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Fig. 16A

Protocol Generation Algorithm
1: Get Patient and Procedure 1nToTmation:

a. Get contrast concentration:
b. Get the maximum flow rate allowable: Owax

c. Get scan duration from user: AT

d. Get Hounsfield to plasma concentration conversion
factor HutoMgl for the scanner (default = 25
HU/ (mgI/ml) )

e. Get desired LH enhancement at start and stop of scan
window LHTarget and desired EH enhancement at start
and stop of scan window RHTarget

£. Generate a test bolus —njection protocol, default Q
15 5 ml/s and volume = 20 ml (4 second Tiny) at a
50/50 contrast ratio, Zollowed by saline flush
phase, 0 = 5 ml/s, vol = 40ml

2: From Test bolus, get Cimes Lo peak Ior The pulmonary artery
enhancement curve and the ascend-ng acrta enhancement curve
from user: T;and T

3: Gel peak enhancement values from the pulmonsry artery and
the ascending aorta bolus enhancement curves, and convert to
concentration units using HutoMgl: Cipa and Coa

4: ESTIMATE CARDIAC QUTPUT AND BLOOD VOLUME SUBROUTINE

g. Compute Cardiac Output estimate {(Qs) using Equation
(7).
h. Compute Blood Volume estinate (Ve) using Equation

(6).
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a. comPUte cLH_peakv CLH_startr CLH_endr cRH_startr and CRH_end

enhancements using Equations g, 10, 1
and 13, respectively, for all admissible

values for Tipars, Qingr Ri1, ATingi, Rz, ATinge.
1. Tstare Yalge = Trgarrto 30
ii. Quny 780G = Oipgrs O Min (Qinire + 1, Dwax)
iii. R: range = 0.1 to 1.0
iv. ATing: range = ATsan £0 ATegantB
V. R; range = 0.05 to 0.95

Vi. ATipse range = 0 to AToan

. Find values for T* e, 0%iniz, B¥1, AT"ins1, R¥2,

AT*in32, which are the arguments that minimize the

cost function of Equation {14).
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1
METHODS FOR DETERMINATION OF
PARAMETERS FOR A PROCEDURE, FOR
ESTIMATION OF CARDIOPULMONARY
FUNCTION AND FOR FLUID DELIVERY

CROSS-REFERENCE TO RELATED
APPLICATION

This application is a national stage application of PCT/
US2008/67982, filed Jun. 24, 2008, which claims the benefit
of U.S. Provisional Patent Application Ser. No. 60/950,148,
filed Jul. 17, 2007, the disclosure of which is incorporated
herein by reference.

BACKGROUND OF THE INVENTION

The present invention is related to devices, systems and
methods for determination of parameters for a procedure, for
estimation of cardiopulmonary function and for fluid deliv-
ery, and, particularly, to devices, systems and methods for
delivery of a pharmaceutical fluid to a patient based upon
estimation of cardiovascular function (for example, cardiac
output) of the patient, and, especially for delivery of a contrast
medium to a patient during a medical injection procedure.

The following information is provided to assist the reader
to understand the invention disclosed below and the environ-
ment in which it will typically be used. The terms used herein
are not intended to be limited to any particular narrow intet-
pretation unless clearly stated otherwise in this document.
References set forth herein may facilitate understanding of
the present invention or the background of the present inven-
tion. The disclosure of all references cited herein are incor-
porated by reference.

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 fol-
lows 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, Pa., 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 injec-
tor control protocols for use therewith are disclosed, for
example, in U.S. Pat. No. 6,643,537 and Published U.S.
Patent Application Publication No. 2004-0064041, the dis-
closures 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/im-
aging procedure. Alternatively, earlier manually entered val-
ues 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 continues to undergo development.

In that regard, differences in contrast dosing requirements
for different patients during imaging and other procedures
have been recognized. For example, U.S. Pat. No. 5,840,026,
the disclosure of which is incorporated herein by reference,
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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 proce-
dures continue to use pre-set doses or standard delivery pro-
tocols for injecting contrast media during medical imaging
procedures. Given the increased scan speed of recently avail-
able CT scanners including MDCT (or MSCT) 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 prede-
termined protocols (whether uniphasic, biphasic or multipha-
sic) 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
MDCT 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 MDCT machines.

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, I. 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 Pro-
longed Vascular Enhancement at CT Angiography: Pharma-
cokinetic Analysis and Experimental Porcine Method,” Radi-
ology,vol. 216, pp. 872-880 (2000); U.S. Pat. Nos. 5,583,902,
5,687,208, 6,055,985, 6,470,889 and 6,635,030, the disclo-
sures of which are incorporated herein by reference. An
inverse solution to a set of differential equations of a simpli-
fied 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 modi-
fication.

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 a
unit impulse). In that method, one performs a Fourier trans-
form on the impulse response and manipulates this transfer
function estimate to determine an estimate of a more optimal
injection trajectory than practiced previously. D. Fleis-
chmann 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.

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. Fleis-
chmann 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,” Radi-
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ology, vol. 227, pp. 809-16 (2003), the disclosures of which
are incorporated herein by reference. Fleischmann and Hitt-
mair thus presented a scheme that attempted to adapt the
administration of contrast agent into a biphasic injection tai-
lored to the individual patient with the intent of optimizing
imaging of the aorta. A fundamental difficulty with control-
ling the presentation of CT contrast agent is that hyperosmo-
lar drug diffuses quickly from the central blood compartment.
Additionally, the contrast is mixed with and diluted by blood
that does not contain contrast.

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 enhance-
ment 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. Fleis-
chmann 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 (LTT) system and that the
desired output time domain signal was known (a flat diagnos-
tic 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 com-
puted continuous time signal.

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 is 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.

In many current quantitative analysis techniques, clinical
practicalities thus diminish the chances of adoption into regu-
lar use. Physiological models can require the estimation of
many physiologic parameters a priori (for example, cardiac
output, organ and great vessel blood volumes, permeability
factors). The models may not be well oriented towards per-
patient adaptation based on test-bolus enhancement because
of certain mathematical limitations. Moreover, methodolo-
gies in which an impulse response is determined using a short
bolus of contrast can be difficult to implement practically
because satisfactory means do not exist to easily transfer
time-bolus enhancement data between a scanner and an injec-
tion system.

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

In one aspect, the present invention provides a method of
determining at least one parameter for an imaging procedure
including the injection of a contrast enhancement fluid which
includes a contrast enhancing agent. The method includes
substituting into a model discrete point data determined from
at least one contrast time enhancement curve measured using
an imaging system for a first region of interest resulting from
injection of a bolus of the contrast enhancement fluid. In
several embodiments, a sufficient number of data points can
be substituted into the model to determine values for physi-
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ological variables in the model. The variables can, for
example, be related to cardiopulmonary function.

In anumber of embodiments, at least one data point from at
least a second contrast time enhancement curve for a second
region of interest measured using the imaging system is sub-
stituted into the model.

The at least one parameter can, for example, be a parameter
of atleast one phase of an injection procedure for the injection
of the contrast enhancement fluid or a parameter of the imag-
ing system.

In several embodiments, data from the time enhancement
curve of the first region of interest corresponds to a first pass
of contrast enhancement fluid through the first region of inter-
est, and data from the time enhancement curve of the second
region of interest corresponds to a first pass of contrast
enhancement fluid through the second region of interest.

An analyzed portion of the time enhancement curve of the
first region of interest can, for example, overlap an analyzed
portion of the time enhancement curve of the second region of
interest in time. At least one contrast enhancing agent con-
centration on one of the contrast enhancement curves at a
certain time can be related to a contrast enhancing agent
concentration on the other of the contrast enhancement
curves at the certain time or a time in proximity to the certain
time using a conservation of mass balance. In several embodi-
ments, it is assumed that the loss of contrast enhancement
fluid between the first region of interest and the second region
of interest is negligible. In several embodiments, it is assumed
that the blood volume for the first region of interest is equal to
the blood volume for the second region of interest.

The model can be a physiological model in which cardiac
output and blood volume are variables. Cardiac output and
blood volume between the injection site and the measurement
point can be calculated for a patient. Subsequently, param-
eters for a procedure protocol (for example, an imaging pro-
cedure) can determined using the physiological model or
another model (which can, for example, be a parametric or a
nonparametric model). For example, an optimization proce-
dure can be performed to determine one or more parameters.

In several embodiments, a time to peak enhancement for
first region of interest enhancement T, and a time to peak
enhancement for the second region of interest enhancement
T, are input. Concentration at peak enhancement for the first
region of interest enhancement C,(T,) and concentration at
peak enhancement for the second region of interest enhance-
ment C,(T,) are also input.

The distribution of contrast material injected into each
region of interest from a peripheral injection site can, for
example, be described by the following analytical solution of
a physiological model:

2o,
Vp

[ C;(l e
Can=1 G0

) < Tinj

0co, 5 1> T
Co(T‘nj)e Vp (= Tinj)

wherein the origin, t=0, corresponds to the time at which
contrast arrives in the region of interest, Q,,; [ml/s] is the
injection flow rate, T, s] is the injection duration, Q. is the
cardiac output [ml/s], V is the blood volume between the
injection site and measurement point [ml], C, is the concen-
tration of contrast in a contrast source from which contrast is
injected into the patient, and C_(t) is the blood concentration
in the region of interest of the agent at time t.
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Concentration can, for example, be related to enhancement
level by the formula:

Colt=s(tVK
wherein s(t) [Hounsfield units or HU] is enhancement level at
time t and K [mgl/ml] is a conversion factor.

T,,,;can, for example, be the amount of time between arrival
of contrast enhancement agent and the time to peak enhance-
ment.

Blood concentration at T,,,; can be provided by:

T
mxﬁ( Y _ oy

ColTwj) =

wherein max s,(T,) [Hu] is the maximum enhancement level
in the second region of interest and C,(T,) is the concentra-
tion at peak enhancement for the second region of interest
enhancement.

Contrast enhancing agent concentration on the first con-
trast enhancement curve at time T, can be related to a contrast
enhancing agent concentration on the second contrast
enhancement curves at time T, using the following equation

CUTC(Ty)-CoAT)-

Blood volume V can be determined using one of the
following formulas:

Ve = -T1Qco Vo= -, -T1)0Qco
‘ g1 - O 5 1 [cl(Tl)—cz(Tz)]
8 QiniCi o Cy(Ty)

o e pr ATE . P ATE .
Thans Qinj» 1. ATy, RS, AT 5 = argmin

Cardiac output Q. can be determined using the following
formula:

Qi

Qco = oy

c{u(%)rgﬁ.

Q.o can be used in the model in which Q ., is a variable to
determine the at least one parameter.

The concentration of contrast agent at peak enhancement
C(Tp,,;) (sometimes written herein simply as Cp,,,) at the
time of peak enhancement T, in the second region of inter-
est of an imaging injection can be related to the injection flow
rate Q,,,; of the imaging injection and the injection duration
T,,, of the imaging injection using the formula:
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A concentration of contrast agent in the second region of
interest at time of a scan start, C(T,,,,,) (sometimes written
herein simply as C,,_,), can be provided by:

CTstert) = 0co
Tinj | e"VB*(T:'nj*AT)

l-e

wherein AT is the scan duration and wherein C(T,,,,) is equal
to C(T,,,,+AT).

