasma

concentration and thus the enhancement level decreases (which agrees with previous

empirical porcine work and findings in humans).

[00151] Using the weighting scale proposed in Table 1 (most convenient for

preloading the syringe before the procedure) and recognizing that 7 ml/s is a practical

limit for injection rates and imposing a minimum administration rate of 1 gl/s input

flux for the lowest weight class (< 40 kg), a minimum injection duration of 16

seconds provides a good trade-off between minimizing flow rate while maximizing

Iodine flux rate [mg I/s]. Pharmacokinetic modeling and previous studies suggest that

an Iodine administration rate of 1.75 gl/s for a 75 kg person is ideal for cardiac CTA.

Ideally, the contrast protocol flow rate would be determined by asserting a gl/kg/s

computation. However, access to scan duration at syringe load time cannot be

guaranteed. The goal of achieving 1.75 gl/s (for a 75 kg patient with 370 contrast),

though, is realized with the loading factors and injection duration rules presented

herein. Above scan durations of 12 seconds, the scan duration plus 4 seconds is the

rule to compute the injection duration per patient (plus 6 for patients > 102 kg) to

ensure the injection lasts longer than the scan.

[00152] As described above, a number of commercially available injectors

offer the ability to simultaneously inject an admixture of contrast and a flushing fluid

or diluent such as saline, thereby diluting the Iodine concentration of contrast entering



the patient. This approach has value for reducing the incidence of streaking artifact

pronounced in cardiac MSCT scans caused by less dilute contrast media flooding the

Superior Vena Cava (SVC) and right heart while diluted (by the central blood

volume) contrast previously injected is circulating through the coronary circulation

(and left heart). By reducing the Iodine concentration during the injection, reductions

in streak artifact and more consistent opacification of the right heart is possible. In

general, current implementations of the dilution technology on, for example, the

STELLANT® injector system available from Medrad Inc. of Indianola, Pennsylvania,

prompt the clinician to enter a ratio of contrast to saline for delivery in injection

phases. The clinician must apply judiciousness in selecting the "proper" ratio for the

patient. In several embodiments, the software embodying the protocol determination

strategy of the present invention attempts to rationalize the ratio of contrast to saline

by choosing a ratio based on the morphology of the identification (test) bolus

enhancement, the diagnostic injection duration, scan delay, and scan duration. In that

regard, patients with higher test enhancement peaks should require more diluted

contrast whereas those with less test bolus enhancement require less diluted contrast.

[00153] 2.0 Protocol Generation Implementation

[00154] An embodiment of a clinical workflow of the present invention is

illustrated in Figure 27A. As clear to one skilled in the art, data transfers between, for

example, a scanner and an injector can occur via an electronic communication link

and/or via user input. In several studies, the protocol required a test bolus, required

the use of, for example, a 200 ml syringe and used a diluted contrast or admixture

phase for each patient. Calculations set forth herein use the following nomenclature

for describing the various phases of the protocol

[00155] Rate is designated by "R";

[00156] Volume is designated by "V"; and

[00157] Duration is designated by "D".

[00158] Subscripts indicate the type of media injected, where "C" is for

contrast, "S" is for Saline and "T" is for total for a dual flow or admixture ratio.

Superscripts indicate the portion of the protocol. The superscript "TI" stands for test

injection; "TB" stands for test bolus; "Diag" stands for the first phase diagnostic

portion of the protocol; "DF" stands for the dual flow phase; and "Flush" stands for

the last saline phase. For example, the following symbol represents the flow rate of

the admixture, dual flow or ratio phase of the diagnostic portion of the protocol.



R F =4ml

The following subsections are elaborations on the correspondingly numbered

operations described in Figure 27A.

[00159] 2.1 Computation of Diagnostic Volume

[00160] The computation of the volume to be loaded uses the patient weight to

determine the first phase and dual flow contrast volume based on the weight factor.

The weight algorithm discretizes the weight range for clinical implementation ease.

Table 1 sets forth the weight buckets, the values to use for each weight bucket and the

weight factor. Alternatively, an algorithmic relationship can be set forth.

[00161] The volume calculations are based on the weight of the patient, the

contrast concentration and the options used for the calculation. The weight factor,

which is a function of weight, is used for all patient based dosing calculations for the

selected buckets. All weight calculations are in kilograms or kgs hereafter unless

specifically indicated otherwise.

c 8 e ight x weightfactor x 1000 / concentrat ion

Equation 3

[00162] 2.2 Computation of Injection Duration

[00163] A number of studies indicate that important control parameters for

sufficient, first-pass CTA enhancement include Iodine mass-flux rate (mgl/s) and the

duration of the injection. In several embodiments, the systems and methods of the

present invention therefore personalize the dosage of contrast by manipulating the

Iodine flux and injection duration. The volume of contrast is a dependent parameter.

The scan duration is computed by the scanner on a per patient basis dependent on

scanning and physiological parameters - for example, slice width, pitch, spatial

resolution, region of interest, and heart rate. Ideally the operator has access to this

data before the contrast can be loaded into the syringe, but accommodation is made in

the present invention for cases in which such data is not available a priori. Ideally the

injection duration would be equivalent to the scan duration. Because of diffusion,

dispersion and scanning timing inaccuracies, a "safety" factor is typically needed to

provide extra contrast.

[00164] The calculated injection duration of the first contrast phase is based on

the scan duration with a minimal duration. Sixteen seconds provides a sufficient



bolus width to account for timing inaccuracies in, for example, MSCT systems (with

or without bolus tracking software). If a guaranteed, deterministic timing mechanism

existed or if the whole timing bolus enhancement curve was available, this injection

duration could theoretically be decreased to the scan duration (or shorter). The

systems and methods of the present invention also support the use of an identification

(that is, timing) bolus in addition to using bolus tracking software as known in the art

for determining scan triggering times. The contrast bolus is lengthened, then, to 16

seconds for scans less than 12 seconds and a fixed duration factor "X" is added for

longer scans.

maximum ( 16, scan duration + X)

if scan duration >= 20 sec
DcDiag=scan duration

end

Equation 4

[00165] A simple phaπnacokinetic analysis as described above can lend insight

and rationale for choosing the "X" factor of Equation 4. Upon the completion of the

input function (injectDuration in Equation 2), the decay of plasma concentration

follows a first-order decay.

[00166] A typical cardiac output for a human is 5 L/min, and an average

Central Blood Volume (the volume between the injection site and vascular territory of

interest) is 900 ml. Using these parameters in Equation 2, one can solve for the V time

constant and A time constants. These times give insight to how much the plasma

concentration is decreasing post maximal contrast enhancement in the vascular

territory of interest. Equation 5 sets forth the calculations to deteπnine the V and 3A

time constants. Given the standard Central Blood Volume, one can vary the cardiac

output over the typical physiologic realm and find the corresponding V or A time

constant value as illustrated for t3/4 in Figure 27B.