C(Tp,,.) and C(T,,,,) enhancements can, for example, be
determined for admissible input values for T, ; and Q,,
whereina maximum Q,,and aminimum Q,,,, and a maximum
T, and a minimum T, , can be established. Maximum T, ,
can, for example, be established as a function of scan duration
plus aconstant, and minimum T, can, for example, be estab-
lished as the scan duration.

The values for the diagnostic protocol flow rate Q*, . and
injection duration T*,, can, for example, be determined
which are the arguments that minimize the cost function:

Q};j, T;y = argmin(|DesiredPeak — C(Tpyy )| + | DesiredTarger — C(Tygr)|).-
OinjTinj

In another embodiment, wherein the first region of interest
is a region of interest indicative or concentration/enhance-
ment in the right heart (for example, the pulmonary artery)
and the second region of interest is a region of interest indica-
tive or concentration/enhancement in the left heart (for
example, the ascending aorta), values for the diagnostic pro-
tocol flow rate can be determined which are the arguments
that minimize the cost function:

|Crh-Peak = CrLi—Peak-Desired| +
|CLHfsrarr - CLH*TargelfDmiredl +

|Crti-End = CLH-Target-Desired| +
0‘|CRH—Sran - CRH*TargerfDexiredl +
Tstart:Qinj
RpATp1,
Ry.ATy

@ Cre—End = CRit-Targer—Desired| +
BlQi — Orsl +
75 Qi (RiAT 1 + RoATin) > Vigaa)

wherein T,,,,, is a time of start of a scan, R, is a rate of
injection in a phase wherein only contrast medium is injected,
AT, is the time of duration of the phase wherein only con-
trast medium is injected, R, is a rate of injection in a phase
wherein contrast medium and diluent are injected, AT, is
the time of duration of the phase wherein contrast medium
and diluent are injected, C; ;; ... s a calculated concentra-
tion at peak enhancement in the left heart, C;,, ;00 15 @
desired concentration at peak enhancement in the left heart,
C .51 18 @ calculated concentration in the left heart at the
time of start of the scan, C; 5. 7,40 pesires 19 @ desired concen-
tration in the left heart at the time of start of the scan, C; ;; ...,
1s a calculated concentration in the left heart at the time of the
end ofthe scan or T, ;» Cr 77510, 15 @ calculated concentration
in the right heart at the time of start of the scan, Cp;z 7,g0r
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Desired 18 a desired concentration in the right heart at the time
of start of the scan, and Cy; 5, ; Is a calculated concentration
in the right heart at the time of the end of the scan, o is a
weighting factor, p is a weighting factor and y is a penalty. y
can, for example, be a defined value if (Q, (R/AT,  +
R,AT,,,;2)>V 1 04) is true (for example, 1000) and can be 0 if
(Quy(R4AT, 1 +RAT,, 5)>V .5 1s 1Ot true, wherein V.,
is the total volume of contrast available.

C, 1. roar Can, for example, be the greater of the value cal-
culated as follows:

in

; —Lco
2007 .
CrH-Peak = Y ClRl(l -e VB mjl) or
Qco
CLH-Peak =
- / co —Qco - -0co
ZCONT, ) FLOMT, 2CONT,
Qinj C;Rl‘»l _e Vg Minil )e v 2 %C‘-Rz(l _e VB ln_/2)
co

Qco

The concentration C, in the right heart or the left heart as
applicable at a time T, which is either T, ,, or T, ,, when
T<(T,,,+AT,,,), wherein T,,, is either the time of arrival of

contrast at the right heart or at the left heart as applicable, can
be calculated by the following formula:

i co
Cr= Qinj C;Rl(l—az rad Tm))_
Qco

The concentration C, in the right heart or the left heart as
applicable at a time T, when, (T,,,,+AT,,;, )}<T<(T,,,+AT,,; +
AT, ) can be calculated by the following formula:

Cr = 2 g (1 - o Ve 4Tt ) 2o
Qco
Qinj ¢ Rz( - E:%%(T’(TarﬁATinjl)))
Qco

The concentration C in the right heart or the left heart as
applicable atatime T, when T>(T,,, +AT, +AT,, ;). canbe
calculated by the following formula:

. Loar 200,
Oin C‘-Rl(l—e v il )e vp AT |
Oco
Cr= 0
%Cilgz(l o V5 ATinp2)
Qco

e j%gg (T{Tan+aTyy1 8Ty, 12))

In another aspect, the present invention provides a param-
eter generation system to determine at least one parameter for
a procedure including injection of a contrast enhancement
fluid which includes a contrast enhancing agent adapted to
enhance contrast in an imaging system. The system includes
an input system to receive point data from at least a first time
enhancement curve from a first region of interest resulting
from injection of a test bolus and at least one processor in
communicative connection with the input system to deter-
mine the at least one parameter based at least in part upon
substitution of the point data into a model. As described
above, a sufficient number of data points can be substituted
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into the model to determine values for physiological variables
in the model. The variables can, for example, be related to
cardiopulmonary function.

At least one data point from at least a second contrast time
enhancement curve measured using the imaging system in at
least asecond region of interest can also be inputinto the input
system and substituted into the model.

The at least one parameter can, for example, be a parameter
of at least one phase of an injection procedure for the injection
of the contrast enhancement fluid or a parameter of the imag-
ing system.

Data from the time enhancement curve of the first region of
interest can correspond to a first pass of contrast enhancement
fluid through the first region of interest, and data from the time
enhancement curve of the second region of interest can cor-
respond to a first pass of contrast enhancement fluid through
the second region of interest.

An analyzed portion of the time enhancement curve of the
first region of interest can, for example, overlap an analyzed
portion of the time enhancement curve ofthe second region of
interest in time. At least one contrast enhancing agent con-
centration on one of the contrast enhancement curves at a
certain time can be related to a contrast enhancing agent
concentration on the other of the contrast enhancement curve
at the certain time or a time in proximity to the certain time
using a conservation of mass balance.

In several embodiments, it is assumed that the loss of
contrast enhancement fluid between the first region of interest
and the second region of interest is negligible.

In another aspect, the present invention provides an injec-
tor system including a parameter generation system to deter-
mine at least one parameter for a procedure including injec-
tion of a contrast enhancement fluid which includes a contrast
enhancing agent adapted to enhance contrast in an imaging
system. The parameter generation system includes an input
system to input/receive (either manually or in an automated,
electronically communicated manner) point data from at least
a first time enhancement curve from a first region of interest
resulting from injection of a test bolus and at least one pro-
cessor in communicative connection with the input system to
determine the at least one parameter based at least in part
upon substitution of the point data into a model.

In a further aspect, the present invention provides a system
including an injector system, an imaging system and param-
eter generation system to determine at least one parameter for
a procedure including injection of a contrast enhancement
fluid which includes a contrast enhancing agent adapted to
enhance contrast in an imaging system. The parameter gen-
eration system includes an input system to input/receive point
data from at least a first time enhancement curve from a first
region of interest resulting from injection of a test bolus and
at least one processor in communicative connection with the
input system to determine the at least one parameter based at
least in part upon substitution of the point data into a model.

In still a further aspect, the present invention provides a
method of determining at least one parameter for a procedure,
including; substituting into a model discrete point data deter-
mined from at least one time concentration curve measured
using a sensor for at least a first region of interest resulting
from injection of a bolus of the a pharmaceutical. A sufficient
number of data points can be substituted into the model to
determine values for physiological variables in the model.
The variables can, for example, be related to cardiopulmo-
nary function. At least one data point from at least a second
contrast time enhancement curve for a second region of inter-
est can be measured and substituted into the model.
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As used herein with respect to an injection procedure, the
term “protocol” refers generally to a group of parameters for
aprocedure (for example, an imaging procedure involving the
injection of a contrast enhancement fluid or contrast medium)
Injection parameter can, for example, include as flow rate,
volume injected, injection duration, contrast agent concentra-
tion etc. that define, for example, the timing of, amount of,
and/or the nature 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,
for example, the timing of, amount of, and/or the nature 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
adescription ofthe injection over a time instance correspond-
ing 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.

Scanner parameters that can be determined include, but are
not limited to, the amount of radiation transmitted to the
patient, power inputs (for example, voltage or current), timing
(for example, scan start time, stop time, delay time and/or
duration).

The present invention, along with the attributes and atten-
dant advantages thereof, will best be appreciated and under-
stood in view of the following detailed description taken in
conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a schematic representation of a Fick
Principles model used in several embodiment of fluid delivery
systems and methods of the present invention.

FIG. 2 A illustrates a simplified model of contrast injection.

FIG. 2B illustrates an injection system and imaging system
of the present invention and a graphical user interface for use
in connection with the injection system setting forth areas for
parameters for injection flow rate, injection volume and injec-
tion duration for, for example, three phase of injection fluids
Aand B.

FIG. 3 illustrates sample concentration curves for a timing
or test bolus, wherein times to peak and peak enhancements
are labeled, and the concentration at a second point (Cp,(T,))
on the pulmonary artery (PA) curve is approximated by the
difference in peaks.

FIG. 4 is a sample concentration curves for a diagnostic
injection, showing the peak and target concentrations in the
scan window, wherein a scan start time T, and an injection
duration T, are relative to the arrival time of the contrast in
the left heart.

FIG. 5 illustrates a contour plot of the solution space for
Equation (8) wherein C,=370 mgl/ml, Cgp,,=350 HU,
C 1rger300 HU, Q5=6.1 L/min, and V=072 L.

FIG. 6 illustrates a surface plot of the solution space for
Equation (8) wherein C,=370 mgl/ml, Cg,,=350 HU,
C g =300 HU, Q5=6.1 L/min, and V5=0.72 L.

FIG. 7A illustrates an injection truncation scenario when
the computed injection extends beyond the end of the scan.

FIG. 7B illustrates the truncated protocol resulting from
the truncation scenario of FIG. 7A.

FIG. 8A illustrates a protocol truncation scenario in which
the computed injection duration terminates without enough
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time for the final volume of contrast to arrive in the territory
of interest before the scan ends.

FIG. 8B illustrates the “fixed” protocol resulting from the
protocol truncation scenario of FIG. 8A.

FIG. 9A illustrates one embodiment of a manner in which
a dual-flow (dilution) phase is computed, wherein an objec-
tive is to have diluted contrast arriving in the territory of
interest as the scan starts; and wherein undiluted contrast will
be flooding the right heart as the scan starts.

FIG. 9B illustrates the protocol generated using the dual-
flow computation of FIG. 9A.

FIG. 10A illustrates a comparison over 15 sample subjects
of flow rates determined using a methodology (A) set forth in
PCT International Patent Application No. PCT/US2007/
026194 and a first embodiment of a methodology (B) of the
present invention.

FIG. 10B illustrates data obtained in a study group of 70
patients scheduled for clinically indicated dual source CT or
DSCT studies under one embodiment of the present invention

FIG. 10C illustrates mean attenuation (HU) for each of the
anatomy regions studied for the study group of FIG. 10B.

FIG. 10D illustrates mean contrast medium volume used in
the studies of each of the study group and a control group.

FIG. 10E illustrates a graph of contrast medium savings
(mL) as a function of cardiac output.

FIG. 10F illustrated mean attenuation for each of the con-
trol group and the study group for each of the anatomical
regions studied.

FIG. 11 illustrates an example of relative timing and diag-
nostic injection protocol phases, scan and enhancement
curves.

FIG. 12 illustrates a comparison of iodine administration
rate over 15 sample subjects as determined using the meth-
odology (A) as set forth in PCT International Patent Appli-
cation No. PCT/US2007/026194, using a first embodiment of
amethodology (B) of the present invention in which a dilution
ratio for a dilution phase is fixed and right heart enhancement
factors/arguments are not included in an optimization cost
function, and using a second embodiment of a methodology
(C) of the present invention in which a dilution ratio for a
dilution phase varies and right heart enhancement factors/
arguments are included in an optimization cost function.

FIG. 13 illustrates a comparison of contrast medium vol-
ume (CM volume)rate over 15 sample subjects as determined
using the methodology (A) as set forth in PCT International
Patent Application No. PCT/US2007/026194, using a first
embodiment of'a methodology (B) of the present invention in
which a dilution ratio for a dilution phase is fixed and right
heart enhancement factors/arguments are not included in an
optimization cost function, and using a second embodiment
of a methodology (C) of the present invention in which a
dilution ratio for a dilution phase varies and right heart
enhancement factors/arguments are included in an optimiza-
tion cost function.

FIG. 14 illustrates clinical data collected from ten subjects
undergoing DSCT cardiac imaging (Siemens Definition)
under a second embodiment of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

In the present invention, variables in a model that is pre-
dictive of temporal changes in concentration in a region or
regions of interest within a patient are determined or esti-
mated using data from at least one concentration profile for a
pharmaceutical (that is, concentration as a function of time) in
at least one region of interest. Depending upon the number of
variables present within the model, a number of discrete data
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points are taken from one or more contrast concentration
profiles (that are, for example, provided by time enhancement
curves generated using an imaging system) to provide an
estimation of the values of such variables. In a number of
models, such variables are related to cardiopulmonary func-
tion (that is, cardiac, pulmonary and vascular function/dy-
namics). For example, in a representative embodiment of a
model used in the present invention, two variables, cardiac
output (Q.) and blood volume (V), are unknown. Two
discrete data points (that is, two concentrations at two times)
are used to determine estimates of those variable.

In the case of imaging systems or scanners currently in use,
it can be difficult (for example, as a result of noise in the signal
or other difficulty in reading/determining data points from the
imaging system) to accurately determine multiple data points
upon one or more time enhancement curves. However, in a
number of models, it is relatively straightforward to deter-
mine, for example, a peak enhancement and an associated
time to peak enhancement. Indeed, software associated with
such systems is often optimized to determine peak enhance-
ment and time to peak enhancement.

In several embodiments of the present invention, an esti-
mation of model variables (for example, variables related to
cardiopulmonary function) is made upon analysis of at least
two concentration profiles of a pharmaceutical as a function
of time and using point data from such concentration profiles
to determine variables as described above. In a number of
such embodiments, concentration profiles at more than one
region of interest are related and the concentrations and times
associated with the peak concentrations are used to determine
variables in a model as described above. For example, in the
case of a model including two physiological variables, peak
enhancements/concentrations and times to peak enhance-
ment for a first region of interest (that is, location within the
body of a patient) and for at least a second region of interest
can be used to determine the variables.

One skilled in the art appreciates that the analysis can be
performed in association with generally any type of pharma-
ceutical in connection with an appropriate sensor system to
measure concentration profiles of the pharmaceutical at two
or more locations or regions of interest within the body. The
combination of injection of a contrast enhancing fluid and the
use of an imaging system to measure enhancement/concen-
tration at a plurality of regions of interest provides an effec-
tive and minimally invasive technique for estimation of, for
example, cardiovascular function in the present invention,
and the combination or contrast injection/CT image scanning
is discussed as a representative example herein. Once an
estimation of cardiovascular parameters (for example, car-
diac output, blood volume etc.) is made those parameters can
be used in determining parameters for any number of proce-
dures including, for example, parameters for therapeutic drug
delivery, parameters for an imaging procedure etc.

In the case of injection of a contrast enhancement fluid, a
suitable analysis of a full test-bolus time enhancement curve
(sometimes referred to herein simply an enhancement curve)
may enable the full estimation of cardiopulmonary and vas-
cular parameters necessary for developing optimal contrast
injections. However, such methodologies are limited, for
example, because satisfactory means do not exist to easily
transfer time-bolus enhancement data between a scanner and
an injection system. Although sharing of a complete time-
enhancement curve between a scanner and an injection sys-
tem for analysis therein is not currently implemented in avail-
able scanners and injectors, intermediate algorithmic options
can still incorporate data accessible from time-bolus
enhancement curves. Such data can, for example, provide the
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best available indication of a patient’s cardiovascular dynam-
ics. In the systems and method of PCT International Patent
Application No. PCT/US2007/026194, the disclosure of
which is incorporated herein by reference, iodine administra-
tion rate of contrast agent/material is adjusted based on the
patient’s weight and a scan duration. See also Published PCT
Application Nos. W0/2006/058280 and WO/2006/055813,
the disclosures of which are incorporated herein by reference.
Further refinement of the determined diagnostic injection
protocol is made based on the peak enhancement value and
time to peak of a test bolus enhancement curve in the patient’s
ascending aorta/aortic arch. That data from the time-enhance-
ment curve are used in protocol generation to determine the
scan delay, to determine the dilution ratio and thus lodine
administration rate of a second, dual-flow phase (in which
contrast media and a diluent are simultaneously injected), and
to determine at what point the injection system should stop
injecting to prevent excess injection (for that patient) of con-
trast material. That methodology has shown promise in
reducing the dependency of contrast enhancement on patient
habitus, better consistency of right ventricle enhancement,
and easing technologist workflow during the execution of
personalized injection protocols. That methodology can be
further optimized if one relaxes the constraint of eliminating
contrast residual and allows for the manipulation of flow rates
after the test bolus has been administered.

It is well known that cardiac output and vascular blood
volume are important parameters affecting contrast bolus
propagation. If the entire time enhancement curve from a test
bolus is available, robust and reliable estimates of these
parameters can be made in a parametric or non-parametric
paradigm. Requiring a technologist to manually enter all or
even more than 4 points from a time enhancement curve can
be overly taxing. However, there is insufficient useful infor-
mation from the peak concentration and time to peak of only
a single test bolus curve to make a quantitative estimate of
cardiac output (beyond stating that an inverse relationship
exists between the peak enhancement and cardiac output).

Use of regression formulae with weight, scan duration,
concentration and test bolus enhancement data to calculate
cardiac output and vascular blood volume is also less than
optimal. For example, the regression coefficients generated
from one set of data are not necessarily valid for predicting a
treatment response of another group. A simple nomogram can
also be generated, the heuristics of which map test bolus
enhancement data to injection flow rate. Another approach is
to estimate the total blood volume from look-up table rela-
tionships and divide by a factor to consider only the volume
between the injection point and, for example, the cardiac
anatomy. These classes of algorithms are less than optimal,
however, because they are not predicated on physical prin-
ciples, are not robust to variations in parameter and measure-
ment uncertainty, and are difficult to validate. Furthermore,
those algorithms do not provide for easy manipulation of
other injection parameters such as dilution ratio of contrast/
saline, scan delay, and injection duration of contrast material.

As described above, in several embodiments, the systems
and methods of the present invention provide data-driven,
parametric estimation techniques that use, for example, the
times to peak and peak concentrations/enhancements of at
least two time concentration/enhancement curves (each for a
different region of interest or ROI) generated, for example,
from a test or timing bolus (or injection) to estimate the
subject’s cardiac output and blood volume between, for
example, the injection site and cardiac anatomy. As clear to
one skilled in the art, more than two ROIs can be use in the
estimation techniques of the present invention.
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The estimations of physiological variables (for example,
cardiac output and/or blood volume) are used in a model such
as a pharmacokinetic model to determine suitable injection
parameters to, for example, achieve a desired enhancement in
a region of interest. The same model via which the physi-
ological parameters were determined can, for example, be
used to determine protocol parameters (for example, injection
parameters and/or imaging/scanning parameters). Alterna-
tively or additionally, the variables can be used in connection
with at least one other model (which can, for example, be a
parametric model or a nonparametric model) to determine
protocol parameters. Various models are, for example, dis-
cussed in PCT International Patent Application No. PCT/
US2007/026194 and in Published PCT Application Nos.
WO/2006/058280 and W(O/2006/055813. In a number of
embodiments, for example, an optimized protocol generation
algorithm, computes a flow rate, an injection duration and/or
other parameters to achieve predetermined enhancement lev-
els throughout the scan duration using the determined physi-
ological variables (for example, estimated cardiac output and
blood volume) as input.

In several embodiments, the first ROI (during the timing
bolus procedure) occurs first in the circulation of the injected
contrast enhancing fluid (that is, it is closest in the circulation
path to the injection site) and the second ROI is the ROI of
primary interest in the imaging procedure. However, injection
parameters can be determined to effect a desired enhance-
ment in either or both the first and second ROIs (or one or
more other ROTs). In general, the ROIs used in the parametric
estimation techniques can be relatively close to each other in
the blood circulation path such that the first pass enhancement
curves overlap each other over at least a portion of the
enhancement curves. The techniques of the present invention
are, for example, well suited for ROIs that are within blood
vessels such as in the case of angiography studies. However,
the techniques of the present invention are also suitable for
use in connection with tissue (such as studies of tumor
uptake).

In several representative studies of the present invention, a
first time enhancement curve was generated with an ROl in,
for example, the pulmonary trunk and a second time enhance-
ment curve was generated from an ROl in the ascending aorta.
The data were, for example, generated from serial computed
tomography or CT scanning at the level of the pulmonary
trunk starting, for example, 4-5 seconds after the start of
contrast injection. One skilled in the art appreciates that the
systems and methods of the present invention are applicable
in imaging techniques other than CT, including, but not lim-
ited to, magnetic resonance imaging (MRI) scans, Positron
Emission Tomography (PET) scans and Single Photon Emis-
sion Computed Tomography (SPECT) scans. Likewise, one
skilled in the art appreciates, that many different regions of
interest can be used as the first and second regions of interest.
For example, a first ROI and second ROI can be the femoral
artery and the popliteal vein in the legs for the performance of
peripheral angiography. In the case of neuro-CT Angiogra-
phy, any of the basilar arteries and corresponding draining
veins can be used as ROIs during the first pass of contrast
material. The ROIs need not be limited to ROIs that can be
imaged, for example, in a single scan plane. The use of wide
volume scanning (for example, wide volume CT scanning)
can enable the use of ROIs from various planes within the
body.

In several embodiments, systems and methods of the
present invention were based, at least in part, upon a one
compartment, open pharmacokinetic (PK) model. Such a
model can, for example, be suitable for use in modeling
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first-pass dynamics in, for example, CT angiography of car-
diovascular structures. The input to the PK model was the
concentration of the contrast medium, flow rate and duration
of the injection. In using times to peak and peak enhancement
of two time enhancement curves to derive an estimate of the
cardiac output and blood volume between the injection site
and, for example, the aortic root, a linear relationship between
measured enhancement in Hounsfield units (HU) and contrast
blood concentration and conservation of mass between the
two parts of the cardiopulmonary circuit were assumed. Once
an estimate of cardiac output was made, it can, for example,
be substituted into the analytic solution of the PK model
(and/or used in connection with one or more other models) to
determine parameters for an imaging procedure. In several
embodiments, a minimal flow rate and injection duration to
achieve a desired peak enhancement and desired target
enhancements (defined as the HU level that should be attained
at the beginning and end of the scan) were determined.