, | / 2 = ln ( .5 ) . - i -
c o

I314 = ln ( .7 5 ) -
co

Equation 5



[00167] Four seconds provides an additional "safety" factor (the time to

enhancement is greater than even that computed for a cardiac output of 4800 ml/min)

for all cardiac outputs for achieving peak enhancement during the "tail" of contrast

enhancement in the vascular region.

[00168] 2.3 Computation and Limiting of Flow Rate

[00169] The flow rate is the combination of the volume and the duration. The

calculation for the flow rate for the first or contrast only phase contrast is:

nDiag _ y Diag i r\Diag
(

Equation 6

U D F _ U Diag
K Total K C

Equation 7

RC
TB = R R

Equation 8

[00170] The volumetric flow rate computed by Equation 6 is applied to all

phases of the protocol (timing bolus, saline flush, dual flow, etc.).

[00171] 2.3.1 Flow Rate Limiting

[00172] A site may chose to limit the maximum flow rate to a patient, or to all

patients. Such an option can, for example, be a system configuration option. To

deliver the maximum volume of the preloaded contrast, the duration of the first phase

can, for example, be allowed to extend in time but only to a preset time (for example,

22 seconds). Additional contrast volume at the clamped flow rate will not be

delivered. The clamping of the injection duration at 22 seconds is a result of the

average time to peak of a 20 ml test bolus injections being 18 seconds and that the

rules described in several embodiments mandate that heavier weight subjects have a

scan delay of time to peak plus 6 seconds. The sum of 18 and 6 is 24 which is 2

seconds longer than the injection, allowing the benefit of the diluted phase to

hopefully reduce artifact. Furthermore, previous studies have produced favorable

aortic enhancement of > 300 HU for a fixed injection duration protocol of 25 seconds

with an older generation MSCT scanner. The following rule can be applied for

situations when the computed flow rate exceeds the maximum set by the clinician:
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> 22 sec & scanDuration <22 sec
C

yDiag _ Diag 22

else
yDiag _ yDiag

Equation 9

[00173] Performing the steps in Equation 9 ensures that the contrast injection

duration is fixed. This operation enforces the condition of a fixed contrast injection

duration for all subjects having scans of n seconds. This is in keeping with results of

a number of studies that have shown that to afford higher aortic enhancement, an

increase in the injection rate must occur. If the clinician chooses to limit the injection

flow rate, one can attain a higher plasma concentration if a very long injection at the

limited flow rate (thus a larger volume of contrast) is performed to allow the

recirculation of contrast to accumulate in the blood compartment (also to replace the

blood diffusing into the extravascular compartment). This result is not desirable for

angiographic applications, however, because of venous contamination and the

asymmetric peak enhancement in the blood vessel compartment of interest. Table 2A

below sets forth contrast load volumes without flow rate limiting, while Table 2B sets

forth contrast load volumes with flow rate limiting (for a maximum flow rate of

5 ml/s) for the case that the injection duration is clamped at 22 seconds.

Table 2A



Table 2B

[00174] 2.3.2 Computation of Dual Flow Contrast and Saline Volume

[00175] Dual flow or admixture flow is an optional part of the diagnostic

protocol. The goal for certain cardiac procedures is to fully opacify the ascending

aorta and the coronary arteries while partially opacifying the right heart. This is a

difficult timing situation where one wants the contrast bolus to be in the coronaries

while the ratio bolus is in the right heart. Therefore, one needs to determine the time

to switch from full contrast to a ratio of contrast and saline. Hereinafter, all

parameters with the designation "Λ" are new parameters after the dual flow

adjustment has been made.

[00176] The total injection rate for the dual flow phase is the same as the first

phase rate as indicated in Equation 7. The dual flow contrast volume is set at the time

of protocol generation and is based on the weight of the patient. The following

relation provides the dual flow contrast load volume:

V F =020[ml/kg] *weight[kg]

Equation 10

[00177] The 0.20 coefficient in Equation 10 was computed by analysis of

collected clinical trial data. A hypothesis of the experiment was to adjust the dual

flow duration and dilution ratio based on the time to peak and peak enhancement of a

20 ml timing bolus. The nomogram set forth in Table 3 below is based on the results

of that trial. To compute the a priori contrast volume to load before the procedure, a

linear regression was performed on the right heart enhancement values from a clinical

trial as the dependent variable and the contrast volume as the independent variable.



[00178] A schematic of the timing situation for CTA is depicted in Figure 28.

The curves are predicted enhancement curves for the right heart and left heart

compartments as determined by pharmacokinetic simulation. The goal of several

studies was to place a hard constraint on the end of fluid injection at Tend - the sum

of scan delay plus scan duration. The delivery of contrast past the end of the scan

duration makes no sense medically because the drug will not contribute to image

enhancement. The dilution phase was computed, per patient, to squeeze in between

the end of the injection duration and Tend. In the studies, the contrast only injection

duration was set to the length of the scan. The "diagnostic", contrast only phase

duration described will be longer than the scan duration. Because the outcome of the

study using the personalized dilution strategy produced satisfactory right heart images

(defined at right ventricle) and left heart images, the dilution phase contrast volumes

were used as a standard group for this research.

[00179] Figure 29 presents the raw data from a clinical trial for 20 patients. The

y-axis is the actual volume of contrast used in the dilution phase with the x-axis the

weight of the patients in the sample (in lbs). Figure 30 depicts a Monte-Carlo

simulation using biometrics for 70 patients that computed diagnostic and dilution

contrast protocols using the preloaded volume as determined with the coefficients in

Table 1 and the volume protocols computed with Equations 3 and 10. The study was

done to appreciate the volume of residual contrast that would be left in the syringe

after the procedure if a loading factor of 0.12 ml/lb were used. It is evident that the

residual contrast wastes for the dilution phase are below 10 ml. The units of the

regression are in pounds. Converting the regression coefficient to metric, kg, units

results in a coefficient of (0.120[ml/lb]*2.204[lb/kg]) = 0.264 ml/kg. To reduce the

overall contrast dose, and considering that some of the images in the clinical trial had

brighter than desired right heart enhancement, the loading coefficient for the dual

flow phase was set at 0.20 ml/kg. The reduction of the loading factor has an added

benefit of reducing the total Iodine burden to the patient.

[00180] Dual Flow Saline Volume

[00181] There are two instances of the DF saline volume to consider: the load

volume and the adjusted DF saline volume. The DF saline phase load volume is the

value that is calculated at the time of generation. It can vary from the adjusted DF

saline volume if the ratio changes and has two scenarios as listed in Table 3 below



Table 3

[00182] In all cases for Table 2 above, the saline volume is equal to:

Vs
DF = Vc

DF *({\ IRatio)-\)
[00183] If the total volume of contrast computed in the above procedures

exceeds the capacity of the syringe on the system, then steps must be taken to reduce

the contrast volume.