After determining a minimal injection duration that
achieves a desired enhancement (for example, defined peak
and target enhancement goals), the time at which the scan
should start was deduced using the solution of the PK model.
In a number of embodiments, a constraint was the enforced
that ends the injection of contrast a defined amount of time
(for example, 5 seconds) before the scan is done. The actual
offset from the end of the scan was, for example, be deter-
mined from the time to peak of the pulmonary artery time
enhancement curve of the timing bolus procedure, which was
assumed to be an indicator of propagation time from the
injection site to the right heart. Finally. a per-person dual-flow
(dilution) phase was computed given the knowledge of the
transit time to the right heart. The transit time was factored
into determining the time at which dilution was “cut over”.
For simplicity, a fixed ratio of 40/60 (contrast/saline) was
applied in several representative studies. Techniques for
determining a contrast/saline ratio based upon patient specific
data which can be used in connection with the present inven-
tion are described, for example, in PCT International Patent
Application No. PCT/US2007/026194. Moreover, as dis-
cussed further below, dilution ratio can be treated as a variable
in an optimization procedure in several embodiments of the
present invention.

The following expression describes the distribution of con-
trast material injected into a central blood compartment from
a peripheral injection site. The origin, t=0, corresponds to the
time at which the contrast material arrives in the region of
interest (assuming plug flow of the species):

wherein Q,, [ml/s] is the injection flow rate, T, [s] is the
injection duration, Q, is the cardiac output [ml/s], V is the
blood volume between the injection site and measurement
point [ml], C, is the concentration of contrast enhancing agent
(for example, iodine) in a source of contrast fluid to be deliv-
ered to the patient, and C_(t) is the blood concentration of the
contrast enhancing agent at time t. FIG. 1 graphically depicts
this model.

As, for example, illustrated in FIG. 3, a time enhancement
curve s (1) [Hounsfield units or HU] measured in a first ROI,
the ascending aorta (AO), results from a timing bolus injec-
tion. A time enhancement curve sp,(t) [Hounsfield units or
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HU] measured in a second ROI, the pulmonary artery (PA)
trunk, also results from the timing bolus injection. In accor-
dance with the result of previous experimental studies, T,,,
(the injection duration) is the time to peak enhancement as a
resultof the timing bolus injection. Ky, is the conversion
factor relating HU to concentration of lodine in vivo at the
measurement location. The relationship, then, converting the
measured timing bolus enhancement curve in the ascending
aorta to concentration units [mgl/ml] is thus:

max(s4o(2))

Co(Tinj) = Kittma
mg

= Cpat

Adefaultvalue for the conversion factor K, . 0125 was
used. This value is within the range of 21-26 published by
several investigators. Variation in this constant can arise
between scanners. Thus, an individual scanner generated cali-
bration curve may be warranted in certain situations.

Estimating Cardiac Output from Timing Bolus Point Data

As described above, in using the governing model to com-
pute a patient-specific diagnostic protocol (including, for
example, flow rate and injection duration), estimates of car-
diac output (Q.,,) and blood volume between the injection
site and measurement point (V) were made. Data obtained
from the timing bolus enhancement curves, where the flow
rate and injection duration are known, were used to solve for
these two unknowns.

Ideally, an entire concentration curve would be available to
determine a best fit for Q. and V. At this time, however,
only discrete data point values such as peak enhancements
and times to peak in, for example, two structures (for
example, the pulmonary artery and the ascending aorta) are
reasonably acquired from the timing bolus data. There is,
therefore, only one data point on each concentration curve,
and the system is underdetermined. The acquisition of two
points on a single curve is approximated in the present inven-
tion by combining the data points on the individual curves
from each structure.

In several embodiments, a number of simplifying assump-
tions were made. First, it is assumed the blood volumes are
the same in both compartments, so that the concentration is
directly related to the mass of iodine in the compartment.
Without a relationship between the blood volumes in the
compartments, the system is still underdetermined with two
equations and three unknowns. Second, the system is simpli-
fied to two single compartment models where the peak
enhancements and times to peak are measured (see FIG. 2A).
In this simplification, the contrast is injected, flows into the
pulmonary artery, flows into the ascending aorta, and then
flows out.

Loss of iodine in an intermediate compartment (such as the
lungs) is ignored. Alternatively, a simple relation can be set
forth for such loss, without introducing additional variables
into the model. Given a lack of enhancement data or volume
information available for the intermediate compartments ona
per-patient basis and the temporal resolution at which the
timing bolus data are acquired, more comprehensive models
were not attempted for this computation. The simplified
model yields C_(t) curves similar to those set forth in FIG. 3.

The available measurements are Cp,(T,), T, C,,(T,), and
T,. Att=T,, C,(T,)/V5 ml of iodine are present in the pul-
monary artery. This amount of iodine is less than the amount
in the test bolus because some has already flowed into the
ascending aorta. Att=T,, C,,(T,)/V of iodine are present in
the ascending aorta, and there is also some amount of iodine
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remaining in the pulmonary artery. The shorter peak in the
ascending aorta at T,, as compared to the peak for the pul-
monary artery, is a result of the iodine left in the previous
compartment. Therefore, the second point on the C_(t) curve
for the pulmonary artery, C,,(T,), can be approximated by
the difference in peaks as set forth in Equation (3) below.

CPA(TZ)chA(Tl)_CAO(TZ) (3)

As before, the peak of the pulmonary artery curve is
defined by:

- ) .
ety =2l v M) @
Qco
The expression for C,p, on the downslope is then:
“co (5)
Cpa(T2) = Cpa(Ty) = Cpo(Tp) = CPA(Tl)(e vy 2 T1))

Rearranging the latter two equations and solving for V,
yields:

Voo =-TiQco _ ~(=-T)Qco ®)
B‘log(l_cm(mg ] B‘lg{cm(m—cm(n)]
QG ¢ CraTy)

By equating these two expressions, one can isolate Q ., as
follows:

Q]

[ _(CFA(Tl)—cAo(Tz))Tf—lﬁ]
Cra(Ty)

This method fails if C,,(T,)<C ,,(T,) (the second peak is
larger than the first peak), which should only happen when the
scan is started too late and the first peak is missed. Despite the
simplifying modeling assumptions made, cardiac output esti-
mates were found to be within a reasonable range when both
peaks are captured in the scan window.

Diagnostic Injection Protocol Generation—Methodology
1

In several embodiments of the present invention, an injec-
tion system (such as a dual syringe injector system 100 as
illustrated in FI1G. 2B and as, for example, disclosed in U.S.
Pat. No. 6,643,537, Published U.S. Patent Application Pub-
lication No. 2004-0064041 and PCT International Patent
Application No. PCT/US2007/026194) for use with the
present invention includes two fluid delivery sources (some-
times 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 enhancement fluid, saline
etc.) to the patient independently (for example, simulta-
neously, simultaneously in different volumetric flow propor-
tion to each other, or sequentially or subsequent to each other
(that is, A then B, or B then A)). In the embodiment of FIG.
2A, source A is in operative connection with a pressurizing
mechanism such as a drive member 110A, and source B is in
operative connection with a pressurizing mechanism such as
adrive member 110B. The injection system includes a control
system 200 in operative connection with injector system 100
that is operable to control the operation of drive members
110A and 110B to control injection of fluid A (for example,
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contrast medium) from source A and injection of fluid B (for
example, saline) from source B, respectively. Control system
200 can, for example, include or be in communication with a
user interface comprising a display 210. In the illustrated
embodiment of FIG. 2B, a portion of one embodiment of a
screen display is illustrated which shows areas for parameters
for injection flow rate, injection volume and injection dura-
tion for, for example, three phases of injection of fluid A
and/or fluid B. The parameters for one or more such phases
can be populated using the parameter generation systems and
methods of the present invention. FIG. 2C illustrates another
embodiment of a screen display for an embodiment of a
system of the present invention as discussed below (method-
ology 1).

A user can be provided with the option to adjust and/or
override the parameters generated (for example, via a manual
input system 205 including a keypad, keyboard, mouse etc. as
known in the computer arts). Control system 200 can include
a processor 220 (for example, a digital microprocessor as
known in the art) in operative connection with a memory or
memory system 230.

As clear to one skilled in the art, may fluid delivery sys-
tems, including multi-patient fluid delivery systems as, for
example, disclosed in U.S. Pat. Nos. 7,326,186, 7,094,216,
6,866,654, 6,972,001, 6,699,219, 6,471,674, 6,306,117,
6,149,627, 6,063,052, 5,920,054, 5,843,037, 5,827,219,
5,739,508 and 5,569,181 are also suitable for use in the
present invention.

Imaging system 300 can, for example, be a CT system, a
Magnetic Resonance Imager (MRI) system, an ultrasound
imaging system, or a Positron Emission Tomography (PET)
system) or a Single Photon Emission Computed Tomography
(SPECT) system as described above. The injection system
can be in communicative connection with imaging system
300. Imaging system 300 and injector system 100 can, for
example, be in communication connection via input/output
ports (represented by terminations of arrows in FIG. 2B) as
known in the art. In FIG. 2B, imaging system 300 and injector
system 100 are, for example, illustrated to be in communica-
tive connection via acommon communication hub 400. Alter-
natively, a direct communication link can be established.
Further data from one of imaging system 300 and injection
systems 100 can be manually entered using one or more
manual input systems (for example, keypads, keyboards
mouse etc.) as know in the computer arts. Imaging system 300
and injector system or injector 100 can also be partially or
fully integrated as described, for example, in Published PCT
International Patent Application No. WO 2008/011401, the
disclosure of which is incorporated herein by reference. One,
a plurality or all the illustrated components of the injection
system and imaging system 300 can also or alternatively be
integrated with or incorporated within another, separate com-
ponent that is placed in communicative connection with other
system components.

Software embodying the systems and methods of the
present invention can, for example, be embodied within one
or more separate or standalone systems represented by sys-
tem 500 which can, for example, include at least one proces-
sor (for example, a digital microprocessor), a memory system
520 a display 510 and a manual input system 505. In the
embodiment illustrated in FIG. 2B, system 500 is shown to be
in comnunicative connection with communication hub 400.
As described above, a direct communication link can also be
established. Further data from one or more systems can be
manually entered into one or more other systems using one or
more manual input systems (for example, keypads, key-
boards, a mouse etc.) as know in the computer arts. Software
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embodying the systems and methods of the present invention
(including, for example, one or more executable computer
algorithms therefor) can, for example, be stored in memory
530 and executed by processor 520. As clear to one skilled in
the art, all or a portion of the functionality of the methods
and/or systems of the present invention can alternatively
reside in an imaging system 300 (which can, for example,
include at least one processor 320, a memory system 330, a
display 310 and a manual input system 305) and/or in injector
system 100.

For determining an appropriate flow rate and an appropri-
ate injection duration for a given patient in several embodi-
ments, blood concentrations of contrast enhancing agent can
be modeled in the same way as in the estimation of cardiac
output and blood volume. For example, two attributes are
typically considered to be important to the generation of the
diagnostic injection protocol: the peak concentration and the
target concentration (defined as the concentration at the start
and end of the scan window) of the left heart structures. As
shown in FIG. 4, the concentration at peak enhancement
Cp, . for the left heart/ascending aorta (the second ROl in the
representative studies of the present invention) occurs T,
seconds after the contrast arrives in the left heart. The scan
beginsat T, , onanunknown point on the upslope of the left
heart concentration curve. It ends AT seconds laterat T, +
AT or T, where AT is the specified scan duration, on the
downslope of the curve. To position the scan window in such
a way that enhancement is both as high and as consistent as
possible, those two values (on the upslope and downslope)
can be set 1o be equal and are referred to as Cy,pre

Given desired values for each of a desired peak concentra-
tion/enhancement and a desired target concentration/en-
hancement in one region of interest (for example, the aorta/
left heart), and equally weighting the error in peak
enhancement and the error in target enhancement in that
region of interest, the following optimization can be used
(wherein “Desired” values are provided/input by, for
example, an operator):

®

Q> Ty = avgmin| (DesiredPeak — Cpeqy| +|DesiredTarget = Crager

Qtnj,Tinj

As clear to one skilled in the art, the arguments can be
weighted other than equally in the above cost function and
further arguments can be included. As also clear to one skilled
in the art, additional or alternative optimizations can be pet-
formed.

TofindQ*,,;and T*, , the error functionis defined interms
of Q5> Ty, and known constants, using the analytical solu-
tion to the PK model. This is already true by definition for

C(TPeak) or CPeak:

. 0 9
Qu o, 55°m) ®

Qco

Cheax =

The value of C(T,,,,,) or C
function of T

Turge: 0N the upslope is also a
the unknown time at which the scan begins.

starpd

. —Lco \ 10
O Ci(l—e by Tear | o

Qco

CTarger =
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On the downslope, C,,. is the concentration at the end of
the scan, whichis a functionof C,,, and T, ., (assuming the
scan duration, AT, is fixed).

e I a1
cTarger = Cpmk(@ Vg (Txran+AT Txnj))

Substituting in for C,,, and simplifying yields:

. 2o (12)
%C‘-(E Vg (T,s 2
o

Qc

2co
HAT-Ty) 207 tAT)
tart mj) _g Vg Vsan )

CTarger =

At this point, there are two equations (Cy,,,, on the ups-
lope and the downslope) and two unknowns (Cy,,,,, and
T,,...)- Alter solving algebraically for C the following

Targer?
expression in terms of only Q,,,;, T;,;, and known constants is
derived.
; 13
O () o) 03
c B Qco
Target = _ ~0,

oy . Lo
1-e 78 "4e 8

Note that if T, >>AT, Cg,,., approaches the numerator
(Cpm), and if delta T>>T, ,, Cr,.., goes to zero. Bquations
(9) and (13) are now substituted into equation (8) and the
parameters that minimize the cost function are determined.
There are several options for numerical solutions for Q¥
and T¥, . including, but not limited to: a “brute force” search
over areasonable range/resolution of Q,,;and T, ; a relatively
straightforward minimization such as Nelder-Mead (sim-
plex); or a gradient descent (the partial derivatives can be
computed analytically as well). In several studies, a brute
force search strategy was implemented because the parameter
range is well defined, the solution manifold is well behaved
(as shown in the contour plotin FIG. 5 and surface plotin FIG.
6), and the computational burden needed to search for the
minimum is insignificant, especially realizing that a compu-
tation time of several seconds in the interval between param-
eter entry and protocol generation has no impact on the pro-
cedure.

Injection Truncation and Dilution Phase Calculations

Once an initial, computed diagnostic protocol is generated
(including the scan delay), a test is applied to ensure the
contrast injection is terminated a given amount of time (for
example, a few seconds) prior to the end of the scan. One
obviously does not want to inject contrast media after the end
of the scan because that contrast will not contribute to the
diagnostic image. A more subtle consideration in optimal
protocol generation arises in that, because of the transit delay
from the injection site to the right heart (or other ROI), con-
trast injected within the time between the end of the scan and
the transit time to, for example, the right heart also will not
contribute to the diagnostic image. The minimum time
needed for contrast to arrive in the right atrium was deter-
mined as the peak time of the pulmonary artery time enhance-
ment curve minus the injection duration of the test bolus plus
an offset factor in recognition that the contrast arrives in the
right atrium before it transits to the pulmonary trunk. A
default value of 2 seconds was used for the offset factor in
several studies. As clear to those skilled in the art, the above
considerations/logic apply to ROIs other than the left heart/
right heart.
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The scan delay can, for example, be computed by estimat-
ing a bolus arrival time using the formula:

scanDelay=T5~(T},rp+arrOffset)+7

tart

wherein T, is the injection duration of the timing bolus
and arrOffset is an arrival time offset value; and a scan end
time can be determined by adding the scan delay to the scan
duration.

An arrival time of contrast in the right heart can, for
example, be computed using the formula

T orrer= 11— (TyyrprartOffset)

a i

wherein T, 5, is the time to peak enhancement in the first
region of interest.

FIG. 7A depicts a scenario in which the computed diag-
nostic injection extends beyond the end of the scan. FIG. 7B
depicts aresulting diagnostic injection after a truncation algo-
rithm or methodology of the present invention is executed.
After the truncation, the injection is finished a few seconds
prior to the end of the scan (defined by the arrival time of the
contrast to the right heart) ensuring that unneeded contrast is
not injected into the patient. Because the protocol generation
in this algorithm is data driven, it is not anticipated that the
truncation operation described above will occur too fre-
quently. In that regard, the duration of the injection is fitted via
an optimization methodology using timing data generated
from the test bolus. A more common scenario, however, is
depicted in FIG. 8A. Inthis scenario, the computed diagnostic
injection ends prior to the completion of the scan. However,
the contrast injected in the last few seconds of the injection
will not have enough time to migrate into the right heart (as
determined by the arrival time of contrast to the right heart
measured from the pulmonary trunk time enhancement
curve) and will not contribute to the diagnostic image. There-
fore the injection is clamped/stopped at the difference
between the end of the scan and the arrival of contrast in the
right heart. The resulting injection protocol is presented in
FIG. 8B.

In that regard, the injection can be truncated if (T,,+
T ,..ze)>scanEnd. The injection can, for example, be trun-
cated so that it is finished at least T ,,  ;y seconds before end of
the scan as follows:

T=scanEnd-T,,, pz-

After the contrast injection protocol is checked and modi-
fied, if necessary, to prevent extension beyond the end of the
scan and that contrast is not unnecessarily injected, a dual-
flow (or dilution) phase, in which both contrast and a diluent
are injected simultaneously, can be computed. The approach
of the present invention is different than previous embodi-
ments in that every protocol does not necessarily have a
dual-flow protocol. The dilution phase is, for example,
designed to reduce bright opacification of the superior vena
cava (SVC) and right heart structures, which may result in
streak and beam hardening artifacts.

In several embodiments, a comparison of the scan start and
the injection is made to determine when a dilution phase
should be inserted. If the scan starts while the contrast injec-
tion is proceeding, it is reasoned that diluted contrast should
be “cut in”, or started, N seconds prior to the start of the scan
because the diluted contrast will be filling the right heart
structures as the scan starts (where N is the arrival of contrast
to the right heart). If the contrast dilution does not start within
the time frame between the start of the scan minus the bolus
arrival time into the right heart, than undiluted contrast will be
filling the SVC etc., increasing the chance of streak and over
opacification. A pictorial description of the dilution phase
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computation is provided in FIG. 9A. The resulting injection
protocol with a DualFlow phase is given in FIG. 9B. As
described above, the ratio of contrast/saline was fixed or
dependent on scan/subject parameters to be 40/60 (contrast/
saline) in several studied to reduce the degrees of freedom in
the experiment. As clear to one skilled in the art, contrast/
saline ratios can readily be generated that are variable (for
example, as described in PCT International Patent Applica-
tionNo. PCT/US2007/026194 or as further described below).
For example, a ratio of contrast enhancing fluid to non-con-
trast enhancing fluid in an admixture or dual-flow phase can
be determined on the basis of time to peak enhancement
determined during the test bolus. A longer time to peak
enhancement can, for example, result in a higher ratio of
contrast enhancing fluid to non-contrast enhancing fluid.

The protocol generation algorithms described above can,
for example, be used to minimize the dose of contrast a
subject receives by considering that subject’s cardiac dynam-
ics, drug properties and scan properties. FIG. 10A sets forth
flow rates calculated using the methodology of the present
invention (B) as compared to the rates calculated using the
methodology set forth in PCT International Patent Applica-
tion No. PCT/US2007/026194 (A). The flow rates deter-
mined using the methodology of the present invention are
similar in magnitude to those calculated using the other meth-
odology, yet show a greater variability, which one would
expect because the methodology of the present invention
attempts to generate more patient specific injection protocols
with variable flow rates. The comparison is made as a check
of the algorithms clinical validity. For example, if a majority
of resulting flow rate values were calculated to be greater than
10 mV/s or less than 3 ml/s, this might indicate a flaw in the
algorithmic logic.

FIG. 10B illustrates data obtained in a study group of 70
patients scheduled for clinically indicated dual source CT or
DSCT studies using methodology 1 as described above. In the
studies of the study group, contrast having a concentration of
300 mgl/ml was injected. A targeted attenuation level of 250
HU was used. ECG pulsing was also used to minimize radia-
tion dosing. In the data, Asc.Aorta refers to Ascending Aorta,
Left_Main refers to the Coronary Artery, LAD_Proximal
refers to the Proximal Region of the Left Anterior Descending
Coronary Artery, LAD_Middle refers to the Middle Region
of the Left Anterior Descending Coronary Artery, LAD_Dis-
tal refers to the Distal Region of the Left Anterior Descending
Coronary Artery, LCX_Proximal refers to the Proximal
Region of the Left Circumflex Artery, LCX_Middle refers to
the Middle Region of the Left Circumflex Artery, LCX_Dis-
tal refers to the Distal Region of the Left Circumflex Artery,
RCA_Proximal refers to the Proximal region of the Right
Coronary Artery, RCA_Middle refers to the Middle region of
the Right Coronary Artery, and RCA_Distal refers to the
Distal region of the RCA.

A control group of 50 patients scheduled for clinically
indicated dual source CT or DSCT studies was also studied.
In the studies of the control group, contrast having a concen-
tration of 300 mgl/ml was injected. A routine triphasic injec-
tion protocol was used with the control group. In the triphasic
injection protocol, 60-90 ml of contrast medium was first
injected, followed by a dual flow injection of 50 ml of fluid
having a contrast medium/saline ration of30/70, followed by
injection of saline. The flow rate for each phase was 6 ml/sec.

FIG. 10C illustrates mean attenuation (HU) for each of the
anatomy regions studied for the study group. FIG. 10D illus-
trates mean contrast enhancement fluid or contrast medium
volume used in the studies of each of the study group and the
control group. A mean savings of approximately 19.7+24.1
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mL of contrast per patient was achieved using the methodol-
ogy of the present invention. FIG. 10E illustrates a graph of
contrast medium savings (mL) as a function of cardiac output.
As illustrated the systems and methods of the present inven-
tion provide contrast medium savings over a wide range of
contrast medium. There are cases for subjects with high car-
diac output that the algorithm computes a protocol that
requires more contrast than would otherwise be delivered. In
those cases, it is possible that the standard control protocol
would provide insufficient enhancement (<250 HU). FIG.
10F illustrates mean attenuation for the control group and the
study group for each of the regions studied. For the study
group, there is less variability across regions (it is more con-
sistently close to 250 HU) as compared to the control, which
has inconsistent enhancement patterns (note the higher
enhancement in the Asc Aorta and the lower enhancement in
the distal regions).