[00184] 2.4 Volume Limiting Based On Syringe Capacity

[00185] In several studies of the present invention, 200 ml syringes were used.

However, syringes of other volumes, including syringes having a volume less than

200 ml can be used. For syringe-based injector systems, situations (for example, low

concentration contrast and heavy patients) must be accommodated in which it is

possible that the computed load volume exceeds the volume of the syringe. Table 4

sets forth one embodiment of a rules set established to ensure that the generated

protocol and the load volume does not exceed the capacity of the syringe. In several

studies with 200 ml syringes, the maximum load volume was set to 195 ml.



Table 4

[00186] 3.0 Protocol Adjustment Operations

[00187] A protocol adjustment subroutine of the present invention modifies the

loaded protocol as described above based upon a characterization of the

cardiovascular system or a characterization of the propagation of a pharmaceutical

(for example, including a contrast enhancing agent) through the cardiovascular

system. Such characterizations can, for example, be made through the use of one or

more patient models (for example, parametric models or nonparametric models as

described in Published PCT Application No. WO/2006/055813 (PCT International

Patent Application No. PCT/US2005/041913)) and/or through the use of a small-

volume timing, identification or test bolus or injection. In several embodiments,

protocol adjustment was based on data obtained in a test injection (for example, the

time to peak and peak enhancement). Figure 31 illustrates a functional description of

an embodiment of a protocol adjustment function that applies changes to the injection

protocols based on identification of a test bolus enhancement. The following

subsections are elaborations on the correspondingly numbered operations described in

Figure 31.

[00188] 3.1 Computation of Dual Flow Ratio and then Volume

[00189] Test bolus adjustments are adjustments made to the protocol after the

injection of the test bolus and the user entering time to peak and peak enhancement.

Alternatively, the time to peak and peak enhancement can be communicated to the



protocol generation system of the present invention via a wired or wireless

communication connection between the scanner and the system. This calculation

does not apply to protocols without a test bolus.

Table 5

[00190] Based on the heuristic set forth in Table 5, the actual volume of

contrast to deliver in the dilution (dual flow) phase is computed as follows:

F = ratio

Equation 11

[00191] 3.2 Computation of Scan Delay Estimate

[00192] The estimate of the scan delay is based on the timing of the injection.

The following calculation provides an estimate of the scan delay (in s) based on the

measure or estimated values

if weight > = 102 kg (after the weight is discretized)

scanDelay = Tpeak+ 6

Else

scanDelay = Tpeak + 4

end

if scanDuration < 10 sec (regardless of weight)

scanDelay = Tpeak + 6
end

[00193] The additional times of, for example, 4 and 6 seconds are appended to

the time to peak to anticipate the transport delay of contrast from the measurement

site into the region of interest. The 6-second addition is for heavy patients in whom it

is expected that the contrast will propagate more slowly through the vasculature, and

who are more likely to encounter flow rate limit situations in which the contrast is

injected longer than the scan duration. In the situations in which the protocol is flow



rate limited and the patient weighs less that 102 kg (discretized), there is a chance

(especially for lower concentrated contrast agents) that the end of the injection will

occur during the time to peak of the 20 ml test bolus. It is desirable that the scan not

be started during the injection while the undiluted contrast is in the SVC. The

additional time delay anticipates this situation. In a situation in which the clinician

performs a very short scan, the scan should be timed to start during the peak of

enhancement.

[00194] Because the contrast is preloaded based on weight, a 5-second scan

should make use of the contrast enhancement by starting later in the enhancement '

window of the left heart. The conditional then, for short scans less than 10 seconds,

determines the duration of the diagnostic phase as time to peak plus 6 seconds to

allow the diluted contrast time to propagate from the peripheral vein vasculature into

the heart compartment - an initial purpose of providing a dilution or dual flow phase.

Furthermore, the scan preferably starts after the undiluted contrast protocol has

finished and some of the diluted (dual flow) contrast is reaching the SVC. This result

can be realized with short scan durations, because the concern about imaging during

the down slope of enhancement is less critical.

[00195] 3.3 Determining if There is Sufficient Time for a Dual Flow Phase

[00196] The injection timing adjustment made after the test bolus features are

provided, can, for example, attempt to end the contrast injection at the end of the scan.

The following equations apply to the injection timing adjustment :

Tend = ScanDelay + ScanDurati on

[00197] The duration of the dual flow phase is determined by calculating the

gap between the Tend and the end of the full contrast or contrast only phase using the

following equation:

Dgap = ScanDelay + ScanDurati on - D ιag

[00198] Volume can be adjusted, when applicable, as illustrated in Figure 32A

and 32B.

[00199] Figure 33A through 33G illustrates examples of graphical user

interfaces for use with the embodiment of a protocol generation system of the present

invention as described above corresponding to various points or steps along the

workflow diagram set forth in Figure 26.



[00200] An upper portion of Figure 33A illustrates the workflow diagram in

which the step of patient weight input is encircled with circle A. A corresponding

graphical user interface is illustrated in the lower portion of Figure 33A. In this

embodiment, patient weight is selected from a plurality of weight ranges. An upper

portion of Figure 33B illustrates the workflow diagram in which a contrast

concentration input step is encircled with circle B. A corresponding graphical user

interface is illustrated in the lower portion of Figure 33B. In this embodiment,

contrast concentration is selected from a plurality of available choices. An upper

portion of Figure 33C illustrates the workflow diagram in which the syringe loading

step is encircled with circle C. A corresponding graphical user interface or screen

display is illustrated in the lower portion of Figure 33C, in which the contrast syringe

and saline syringe load volumes (as calculated via the method described above) are

set forth for the user/clinician. An upper portion of Figure 33D illustrates the

workflow diagram in which a data transfer step in which data from a scout scan is

transferred to the interface is encircled with circle D. A corresponding graphical user

interface for entering scan duration is illustrated in the lower portion of Figure 33D.

An upper portion of Figure 33E illustrates the workflow diagram in which an initial

diagnostic protocol computation step (effected as described above) is encircled with

circle E. The computed initial or preload protocol need not be displayed. A

corresponding graphical user interface is illustrated in the lower portion of

Figure 33E, wherein the user is prompted to have the protocol generation system

generate the protocol by, for example, pressing an OK button. An upper portion

Figure 33F illustrates the workflow diagram in which a data transfer step in which

data from a test bolus is transferred to the interface is encircled with circle F. As clear

to those skilled in the art, this data (for example, time to peak and peak enhancement)

can be transferred via a communication link between the scanner and the injector

without clinician involvement or by manual input by a clinician. A corresponding

graphical user interface for manual data entry of the time to peak and peak

enhancement is illustrated in the lower portion of Figure 33F. In this embodiment, a

plurality of ranges of peak enhancement are provided for choice by the clinician. An

upper portion Figure 33G illustrates the workflow diagram in which the point at

which the determination of the adjusted diagnostic protocol has been completed by
1

the interface and the diagnostic injection can be initiated is encircled with circle G. A

corresponding graphical user interface for setting forth the adjusted diagnostic



protocol is illustrated in the lower portion of Figure 33D. The clinician can be

provided with the opportunity to change protocol parameters.

[00201] Figure 34A illustrates an embodiment of a display of injector and

scanner time lines for a 180 pound male patient undergoing an 8-second Cardiac CTA

scan. Figure 34B illustrates representative volumetric flow rates and iodine

administration rates for a contrast only phase (phase 1) and a dual flow or admixture

phase as determined by the protocol generation method.

[00202] In summary, as discussed above, a number of scan procedures such as

Cardiovascular MSCT angiography are challenging as a result of decreasing

acquisition periods and the challenges inherent to contrast agent delivery and use.

Moreover, in the case of cardiovascular MSCT angiography cardiac structures are

moving during the scan. The timing of scanner acquisition should coincide with the

period when the bolus of contrast material provides maximum contrast enhancement

in key anatomical structures. The protocol generation systems and methods of the

present invention calculate or determine patient personalized CT contrast medium

injection protocols.

[00203] In several studies of the protocol generation systems and methods of

the present invention, a multi-objective optimization's goal was set at least 350 HU

peak enhancement in the left heart compartment of the physiologic PK model and

enhancement greater than 300 HU for at least the duration of the scan. Personalized

scan delays were computed as a function of individual cardiac function (scan delay =

time to peak of test bolus + 4 or 6 seconds depending on patient weight and scan

duration). The patient's cardiac response determined the duration and contrast to

saline ratio of a dilution phase. Finally, the injection of contrast material was

prohibited from extending beyond the end of the scan and, in most cases, ends 5-6

seconds prior.

[00204] It was expected that left and right heart contrast enhancement would be

more consistent across subjects using the cardiac protocol generation system/method

of the present invention as compared to typical methods of establishing protocol

parameters. To evaluate the level and consistency of enhancement, cardiac CE CT

data from a pilot study were analyzed. Two anatomic regions of interest (the

descending aorta and the right ventricle) were identified in each subject's scan

(reconstructed at 60% RR interval) via a semi-automatic segmentation algorithm. For

every set of axial slices acquired at a single time point, the mean enhancement within



each of the regions was computed, yielding time enhancement curves. The influence

of a per-patient, contrast injection protocol having a dilution phase on right heart

enhancement during cardiac CTA was also studied. Sufficient enhancement for

assessment of the right heart allows for the assessment of right heart pathology. As

illustrated in Figure 35A, the intersubject variability in the right heart as measured by

the Standard Error of the Mean was lowest in the group in which the protocol

generation system/method of the present invention was used (+/- 13 HU). Standard

Errors in the other groups were: uni-phasic (+/-39 HU)), bi-phasic (+/- 39 HU), and

fixed dilution phase (+/- 28 HU). A one-way ANOVA (P<.005) demonstrated that a

significant difference existed in the mean enhancement values among the injection

protocol groups (also checked with Two sample F-tests for variability, P<.001). Left

Heart Enhancement averaged 325 HU +/- 80

[00205] A study of 20 patients undergoing cardiovascular CTA (Siemens

Sensation 64) using injection protocols generated using the system/method of the

present invention (Iopimidol 370) and 19 control subjects with a standard biphasic

protocol (Iopimidol 370 contrast volume = scan duration x 5ml/s, followed by a 40 ml

saline flush) was made. All values of the time enhancement curves were pooled across

subjects, and the two groups were compared via unpaired t-tests. The mean

enhancements for the protocols generated by the present invention and the biphasic

protocols were 357 ± 69 HU and 323 ± 64 HU, respectively (p=10~8 ). The right

ventricle mean enhancements were 318 ± 85 HU and 212 ± 96 HU (p=10 2 1) . These

results, illustrated in Figures 35B and 35C, respectively, show statistically significant

differences in enhancement in both regions.

[00206] Figure 36A illustrates scan results obtained using a protocol generated

by a protocol generation process of the present invention for a 139 pound female

subject while Figure 36B illustrates scan results obtained using a protocol generated

by a protocol generation process of the present invention for a 202 pound male

subject. Noticeable in these images is the bright, uniform opacification of the left

heart structures (left atrium, ventricle, and left anterior descending coronary artery

origin). In both images there is also sufficient enhancement of the right ventricle,

atrium and superior vena cava to provide for differentiation of the intraventricular

septum, the margin of the myocardium. There is also sufficient opacification to

provide for functional analysis of right ventricular function. Furthermore, enough

contrast is present in the right heart to allow for the diagnosis of thrombo-emboli.



Furthermore, visualization of the right ventricle papillary muscles, the moderator band

and the tricuspid valve is possible via the presence of homogenous contrast

enhancement. In both images there is a lack of streaking artifact often associated with

contrast media residing in the superior vena cava, right atrium and right ventricle

during CT scan acquisition (see the circle in Figure 36A). The homogeneity of the

right heart enhancement and lack of streaking artifact is a result of the administration

of a personalized, dilution protocol and optimal scan timing (in relation to the

propagation of contrast media in vivo) provided by the systems and methods of the

present invention.

[00207] In another study of the systems and methods of the present invention,

injection protocols were integrated with an injector for cardiac dual-source CT

(DSCT). In a study group of 40 consecutive patients undergoing cardiac DSCT, a

parameter generation system/method of the present invention as described above,

which was implemented via software resident on a Medrad STELLANT injector, was

prospectively evaluated for determining individualized contrast (370mgI/ml) volume

and injection parameters for a triphasic (contrast, contrast/saline and saline phase)

injection protocol. The workflow procedure for the 40 patients of the study group

was similar to that set forth in Figures 33A through 33G.

[00208] A control group of another 40 consecutive patients were injected using

a standard contrast protocol and retrospectively analyzed to compare the level and

homogeneity of enhancement within the aorta, coronary arteries, myocardium and

ventricles. The standard protocol was a triphasic protocol in which first phase was a

contrast only phase, the second phase was an admixture or dual flow phase and the

third phase was a saline only phase. The flow rate was set at 6 ml/second for all

phases. The dual flow phase (contrast/saline) was characterized by delivery of 50 ml

of fluid including 30% contrast medium and 70% saline at 6 ml/second. The saline

phase was characterized by delivery of 40 ml of saline injected at 6 ml/second.