A summary of the workflow of the above-identified
embodiment of a methodology of the present invention as
applied in connection with the pulmonary artery and ascend-
ing aorta is set forth below:

1: Get Patient and Procedure information:

a. Get contrast concentration: C,

b. Get the maximum flow rate allowable: Q,,,

c. Get scan duration from user: AT

d. Get Hounsfield to plasma concentration conversion
factor HutoMg] for the scanner (default=25 HU/(mgl/
ml))

e. Get desired peak enhancement DesiredPeak and
desired target enhancement at start and stop of scan
window Desired Target

f. Generate a test bolus injection protocol, default Q is 5
ml/s and volume=20 ml (4 second T,,, ]}, saline flush
phase, Q=5 ml/s, vol=40 ml

2: From test bolus, get times to peak for the pulmonary
artery enhancement curve and the ascending aorta
enhancement curve from user: T, and T,

3: Get peak enhancement values from the pulmonary artery
and the ascending aorta bolus enhancement curves, and
convert to concentration units using HutoMgI C, 5, and
CZAO

4: Estimate Cardiac Output and Blood Volume Subroutine
a. Compute Cardiac Output estimate (Q ) using Equa-

tion 7

b. Compute Blood Volume estimate (V) using Equation
6

5: Estimate Diagnostic Protocol Subroutine
a. Compute peak (Cp,,,) and target (Cy,,.,,) enhance-

ments in 1 the aorta using Equations (9) and (13),

respectively, for all admissible input values for T,

and Qi

i. Maximum Q,,, =maxFlowRate

ii. Minimum Q.35 ml/s for 300 mgl/ml contrast,
2.8 ml/s for 370 mgl/ml contrast (Iodine adminis-
tration rate of 1 gl/s per Rist et al)

iii. Maximim T,,, =AT+8

iv. Minimum T, =AT

b. Find values for the diagnostic protocol flow rate Q*;,;
and injection duration T*,, which are the arguments
that minimize the cost function in Equation 8:

6: Compute Injection Protocol Subroutine—Including
Dilution Phase
a. Compute the total diagnostic phase contrast volume:

Vol,, Q;,,* Ty

b. Define an arrival time offset value: arrOffset=2 sec-

onds
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c. Compute the scan delay by estimating the bolus arrival
time, where T, is the time to the second peak:
scanDelay=T,~(T,,, z+arrOffset)+T

d. Compute the end point
scanEnd=scanDelay+AT

e. Compute the arrival time of the contrast in the right
heart, where T, is the time to the first peak:
T o= 1=(Tyyp+artOffset)

f. Use the computed T, ;. scanEnd, and T,,; to deter-
mine if/when the injection should be truncated.
i.if (T, 4T, zz)>scanEnd
ii. then we truncate the injection protocol so that it is

finished at least TarrRH seconds before end of the
scan: T, =scanBnd-T,, .

g. Usethe computedT,,,, z, scanDelay, and T, to deter-
mine if/when a dilution DualFlow phase should be
initiated.

141 (T, +T ) >scanDelay

ii. then we “cut over” to the DualFlow phase so that
diluted contrast is entering the right heart during
the scan: T, ,,=scanDelay-T ..,

h. Define DualFlow ratio: DF, ., =0.40

1. Determine the duration of the DualFlow phase:

i TendDF:T

start

of the scan:

inj
1. DF 0, =Toinr=T starior
- Compute volumes for three phases of injection:
1. Vol,=DF . *Q
il. Vol s = VoL
iii. Vol z3,,=40

In the above studies, an injection flow rate was calculated.
Itis also possible, for example, to vary the iodine administra-
tion rate during the diagnostic injection instead of the flow
rate. The resulting enhancement geometry may be slightly
different. In one embodiment, the volumetric flow rate is fixed
for all patient, but the lodine Administration Rate (gl/s) is
adjusted by diluting the contrast during the diagnostic injec-
tion, if required. Only if the stock concentration cannot pro-
vide sufficient enhancement, would the volumetric flow rate
be increased.

In the embodiments described above, the scan begins at
T,,.r» 00 an unknown point on the upslope of the left heart
concentration curve. The scan ends AT seconds later (where
AT is the specified scan duration) on the downslope of the
curve. To time the scan window in a manner to achieve rela-
tively high and consistent enhancement, those two values
(referred to as C;,; g, o0 the upslope and C, ;. 1, ;, on the
downslope) should be as close to C, ;; ., as possible. The
right heart curve has similar associated parameters. However,
because Cy;y ... should not occur during the scan window
(as too much enhancement in the right heart could lead to
streaking or beam hardening artifacts), it was not included as
a term in the cost function set forth in Equation (8).

Diagnostic Injection Protocol Generation with Variable
Dilution Ratio and Optimization for Concentration/Enhance-
ment in an Additional Region of Interest—Methodology 2

In another embodiment of a protocol generation system
and method of the present invention, parameters are added in
the optimization procedure related to the dilution phase. For
example, the dilution ratio (R,) and the duration of the dilu-
tion phase (AT, ;) can be added to the optimization proce-
dure. The dilution ratio is thereby personalized (instead of
using a fixed or set ratio of, for example, 40/60). Further, there
is no need to adjust the computed protocol after optimization
Enhancement targets are also added to the optimization pro-
cedure (for example, cost function) for a second region of
interest (the right heart or RH in the representative examples
herein) in this embodiment. Because the best placement of the
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scan window does not depends solely on left heart or LH
enhancement in the representative examples of this embodi-
ment set forth herein, there is no analytic expression for T, ...
T, ., 18 thus also included as a parameter in the optimization
procedure. FIG. 11 illustrates an example of relative timing
and diagnostic injection protocol phases, scan and enhance-
ment curves for the right heart/pulmonary artery and left
heart/aorta.

Anotherterm was added to cost function as a penalty onthe
total volume of contrast injected (see the last term of the cost
function of Equation (14)). Weighting factors such as a, f3,
and y in Equation (14) were included to allow for adjustment
of the relative importance of the terms of the cost function.
For example, by using a small value for ., error in right heart
enhancement is penalized less heavily than error in left heart
enhancement. Because the scan window is not centered on the
right heart peak, it is typical that C(T zzz. s,0rs) OF Crrr.ssars Will
be too high and C(T z5;. ,.2) 0 Crz. 1, Will be too low. There-
fore, to avoid having the optimization dominated by such
errors in right heart enhancement, set o was set to equal 0.5 in
several embodiments. [} was set to equal 1 in several embodi-
ments, which was shown to be a reasonable trade-off between
losing consistency with the test bolus flow rate and not reach-
ing target enhancement levels. In several embodiments y was
set to equal 1000, which puts a very large penalty on exceed-
ing the loaded contrast volume. In that regard, if (Q,,
RAT,,, +R,AT,, >V, ) was true, v was set to equal
1000. Otherwise, v was set to equal 0.

Toar> Qi 1. ATy, B3, AT = 14
|CLH—PeaI< - CLHVPeak—Dexired| +
|CLH—Srarr - CLH—Targer—Dmirfd| +
|CLH—End - LH—Target—Dexired| +
T?izil:gxlj;v 0’/|CRH—Srart - CRHrTarger—Dmired| +
ilziTTTle a|cRH—End - CRHrTarger—Dexired| +

BlQin — Orsl +
V5 if(Qini(RIAT i1 + RoAT ) > Vi)

Depending on the dilution ratios, the peak value for the LH
occurs during the upslope (phase 1) or dilution phase (phase
2), and is therefore the greater of the two:

Qinj 900,57 . 1)
Crip peak = Q—C(J)C‘-Rl(l _e VB mfl)
or 16
inf Loy, Loy
Crtt-peat = gw CiRl(l—E Ty MMt ), V5 M2 |
co

Qo
Qco

-2
CiRZ(l - eWVgQAﬁ"ﬁ)

For the remaining concentration values, given an absolute
time T (either the start or end of the scan), the RH and LH
curves can each be in one of 3 regions—upslope (phase 1),
dilution (phase 2), or decay (phase 3). When T<(T,,,+AT,, ),
the expression is:

arr



US 8,428,694 B2

25
- =0¢co 7 1n
Cr = Qi C;Rl(l _e Vs (T Tarr))
Qco
Notethat T, iseither T, ..orT,, . dependingonwhich

curve is being used. For the dilution phase (phase 2), when

(T #AT,,, )<T(T,,,+AT,, ; +AT,, ), the expression is:
o © o Qeoyp Lo - (18)
Cr= Qo CiRy l1—¢™s ATt )e Vs (r={Parr AT ) +
Qco
Qo ., - o V52T
Qco
Finally, in the decay phase (phase 3), when T(T, +AT,, ,+
AT, 45), the expression is:
. -0 -2
¢y ) a9
Qco
Cr = 0
Qi ¢ pyly = o V5 0T02)
Qco
fg@(rf(r +ATyi ATy )
e Vp arr njl inj2

Therefore, to find a given concentration on a given curve at
a given time, one specifies the arrival time corresponding to
the curve (RH or LH), determines which phase is occurring at
time T, and uses the appropriate equation as set forth above.

Although the search space grew from a two-dimensional
search space in Equation (8) to six-dimensional search space
in Equation (14), a brute force search strategy was still imple-
mented. The parameter range is well defined, the solution
manifold is well behaved and the computational burden
needed to search for the minimum is still not significant in the
case of a relatively coarsely sampled grid (for example, flow
rates at 0.1 ml/s, dilution ratios at 10%, and times at 1 second).
Further, a computation time of several seconds in the interval
between parameter entry and protocol generation has no
impact on the imaging procedure.

Similar to the previous embodiment, the protocol genera-
tion procedure described above can be used to minimize the
dose of contrast a subject receives considering the subject’s
cardiac dynamics, the drug properties and the scan properties.
FIGS. 12 and 13, respectively, present iodine administration
rates and total contrast volumes using the optimization pro-
cedure of Equation (14) (C) as compared to the methodology
set forth in PCT International Patent Application No. PCT/
US2007/026194 (A), and the methodology encompassing the
optimization procedure of Equation (14) (B). The comparison
provides a check of clinical validity.

FIG. 14 illustrates clinical data collected from ten subjects
undergoing DSCT cardiac imaging (Siemens Definition)
under methodology 2 as described above. Mean values set
forth in FIG. 14 are the mean of three regions of interests
placed in each of the anatomical regions. The target enhance-
ment for all anatomical regions (except for the pulmonary
artery trunk and the right ventricle) was 300 HU. The error
bars illustrated are -1 standard deviation. The anatomical
regions studied were Part (Pulmonary Artery Trunk), AscA-
orta (Ascending Aorta), RV (Right Ventricle), LtMain (Left
Main Coronary Artery), LAD Prox (Proximal Region of the
Left Anterior Descending Coronary Artery), LAD Dist (Dis-
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tal region of the LAD coronary artery), RCA Prox (Proximal
region of the Right Coronary Artery), RCA Dist (Distal
region of the RCA).