Before the triphasic diagnostic protocol of the control group, a test bolus of 20 ml of

contrast medium at 6 ml/sec followed by injection of 40 ml of saline 6 ml/second was

use to determine the scan delay, which was determined as the time to peak

enhancement in the ascending aorta.

[00209] The quality of diagnostic display of cardiac anatomic landmarks was

rated for each of the study group and the control group. Figure 37 sets forth a

graphical representation of answers of two blinded readers of the question: "For this



patient's intended diagnosis, do you believe that the contrast medium delivery

protocol was sufficient to visualize anatomy and diagnose pathology?" Yes and no

responses were accumulated for each of the control group and the study group and are

set forth as percent yes/diagnostic or no/non-diagnostic. As set forth in Figure 37, the

blinded readers found that the contrast medium delivery protocol generated using the

parameter generation system of the present invention was sufficient to visualize

anatomy and diagnose pathology in 100% of the study group patients, while the

blinded readers found that the contrast medium delivery protocol generated using the

standard methodology was sufficient to visualize anatomy and diagnose pathology in

only 92% of the control group patients.

[00210] Figure 38 sets forth a graphical representation of ratings by the blinded

readers of the imaging achieved by each of the contrast medium delivery protocol

generated using the parameter generation system of the present invention (study

group) and the standard contrast medium delivery protocol for left coronary imaging.

In Figure 38, a rating or "1" corresponds to the conclusion that the structure in

question was not visualized, a rating of "2" corresponds to a conclusion that the

structure in question is faintly visualized, a rating of "3" corresponds to a conclusion

that the structure in question is faintly visualized but delineation is limited, a rating of

"4" corresponds to a conclusion that the structure in question is visualized and

complete delineation is possible, a rating of "5" corresponds to a conclusion that the

structure in question is excellently visualized and delineation is excellent. As

illustrated in Figure 38, a statistically significant advantage is provided by the

methods and systems of the present invention. Figure 39 sets forth a similar analysis

for right coronary imaging. Once again, a statistically significant advantage is

provided by the methods and systems of the present invention. Similar results were

observed in other anatomical structures of the heart.

[00211] As illustrated in Figures 40 and 41, respectively, mean coronary

attenuation ranged from 359.5±17.7 to 450.6±19.9HU, and from 297.3±1 1. 1 to

429.8±10.9HU in the study and control groups. In Figures 40 and 41, the

abbreviation Ao refers the Ascending Aorta, the abbreviation LtMain refers to the

Left Main Coronary artery, the abbreviation LAD refers to the Left Anterior

Descending Coronary Artery, the abbreviation RCA refers to the Right Coronary

Artery and the abbreviation LCx refers to the Circumflex Coronary Artery. The

designations Prox (Proximal), Dist (Distal), and Mid refer to the distal, proximal and



mid segments of each coronary artery as defined by the American Heart Association

15 segment coronary model. Mean attenuation in the distal LAD, mid and distal LCx,

and the right ventricle were significantly (p<0.05) higher in the study group than in

the control group. Intra-subject variability of vascular attenuation was significantly

(p<0.002) lower in the study group (SD= 49±19.5) than in the control group

(SD=63.2±22.1). The diagnostic display of right heart structures (papillary muscles,

pulmonary valve, ventricular myocardium), left main, LAD and proximal right

coronary arteries were rated significantly (P<0.05) higher in the study group than in

the control group. The patient-specific contrast protocol generated by the systems and

methods of the present invention thus provided higher and more uniform coronary

enhancement and improved diagnostic display of the heart in cardiac DSCT.

[00212] In still another study, enhancement in coronary arteries and ventricles

using two different triphasic injection protocols with fixed parameters and one

injection protocol with individually optimized injection parameters as determined by a

parameter generation system/method of the present invention.

[00213] In that study, 15 patients were included in each group. In group 1,

70 ml of contrast medium (Ultravist 370, Schering) were injected with a flow-rate of

5.0ml/second in a contrast only phase. In group 2, 80 ml of the contrast medium were

injected with a flow-rate of 6.0 ml/second in a contrast only phase. For group 3

injection parameters were calculated using the parameter generation system of the

present invention. Enhancement was measured in the proximal, mid and distal right

coronary artery or RCA and in cranial and caudal sections of the right and left

ventricle. Measurements were compared using the Mann-Whitney-U test.

[00214] In each of the control groups, group 1 and group 2, a triphasic injection

protocol was used. In group 1, the flow rate throughout each of the three phase was

5 ml/second. As set forth above, 70 ml of contrast was injected in the first, contrast

only phase, of group 1. In the second, dual flow, phase of group 1, 50 ml of a mixture

of contrast medium and saline was injected. In the third, saline only, phase of

group 1, 40 ml of saline was injected. In group 2, the flow rate throughout each of the

three phase was 6 ml/second. As set forth above, 80 ml of contrast was injected in the

first, contrast only phase, of group 2 . In the second, dual flow, phase of group 2,

50 ml of a mixture of contrast medium and saline was injected. In the third, saline

only, phase of group 2, 40 ml of saline was injected. In both of the group 1 and

group 2 protocols, a test bolus was performed to determine timing/scan delay.



[00215] Data from the study are set forth in Figures 42 through 46. Mean scan

times did not differ significantly. The mean contrast volume applied in group 3 was

77.8ml in the contrast only phase. Enhancement in the coronary arteries is set forth

for groups 1 and 3 in Figure 42 and for groups 2 and 3 in Figure 43. As illustrated in

Figure 42, enhancement in the RCA was significantly higher in all segments of the

RCA in group 3 as compared to group 1 (412.1, 412.5 and 4220HU vs. 358.3, 345.4

and 321.8HU). As illustrated in Figure 43, only the enhancement in the distal RCA

differed significantly between group 3 and group 2 . Enhancement in the left and

right ventricles is set forth for groups 1 and 3 in Figure 44 and for groups 2 and 3 in

Figure 45. In group 3 significantly higher enhancement was observed towards the end

of the exam in the caudal left ventricle. Enhancement in the right ventricle did not

differ significantly.

[00216] The study showed that the per-patient determined injection protocols

of the present invention yielded higher enhancement, especially in the distal segments

of the coronary vessels as compared to injection protocols using fixed injection

parameters.