A summary of the workflow of the above-identified
embodiment of a methodology of the present invention
(methodology 2) as applied in connection with the pulmonary
artery and ascending aorta is set forth below:

1: Get Patient and Procedure information:

a. Get contrast concentration: C,

b. Get the maximum flow rate allowable: Q,,,

c. Get scan duration from user: AT

d. Get Hounsfield to plasma concentration conversion
factor HutoMgI for the scanner (default=25 HU/(mgl/
ml))

e. Get desired LH enhancement at start and stop of scan
window LHTarget and desired RH enhancement at
start and stop of scan window RHTarget

f. Generate a test bolus injection protocol, default Qis 5
ml/s and volume=20 m1 (4 second T,,), at a 50/50
contrast ratio, followed by saline flush phase, Q=5
ml/s, vol=40 ml

2: From test bolus, get times to peak for the pulmonary
artery enhancement curve and the ascending aorta
enhancement curve from user: T, and T,

3: Getpeak enhancement values from the pulmonary artery
and the ascending aorta bolus enhancement curves, and
convert to concentration units using HutoMgl: C, », and
CZAO

4: Estimate Cardiac Output and Blood Volume Subroutine
a. Compute Cardiac Output estimate (Q,) using Equa-

tion (7).

b. Compute Blood Volume estimate (V) using Equation
(©)

5: Estimate Diagnostic Protocol Subroutine
a. Compute peak Cop s Croyrare Craronas

Crer_stare and Cgpy ., enhancements using Equa-
tions 9, 10, 11, 12 and 13, respectively, for all admis-

sible input values for T, Q. R), AT, .\, Ry,
A'I‘inj2'
i Tstth range:TLH-arr 030

ii. Q,,;range=Q,, ;75 to min(QianB+ls Q)

iii. R, range=0.11t0 1.0

iv. AT, ; range=AT

v. R, range=0.05 t0 0.95

vi. AT, » range=0to AT,
b. Find valves for T*,,,, Q% ,, R*), AT* ,, R¥*,,

AT*, ., which are the arguments that minimize the

cost function of Equation 14.

The foregoing description and accompanying drawings set
forth the preferred embodiments of the invention at the
present time. Various modifications, additions and alternative
designs will, of course, become apparent to those skilled in
the art in light of the foregoing teachings without departing
from the scope of the invention. The scope of the invention is
indicated by the following claims rather than by the foregoing
description. All changes and variations that fall within the
meaning and range of equivalency of the claims are to be
embraced within their scope.

to AT, +8

scan

What is claimed is:

1. A method of determining at least one parameter for an
injection procedure to be performed in combination with an
imaging procedure, the method comprising the steps of:

(a) injecting a test bolus of a contrast enhancement fluid

having a contrast enhancing agent therein;

(b) scanning at least two regions of interest with an imaging

system as the test bolus of the contrast enhancement
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fluid flows therethrough to obtain therefrom a contrast
time enhancement curve for each of the at least two
regions of interest;

(¢) extracting at least one discrete data point from each of
the contrast time enhancement curves such that each of
the discrete data points constitutes a pair of measure-
ments on the contrast time enhancement curve corre-
sponding thereto;

(d) substituting into a model the discrete data points
extracted from the contrast time enhancement curves to
obtain therefrom at least an estimate of values of physi-
ological variables; and

(e) using the at least an estimate of the values of the physi-
ological variables to determine via the model the at least
one parameter for the injection procedure to be per-
formed in combination with the imaging procedure.

2. The method of claim 1 wherein the physiological vari-

ables are related to cardiopulmonary function.

3. The method of claim 2 wherein the at least one parameter
is a parameter of at least one phase of the injection procedure
for the injection of the contrast enhancement fluid or a param-
eter of the imaging system.

4. The method of claim 2 wherein the discrete data point(s)
from the contrast time enhancement curve of a first of the
regions of interest corresponds to a first pass of the contrast
enhancement fluid through the first region of interest, and the
discrete data point(s) from the contrast time enhancement
curve of a second of the regions of interest corresponds to a
first pass of the contrast enhancement fluid through the sec-
ond region of interest.

5. The method of claim 4 wherein an analyzed portion of
the contrast time enhancement curve of the first region of
interest overlaps an analyzed portion of the contrast time
enhancement curve of the second region of interest in time.

6. The method of claim 4 wherein a contrast enhancing
agent concentration on one of the contrast time enhancement
curves ata certain time is related to a contrast enhancing agent
concentration on the other of the contrast time enhancement
curves at the certain time or a time in proximity to the certain
time using a conservation of mass balance.

7. The method of claim 6 wherein itis assumed that the loss
of the contrast enhancement fluid between the first region of
interest and the second region of interest is negligible.

8. The method of claim 7 wherein it is assumed that the
blood volume for the first region of interest is equal to the
blood volume for the second region of interest.

9. The method of claim 2 wherein the model is a physi-
ological model in which cardiac output and blood volume are
the physiological variables, the cardiac output and the blood
volume between the injection site and a measurement point of
each of the regions of interest are calculated for a patient, and
the at least one parameter is determined using the physiologi-
cal model.

10. The method of claim 8 wherein the model is a physi-
ological model in which cardiac output and blood volume are
physiological variables, the cardiac output and the blood vol-
ume between the injection site and a measurement point of
each of the regions of interest are calculated for a patient, and
the at least one parameter is determined using the physiologi-
cal model.

11. The method of claim 10 wherein a time to peak
enhancement for first region of interest enhancement T, and a
time to peak enhancement for the second region of interest
enhancement T, are input into the physiological model.
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12. The method of claim 11 wherein concentration at peak
enhancement for the first region of interest enhancement
C,(T,) and concentration at peak enhancement for the second
region of interest enhancement C,(T,) are input into the
physiological model.

13. The method of claim 12 wherein a distribution of con-
trast enhancement fluid in each region of interest which is
injected from a peripheral injection site is described by the
following physiological model analytical solution:

ginj Ci(l _e——be ) = ﬂnj
co=1 %0
CoTye 78 s 1

wherein the origin, t=0, corresponds to the time at which
contrast arrives in the region of interest, Q,, [ml/s] is the
injection flow rate, T, [s] is the injection duration, Q.
is the cardiac output [ml/s], V is the blood volume [ml]
between the injection site and a measurement point of
each of the regions of interest, C, is the concentration of
contrast in a contrast source from which contrast is
injected into the patient, and C_(t) is the blood concen-
tration in the region of interest of the agent at time t.

14. The method of claim 13 wherein concentration is
related to enhancement level by the formula:

Colty=s(t/K

wherein s(t) [Hounsfield units or HU] is enhancement level
at time t and K [mgl/ml] is a conversion factor.

15. The method of claim 14 wherein T, is the injection

duration and is amount of time between arrival of the contrast
enhancement agent and the time to peak enhancement.

16. The method of claim 15 wherein:

maxsy(Tp)

Co(Tinj) = =C(T2)

wherein max s,(T,) [Hu] is the maximum enhancement
level in the second region of interest and C,(T,) is the
concentration at peak enhancement for the second
region of interest enhancement.

17. The method of claim 14 wherein concentration in the

first region of interest C, at time T, is estimated by the fol-
lowing formula:

C{T)=C(TPG(T5)

wherein C,(T,) is the concentration in the first region of
interest C, at time T, and C,(T,) is the concentration in
the second region of interest C, at time T,.

18. The method of claim 17 wherein blood volume V is
determined using one of the following formulas:

Ve = -T1Qco Ve = -(T:T1)Qco
e o), T [CI(TI)—cz(Tz)]
¢ QiniCi 0 Cy(Ty)



US 8,428,694 B2

29

19. The method of claim 18 wherein cardiac output Q, is
determined using the following formula:

;[1{%]}7}%

20. The method of claim 19 wherein the determined value 10

of Q- 1s used in the physiological model to determine the at
least one parameter.

21. The of claim 20 wherein concentration of contrast
agent at peak enhancement C(T,, ) at the time of peak
enhancement T, in the second region of interest of an
imaging injection is related to the injection flow rate Q,,; of
the imaging injection and the injection duration T,,; of the
imaging injection using the formula:

15

nj
20

i C;[l —-e
Qco

Leoy, .
CTpen) = s ],

25

22. The method of claim 21 wherein a concentration of
contrast agent in the second region of interest at time of'a scan

. . 30
start, C(T,,,,,), is provided by:
i o .
T I ]
B Qco 35
CTyer) = — .
Loy . ,,Q,CQ(T. AT}
l-e s ™+4e Vs W
wherein AT is the scan duration and wherein C(T,,,,) is 40

equal to C(T,,,,+AT).

23. The method of claim 22 wherein C(Tp,,,) and C(T,,,,.)
enhancements are determined for admissible input values for
T,,,and Q,,; whereinamaximum Q,,;and a minimumQ,,;and 45
a maximum T, and a minimum T,,; are established.

24. The method of claim 23 wherein maximum T,,, is
established as a function of scan duration plus a constant,

minimum T, is established as the scan duration. 50

25. The method of claim 24 wherein values for a diagnostic
protocol flow rate Q*,, and an injection duration T*, ; are
determined which are the arguments that minimize the cost

function: 55

anj, T‘-;j = argmin (| DesiredPeak — C(Tpg )| + |DesiredTarget — C(Tgan ).
Qinj-Tinj
60

26. The method of claim 20 wherein the first region of
interest is the pulmonary artery and the second region of
interest is the ascending aorta and values for a diagnostic g5
protocol flow rate are determined which are the arguments
that minimize the cost function:

T;rart’ anja R;a Aﬂtzjla R;a
|CLH—Peak = CLH.Peat-Desired| +
|CLH—Start - CLH—Target—Dexired| +
|CLH—End - CLH—Targer—Dmired| +
AT? ., = aremin
in2 min a|CRH—Sran - CRHrTargeerexired| +
Tstar Qinj
RAT, s
R;, AT:Z_; Cri_gng = Crar-rasger-Desivea] +
BlQinj — Orsl +
7> Qi (R1AT 1 + RpAT3i2) > Vigaa)
wherein T,,,,, i3 a time of start of a scan, R, is a rate of

injection in a phase wherein only contrast medium is
injected, AT,,;, is the time of duration of the phase
wherein only contrast medium is injected, R, is a rate of
injection in a phase wherein contrast medium and dilu-
ent are injected, AT, is the time of duration of the
phase wherein contrast medium and diluent are injected,
C,1rrear 18 @ calculated concentration at peak enhance-
ment in the left heart, C; ;. .00 15 @ desired concentra-
tion at peak enhancement in the left heart, C, ;, .., is @
calculated concentration in the left heart at the time of
start of the scan, Crz 7er pesirea 18 @ desired concen-
tration in the left heart at the time of start of the scan,
C27.50q 18 @ calculated concentration in the left heart at
the time of the end of the scan or Ty, ; Crzr g 15 @
calculated concentration in the right heart at the time of
start of the scan, Cryr zumper. pesirea 1 @ desired concen-
tration in the right heart at the time of start of the scan,
and Cry; 5,0 15 a calculated concentration in the right
heart at the time of the end of the scan, o is a weighting
factor,  is a weighting factor and y is a penalty value,
wherein y is not zero if (Q, (R,AT, +R,AT, >
Vioas) 18 true and is zero if (Q,,(R AT, +RAT,, »)>
Vi0aq) 18 N0t true, wherein V., is the total volume of
contrast available.