[00217] Figure 47 illustrates mean contrast enhancement in another study of

five coronary segments across 32 subjects. The error bars in Figure 47 represent the

standard error of the mean. Figure 47 illustrates achievement of various design goals

of the parameter generation algorithm of the present invention used in the study. For

example, a desirable level of contrast enhancement (for example, at least 350 HU)

was achieved across the coronary anatomy. Further, the level of enhancement was

generally consistent over the studied regions of the coronary anatomy and across

subjects (as evidenced by the tight standard error of the mean). Figure 48 illustrates

mean contrast enhancement in four locations of the right and left ventricles. The

measurements were made by manual placement of an ROI in a cranial (cran) and

caudal (caud) section of the Right Ventricle (RV) and Left Ventricle (LV),

respectively, in 32 subjects. The error bars of Figure 48 represent plus and minus

standard error of the mean. Figure 48 illustrates the ability of the parameter

generation systems of the present invention to provide desired, consistent

enhancement in the Left Ventricle. Desired enhancement in the LV is typically greater

than 300 HU for cardiac CTA. In CTA of the heart, one does not desire the right side

of the heart to be enhanced as much as the left heart. However, some contrast

enhancement is desired. In the studied embodiment, the parameter generation system



achieved adequate right heart enhancement without causing streak artifacts or beam-

hardening artifacts associated with some current cardiac CTA procedure. The right

ventricular enhancement illustrated in Figure 47 demonstrates adequate enhancement

consistent across subjects (as evidenced by the tight standard error of the mean), and

an enhancement level of at least 100 HU less than the left heart.

[00218] The representative embodiments set forth above are discussed

primarily in the context of CT imaging. However, the devices, systems and methods

of the present invention have wide applicability to the injection of pharmaceuticals.

For example, the systems devices and methods of the present invention can be used in

connection with the injection of contrast media for imaging procedures other than CT

(for example, MRI, ultrasound, PET, etc.).

[00219] As briefly described above, the flow rate predicted for a phase (or time

instance of an injection) can be used as an input to a system or model adapted or

operable to predict the amount of pressure generated in the syringe or other container

as a result of the volumetric flow rate, the fluid path characteristics (for example, the

inner diameter of the catheter (gauge)), and the viscosity of the contrast agent.

Generally, the viscosity of contrast medium increases geometrically with respect to

the iodine concentration of the contrast medium in the case of a CT contrast. The

viscosity can be calculated or retrieved from, for example, a data table. The pressure

resulting from a set of values of these variables may be computed from fluid

dynamics principles as known in the art or determined from prior experimental data.

A discussion of pressure modeling is set forth in PCT International Patent Application

No. PCT/US05/42891, which sets forth several embodiments of a model or system for

predicting pressure at various points in an injection fluid path. If the predicted

pressure exceeds a pressure limit or threshold set by the operator and/or a safe

pressure limit determined by the manufacturer of the power injector, the operator can

be warned of a possible over-pressure indication by, for example, a color coding of

the flow rate entry field. Various other visual, audible and/or tactile indications of a

predicted over-pressure situation can be provided.

[00220] In general, the embodiments of a parameter generation system

described above determine the parameters of an initial protocol using information

available prior to characterization of the cardiovascular system and propagation of a

pharmaceutical therethrough. The initial protocol provides information on the volume

of one or more fluids to be delivered to, for example, enable preloading of one or



more syringes. Upon completion of characterization of the cardiovascular system, the

parameters of the protocol are adjusted on the basis of the characterization. The

parameter generation systems of the present invention were described in connection

with an injection including an initial contrast only injection phase and a subsequent

admixture phase. As clear to one skilled in the art, the parameter generation system

of the present invention is applicable to the injection of various pharmaceuticals, with

or without injection of diluent of flushing fluids, via injection protocols that can

include one, two of more phases.

[00221] Although the present invention has been described in detail in

connection with the above embodiments and/or examples, it should be understood that

such detail is illustrative and not restrictive, and that those skilled in the art can make

variations without departing from the invention. The scope of the invention is

indicated by the following claims rather than by the foregoing description. All

changes and variations that come within the meaning and range of equivalency of the

claims are to be embraced within their scope.



WHAT IS CLAIMED IS:

1. A system comprising a parameter generation system to determine

parameters of at least a first phase of an injection procedure based at least in part upon a

type of the injection procedure, wherein the parameter generator system determines the

amount of a pharmaceutical that is to be delivered to a patient at least partly on the basis

of the concentration of an agent in the pharmaceutical and at least partly on the basis of a

function that depends on and varies with a parameter of the patient.

2. The system of claim 1 wherein the patient parameter is weight, body mass

index, body surface area or cardiac output.

3. The system of claim 2 wherein the pharmaceutical comprises a contrast

enhancing agent for use in an imaging procedure.

4 . The system of claim 3 wherein at least a first portion Vi of a volume of the

pharmaceutical to be injected is calculated using the formula:

V, = weight * X * Y,

wherein X is a function of weight, and Y is a function of the concentration of contrast

enhancing agent in the pharmaceutical.

5. The system claim 4 wherein X is determined for a particular patient

weight from an algorithm in which X is calculated as a function of weight.

6. The system of claim 4 wherein X is determined for a particular patient

weight from a table wherein X is set forth as a function of weight.

7. The system of claim 4 wherein Vi is the volume of the pharmaceutical to

be delivered in a phase in which only the pharmaceutical is to be delivered, the parameter

generation system also determining a volume V2 of pharmaceutical to be delivered in at

least a second phase in which both the pharmaceutical and a diluent are to be delivered to

the patient.



8. The system of claim 7 wherein a flow rate of the pharmaceutical in the

first phase is approximately equal to the flow rate of admixture of pharmaceutical and

diluent fluid in the second phase.

9. The system of claim 8 wherein the flow rate of the pharmaceutical is

calculated by dividing V by an injection duration of the first phase.

10. The system of claim 9 wherein the injection duration of the first phase is

determined by adding a factor K to a scan duration of an imaging system.

11. The system of claim 10 wherein K ranges from 0 to 10 seconds.

12. The system of claim 11 wherein a minimum first phase injection duration

can be input into the parameter generation system.

13. The system of claim 12 wherein the flow rate of the first phase is

calculated by dividing V by the injection duration of the first phase.

14. The system of claim 8 wherein the volume V2 of contrast to be delivered

to the patient in the second phase is calculated based at least in part on a patient

parameter.

15. The system of claim 14 wherein the patient parameter is weight, body

mass index, body surface area or cardiac output.

16. The system of claim 14 wherein the volume V2 is determined by the

formula:

V2 = weight * Z,

wherein Z is a constant.

17. The system of claim 9 wherein a volume of saline to be delivered to the

patient is calculated from V2 and a ratio of pharmaceutical to diluent fluid in the second

phase.



18. The system of claim 15 wherein the parameter generation system

determines whether the total volume of the pharmaceutical to be delivered to the patient

in all phases exceeds the volume of pharmaceutical available for delivery to the patient,

the parameter generation system further comprising rules to reduce the total volume of

the pharmaceutical if the determined total volume exceeds the available volume.

19. The system of claim 9 wherein a determination is made by the parameter

generation system of whether the flow rate of the pharmaceutical during the first phase

will exceed a predetermined flow rate, the parameter generation system comprising rules

to adjust the volume V so that the predetermined flow rate is not exceeded.

20. The system of claim 7 wherein a total volume of pharmaceutical to be

delivered to the patient in all phases is determined.

21. The system of claim 20 wherein a container from which the

pharmaceutical is to be delivered is filled with a load volume of pharmaceutical based

upon the determined total volume of pharmaceutical to be delivered by the patient.

22. The system of claim 2 1 wherein the container is a syringe.

23. The system of claim 20 wherein an initial protocol determined by the

parameter generation system to determine the total volume is adjusted based upon a

characterization of the cardiovascular system of the patient.

24. The system of claim 23 wherein a test bolus of the pharmaceutical is

performed to characterize the cardiovascular system of the patient.

25. The system of claim 24 wherein the initial protocol is adjusted at least in

part on the basis of a time to peak enhancement of the test bolus.

26. The system of claim 24 wherein the initial protocol is adjusted at least in

part on the basis of a time to peak enhancement of the test bolus and a level of

enhancement of the peak enhancement.



27. The system of claim 26 wherein a scan delay is determined at least in part

on the basis of the time to peak enhancement.

28. The system of claim 27 wherein scan delay is calculated by the formula:

scan delay = time to peak + C

wherein C is a function of weight, body mass index, body surface area or cardiac output.

29. The system of claim 28 wherein C is a function of weight, body mass

index, body surface area or cardiac output in the case of scan durations of at least a

predetermined time and C is set to a predeteπnined value in the case of scan durations

less than the predetermined time.

30. The system of claim 26 wherein a determination is made as to whether to

adjust the ratio of the pharmaceutical to the diluent fluid in the second phase at least in

part on the basis of the level of the peak enhancement.

3 1. The system of claim 29 wherein a duration of the second phase is

calculated according to the foπnula:

DDF = Scan Delay + Scan Duration - Dc
Dιag

wherein DcDιag is a duration of the first phase and Scan Duration is a scan duration of the

imaging system.

32. The system of claim 31 wherein DcDiag is determined by adding a factor K

to the scan duration of an imaging system.

33. The system of claim 32 wherein K ranges from 0 to 10 seconds.

34. The system of claim 33 wherein a minimum first phase injection duration

can be input into the parameter generation system.



35. The system of claim 27 wherein a determination of whether

pharmaceutical is going to injected beyond an end time of a scan is made and parameters

are adjusted to prevent injection beyond the end time of the scan.

36. The system of any of claims 1 through 35 further comprising:

a first pressurizing mechanism;

at least a first fluid container operably associated with the first pressurizing

mechanism, the first fluid container being adapted to contain a pharmaceutical

comprising a contrast enhancing agent to be injected in an imaging procedure;

a second pressurizing mechanism;

at least a second fluid container operably associated with the second pressurizing

mechanism, the second fluid container adapted to contain a diluent fluid; and

a controller operably associated with the first and second pressurizing

mechanisms, the controller comprising a programming system to allow programming of

an injection protocol comprising at least one phase.

37. The system of claims 36, further comprising an imaging system.

38. The system of claim 37 wherein the parameter generation system is in

communicative connection with at least one of the imaging system or the controller.

39. The system of any of claims 1 through 35 wherein the parameter

generation system is a component of an injector.

40. The system of any of claims 1 through 35 wherein the parameter

generation system is a component of an imaging system.

41. A system comprising a parameter generation system to determine

parameters of at least one phase of an injection procedure in which a pharmaceutical

comprising an image contrast enhancement agent is delivered to a patient, the parameter

generation system comprising an algorithm to determine parameters based at least in part



upon a type of the injection procedure, a determined time to peak enhancement and a

level of peak enhancement

42. The system of claim 4 1 wherein the time to peak enhancement and the

level of peak enhancement are determined at least in part by an injected bolus of the

pharmaceutical into a patient.

43. The system of claim 4 1 wherein the time to peak enhancement and the

level of peak enhancement are determined at least in part by a model of propagation of

the pharmaceutical in a patient.

44. The system of claim 4 1 wherein a volume of the pharmaceutical to be

loaded and optionally a volume of a diluent to be loaded are determined by determination

of initial parameters of the injection procedure at least in part on the basis of at least one

parameter of the patient and a determined scan duration.

45. The system of claim 44 wherein the at least one parameter of the patient is

weight, body mass index, body surface area or cardiac output.

46. The system of claim 44 wherein at least one of the time to peak

enhancement and the level of peak enhancement are used to adjust the initial parameters.

47. A system comprising a parameter generation system to determine

parameters of a diagnostic injection protocol comprising at least one phase in which a

pharmaceutical comprising an image contrast enhancement agent is injected into a

patient, the parameter generation system comprising an algorithm to determine

parameters of an initial protocol using information available prior to characterization of a

cardiovascular system of the patient and an algorithm to adjust the parameters of the

initial protocol based at least in part on the characterization of the cardiovascular system

to determine the parameters of the diagnostic injection protocol.

48. The system of claim 47 wherein the initial protocol is used to determine a

total volume of pharmaceutical to be injected into the patient in all phases.



49. The system of claim 48 wherein a container from which the

pharmaceutical is to be delivered is filled with a load volume of pharmaceutical based

upon the determined total volume of pharmaceutical to be delivered to the patient.

50. The system of claim 49 wherein the container is a syringe.

51. The system of claim 48 wherein the total volume is determined least partly

on the basis of a concentration of contrast enhancement agent in the pharmaceutical and

at least partly on the basis of a function that depends upon and varies with a parameter of

the patient.

52. The system of claim 5 1 wherein the patient parameter is weight, body

mass index, body surface area or cardiac output.

53. The system of claim 52 wherein the pharmaceutical comprises a contrast

enhancing agent for use in an imaging procedure.

54. The system of claim 53 wherein at least a first portion Vi of a volume of

the pharmaceutical to be injected is calculated using the formula:

V, = weight * X * Y,

wherein X is a function of weight, and Y is a function of the concentration of contrast

enhancing agent in the pharmaceutical.

55. The system of claim 54 wherein X is determined for a particular patient

weight from an algorithm in which X is calculated as a function of weight.

56. The system of claim 54 wherein X is determined for a particular patient

weight from a table wherein X is set forth as a function of weight.

57. The system of claim 54 wherein V is the volume of the pharmaceutical to

be delivered in a phase in which only the pharmaceutical is to be delivered, the parameter

generation system also determining a volume V2 of pharmaceutical to be delivered in at



least a second phase in which both the pharmaceutical and a diluent are to be delivered to

the patient.

58. The system of claim 55 wherein a flow rate of the pharmaceutical in the

first phase is approximately equal to the flow rate of admixture of pharmaceutical and

diluent fluid in the second phase.

59. The system of claim 56 wherein the flow rate of the pharmaceutical is

calculated by dividing Vi by an injection duration of the first phase.

60. The system of claim 57 wherein the injection duration of the first phase is

determined by adding a factor K to a scan duration of an imaging system.

6 1. The system of claim 60 wherein K ranges from 0 to 10 seconds.

62. The system of claim 6 1 wherein a minimum first phase injection duration

can be input into the parameter generation system.

63. The system of claim 62 wherein the flow rate of the first phase is

calculated by dividing Vi by the injection duration of the first phase.

64. The system of claim 58 wherein the volume V2 of contrast to be delivered

to the patient in the second phase is calculated based at least in part on a patient

parameter.

65. The system of claim 64 wherein the patient parameter is weight, body

mass index, body surface area or cardiac output.

66. The system of claim 64 wherein the volume V2 is determined by the

formula:

V2 = weight * Z,

wherein Z is a constant.



67. The system of claim 58 wherein a volume of saline to be delivered to the

patient is calculated from V2 and a ratio of pharmaceutical to diluent fluid in the second

phase.

68. The system of claim 65 wherein the parameter generation system

determines whether the total volume of the pharmaceutical to be delivered to the patient

in all phases exceeds the volume of phaπnaceutical available for delivery to the patient,

the parameter generation system further comprising rules to reduce the total volume of

the pharmaceutical if the determined total volume exceeds the available volume.

69. The system of claim 59 wherein a determination is made by the parameter

generation system of whether the flow rate of the pharmaceutical during the first phase

will exceed a predetermined flow rate, the parameter generation system comprising rules

to adjust the volume Vi so that the predetermined flow rate is not exceeded.

70. The system of claim 57 wherein a total volume of pharmaceutical to be

delivered to the patient in all phases is determined.

71. The system of claim 70 wherein a container from which the

pharmaceutical is to be delivered is filled with a load volume of pharmaceutical based

upon the determined total volume of phaπnaceutical to be delivered by the patient.

72. The system of claim 7 1 wherein the container is a syringe.

73. The system of claim 70 wherein an initial protocol deteπnined by the

parameter generation system to determine the total volume is adjusted based upon a

characterization of the cardiovascular system of the patient.

74. The system of claim 73 wherein a test bolus of the pharmaceutical is

performed to characterize the cardiovascular system of the patient.

75. The system of claim 74 wherein the initial protocol is adjusted at least in

part on the basis of a time to peak enhancement of the test bolus.



76. The system of claim 74 wherein the initial protocol is adjusted at least in

part on the basis of a time to peak enhancement of the test bolus and a level of

enhancement of the peak enhancement.

77. The system of claim 76 wherein a scan delay is determined at least in part

on the basis of the time to peak enhancement.

78. The system of claim 77 wherein the scan delay is calculated by the

formula:

scan delay = time to peak + C

wherein C is a function of weight, body mass index, body surface area or cardiac output.

79. The system of claim 78 wherein C is a function of weight, body mass

index, body surface area or cardiac output in the case of scan durations of at least a

predetermined time and C is set to a predetermined value in the case of scan durations

less than the predetermined time.

80. The system of claim 76 wherein a determination is made as to whether to

adjust the ratio of the pharmaceutical to the diluent fluid in the second phase at least in

part on the basis of the level of the peak enhancement.

81. The system of claim 79 wherein a duration of the second phase is

calculated according to the formula:

DDF = Scan Delay + Scan Duration - Dc
Dιag

wherein DcDιag is a duration of the first phase and Scan Duration is a scan duration of the

imaging system.

82. The system of claim 8 1 wherein Dc
Dιae is determined by adding a factor K

to the scan duration of an imaging system.

83. The system of claim 82 wherein K ranges from 0 to 10 seconds.



84. The system of claim 83 wherein a minimum first phase injection duration

can be input into the parameter generation system.

85. The system of claim 77 wherein a determination of whether

pharmaceutical is going to injected beyond an end time of a scan is made and parameters

are adjusted to prevent injection beyond the end time of the scan.

86. The system of any of claims 47 through 85 further comprising:

a first pressurizing mechanism;

at least a first fluid container operably associated with the first pressurizing

mechanism, the first fluid container being adapted to contain a pharmaceutical

comprising a contrast enhancing agent to be injected in an imaging procedure;

a second pressurizing mechanism;

at least a second fluid container operably associated with the second pressurizing

mechanism, the second fluid container adapted to contain a diluent fluid; and

a controller operably associated with the first and second pressurizing

mechanisms, the controller comprising a programming system to allow programming of

an injection protocol comprising at least one phases.

87. The system of claim 86, further comprising an imaging system.

88. The system of claim 87 wherein the parameter generation system is in

communicative connection with at least one of the imaging system or the controller.

89. The system of any of claims 47 through 85 wherein the parameter

generation system is a component of an injector.

90. The system of any of claims 47 through 85 wherein the parameter

generation system is a component of an imaging system.



91. A system to determine parameters of a diagnostic injection protocol

comprising at least one phase in which a pharmaceutical comprising an image contrast

enhancement agent is injected into a patient, comprising a parameter generation system

comprising an algorithm to determine a scan delay for the patient based upon a

characterization of the patient's cardiac physiology.

92. The system of claim 9 1 wherein the scan delay is determined at least in

part on the basis of the time to peak enhancement determined in a test injection of the

pharamceutical.

93. The system of claim 92 wherein the scan delay is calculated by the

formula:

scan delay = time to peak + C

wherein C is a function of weight, body mass index, body surface area or cardiac output.

94. The system of claim 93 wherein C is a function of weight, body mass

index, body surface area or cardiac output in the case of scan durations of at least a

predetermined time and C is set to a predetermined value in the case of scan durations

less than the predetermined time.

95. The system of claim 92 wherein a determination of whether

pharmaceutical is going to injected beyond an end time of a scan is made and parameters

are adjusted to prevent injection beyond the end time of the scan.

96. A system comprising a parameter generation system to determine

parameters of a diagnostic injection protocol comprising at least one admixture phase in

which an admixture comprising a pharmaceutical comprising an image contrast

enhancement agent and a diluent is injected into a patient, the parameter generation

system comprising an algorithm to determine a ratio of pharmaceutical to diluent in the

at least one admixture phase for the patient.

97. The system of claim 96 wherein the ratio is determined based at least in

part upon a characterization of the cardiovascular system of the patient.



98. The system of claim 97 wherein the ratio is determined based at least in

part upon weight, body mass index, body surface area, cardiac output or a level of peak

enhancement.
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