27. The method of claim 26 wherein C, , , . is the greater

of the value calculated as follows:

i 200,47, .
%C;Rl(l —e "B AT‘"JI) or
Qco

Crtpeat =

Crtt-pek =

Oinj
Qco

“2co,7,

0
L0 7, ¥, xan:\

= 1) 2eonr -
i1 o V8 it )y Vg 8Ty Qi g (v
Qco

28. The method of claim 27 wherein concentration C, in
the right heart or the left heart as applicable at a time T, which
is either T, or T,,,, when T<(T,, +AT, ), wherein T, is
either the time of arrival of contrast at the right heart or at the
left heart as applicable, is calculated by the following for-

mula:

f—%gﬂ TTam))

O
Qco

Cr=moplize

29. The method of claim 27 wherein concentration C, in
the right heart or the left heart as applicable at a time T, when
(T # AT, )<T(T,, +AT,,; #AT,, »), is calculated by the

following formula:

arr inj2
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L - -0
¢ Qinj cRilL e'*v;ﬁg”'njl)e”v%(r’( arr M Tint]) |
Qco
i ~2co T-(T, T, N
SC;C,RZ(I—E Vg (T-UartTt))) s

30. The method of claim 27 wherein concentration C. in
the right heart or the left heart as applicable at a time T, when, "
T>(T,,,+AT,,, +AT,, 45) is calculated by the following for-
mula:

Cr= 15
- )
Qini Do nr. .\ 2co,r.
inj C;Rl(l —¢ VB injl )e Vg inj2 + 0
Qco ’T/’CQ (T’(TarﬁATinﬂ *ATian))

0 e "B .

i Lo, .

Do o {1 o V5 o)

Oco 20

31. The method of claim 2 wherein the first region of
interest is the pulmonary artery and the second region of
interest is the ascending aorta.

32. The method of claim 2 wherein the physiological vari-
ables are used in connection with the model or at least one
other model to determine the at least one parameter.

33. The method of claim 32 wherein the at least one other
model is a parametric model. 30
34. The method of claim 1 wherein the steps (d) and (e)

include:

(D) one of two equations for blood volume, V:

25

35
Voo =T Qco Vi o (T, =T1)Qco
! log[l_CI(Tl)Q } . [CI(TIJ—CZ(TZ)]
0 Ci 0 Cu(Ty)
40
and an equation for cardiac output, Q.
2 CiT) = ColT) |75
inj 1(T1) - QN1
= I ol o 45
Qo= oy [ ( Cu(Ty) H

into which at least the pair of measurements of each of the
discrete data points are input to solve for the blood
volume, V,, and the cardiac output, Q..; and 50

(1) an automated iterative process involving use of at least
the following equations:

55
C(Tpea) = ga’) ;[1 T T‘"f}
and
%ci[1 _e:%gg%} 60
(T = — 20

Teor,, B2
l—e '8 +e "B

into which the blood volume, V;, and the cardiac output, s
Qo are input and into which maximum through mini-
mum values for each of at least an injection flow rate,

32
Q,,,» and an injection duration, T, , are input iteratively
to ascertain values for C(T,,;) and C(T,,,,,) that mini-
mize the cost function:

Q> Ty = arg min(|DesiredPeak — C(Tpeg)| + | DesiredTarget — C(Toap)|)

inj-Tin

such that the values for the injection flow rate, Q,,,, and the
injection duration, T,,, ,
are two of the at least one parameter of the injection
procedure to be performed, wherein C(T,,_,) is a con-
centration of the contrast enhancing agent at peak
enhancement and C(T,,,,,) is a concentration of the con-
trast enhancing agent at a time of a start of the scanning
by the imaging system, and the values of desired peak
concentration, DesiredPeak, and desired target concen-
tration, DesiredTarget, of the contrast enhancing agent
in at least one of the at least two regions of interest are
operator-entered into the cost function.

35. The method of claim 1 wherein the steps (d) and (e)

that minimize the cost function

include:

(D) one of two equations for blood volume, V:

V= =110co V= -T2 -T1)0Qco
" [I_CI(TI)Q } o [CI(TI)—CZ(TZ)}
¢ 0iniC; @ Cy(Ty)

and an equation for cardiac output, Q.

T

O am) - Cz(Tz))] e
= —C[ 1-| —
Q0 =7y [ ( Ci(Ty)

into which at least the pair of measurements of each of the
discrete data points are input to solve for the blood
volume, V, and the cardiac output, Q; and

(1) an automated iterative process involving use of at least
the following equations:

i “cor. .
CTpet) = gaj) c‘-[l—e s T‘”f}

and

ClTston) =

into which the blood volume, V, and the cardiac output,
Qo are input and into which maximum through mini-
mum values for each of at least an injection flow rate,
Q,,,» and an injection duration, T, , are input iteratively
to ascertain values for C(Tp,,;) and C(T,,,,,) that mini-
mize the cost function:
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(d) determining the at least one parameter for the procedure
R, to be performed by substituting into a model the discrete
data points extracted from the time concentration

o’ " - o’
Txrana Qinj’ Rla ATinjla

|CLti-Peak = CLH-Peak-Desired| + curves.
[Crai-siare = CLi-Targer-Desirea| + 37. The method of claim 36 wherein a sufficient number of
|Crti-End = CLH-Targer-Desired| + the discrete data points are substituted into the model to
AT}y = arg min| ACku-siarn = Catr-Targer-Desired| + determine values for physiological variables in the model, the
afl"’;’i"if ACRH-Ene = CRH—Targer—Desired] + variables being related to cardiopulmonary function and for
RZ,AT‘-;;Z B1Qunj — Oral + 10 use in determining the at least one parameter for the proce-
2, 3 (G RiA Tt + R2AT2) > Vigas) dure to be performed.

38. The method of claim 36 wherein the step of substituting

S the discrete data points into the model for use in determinin;
such that the values for the injection flow rate, Q,,;, and the P g

c . _— . the at least one parameter for the procedure includes:
injection duration, T, , that minimize the cost function *° p P

mp (a) one of two equations for blood volume, V:
are two of the at least one parameter of the procedure to

be performed, wherein C(T 5,,,) is a concentration of the

contrast enhancing agent at peak enhancement and Ve o ~-Ti Oco Ve o —(T, - T1)Qco
C(T,,,,,) is a concentration of the contrast enhancing 20 8- G TG -Gl
Pl g el M Temy
inf~i .

agent at a time of a start of the scanning by the imaging
are 18 @time of start of a scan, R
is a rate of injection in a phase wherein only contrast and an equation for cardiac output, Q!
medium is injected, AT, is the time of duration of the

system, and wherein T

25
phase wherein only contrast medium is injected, R, is a
rate of injection in a phase wherein contrast medium and Qi CLT)) = Co(Ty) VT
Oco = Jc_[l_(ll .2]]21
diluent are injected, AT, , is the time of duration of the “Tan)” (T
phase wherein contrast medium and diluent are injected,
: : 300 . . .
CLir-rear 15  calculated concentration at peak enhance- into which at least the pair of measurements of each of the
ment in the left heart, C, ;. 5,54 19 @ desired concentra- discrete data points are input to solve for the blood
tion at peak enhancement in the left heart, C, ,, .., 1s a volume, V, and the cardiac output, Q; and
calculated concentration in the left heart at the time of (b) an automated iterative process involving use of at least
start of the scan, C;p; r,p0r pesirea 15 @ desired concen- 35 the following equations:
tration in the left heart at the time of start of the scan,
C. 11 5nq 18 @ calculated concentration in the left heart at
: . . -2
the time of the end of the scan or Ty, Crprse 1S @ CTpu) = %C;[l _ evvg—"rmj}
calculated concentration in the right heart at the time of 2 @
start of the scan, Cpyy z,zor pesireq 15 @ desired concen- and
tration in the right heart at the time of start of the scan, O oy,
and Cgyy s 18 a calculated concentration in the right i Qco Ci[l e’ }
heart at the time of the end of the scan, o is a weighting s vy | ()
. . . . -e e
factor, B is a weighting factor and v is a penalty value, *
wherein y is not zero if (Q, (R AT, +R,AT, > ] ] ]
V0 0a) 15 true and is zero if (Q, (R, AT, +R,AT, ,)> into which the blood volume, V5, and the cardiac output,

Qo are input and into which maxinmum through mini-
mum values for each of at least an injection flow rate,
Q,,» and an injection duration, T, , are input iteratively
to ascertain values for C(T,,,) and C(T,,,,) that mini-
mize the cost function:

V;oaq) 15 DOt true, wherein V, . is the total volume of
contrast available, and the values of desired peak con- 5o
centration, DesiredPeak, and desired target concentra-
tion, DesiredTarget, of the contrast enhancing agent in at
least one of the at least two regions of interest are opera-
tor-entered into the cost function.

55

36. A method of determining at least one parameter for a Q5> Ty = arg min|DesiredPeak = C(Tpyg)| + | DesiredTarger = C(Tyn))

procedure, the method comprising the steps of: Qinj:Tinj

() injecting a test bolus of a pharmaceutical;

(b) measuring at least two regions of interest with a sensor such that the values for the injection flow rate, Q,,,,, and the
as the test bolus of the pharmaceutical flows there- 60 injection duration, T,,, that minimize the cost function
through to obtain therefrom a time concentration curve are two of the at least one parameter of the procedure,
for each of the at least two regions of interest; wherein C(Tp,,) is a concentration of the pharmaceu-

(¢) extracting at least one discrete data point from each of tical at peak enhancement and C(T,,,,,) is a concentra-
the time concentration curves such that each of the dis- ¢ tion of the pharmaceutical at a time of a start of the
crete data points constitutes a pair of measurements on measurement by the sensor, and the values of desired

the time concentration curve corresponding thereto; and peak concentration, DesiredPeak, and desired target
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35

concentration, DesiredTarget, of the pharmaceutical in
at least one of the at least two regions of interest are
operator-entered into the cost function.

39. The method of claim 36 wherein the step of substituting
the discrete data points into the model for use in determining
the at least one parameter for the procedure includes:

(a) one of two equations for blood volume, V:

~-TiQco _ ~(2-T1)0Qco
) BT TG -G
log[l h OiniCi QCO} : [ Cy(Ty) }

Vg =

and an equation for cardiac output, Q.o

Qco

_ O C_[l_(cl(Tl)—cz(Tz)]rffﬁ
cm X

into which at least the pair of measurements of each of the
discrete data points are input to solve for the blood
volume, V, and the cardiac output, Q,; and

(b) an automated iterative process involving use of at least
the following equations:

i Loy, .
CTpes) = g:; c‘-[l—e s T‘"f}
and
%Ci[l —e:QVggTi"j}
[42)
C(Tsran‘) =

Lco “co
2oy . Reoi 7
l-e VB ™ 4+e VB ( )

into which the blood volume, V, and the cardiac output,
Qo» are input and into which maxinmum through mini-
mum values for each of at least an injection flow rate,
Q,,,» and an injection duration, T, are input iteratively
to ascertain values for C(Tp,,,) and C(T,,,,,) that mini-
mize the cost function:

5

10
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30

35
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45

o’ " " o’
Txrarr’ Qinj’ Rla AT;

36

"
inj1> B2»

|CLit-Peak = CLH-Peak—Desired| +
|CL-sar = CLi-Targer-Desirea| +

|CLtt-Ena = CLti-Targer-Desireal +

AT?.

iz = arg min| ¢Cry—swar = Cr-Targer-Desired] +

TstartLinj
RiATiy15
Ry AT | BlQinj — Orsl +

V> i (Qinj(R1AT i1 + RoATi2) > Vipaa)

& Cret—Ena = CRH - Targer-Desired| +

such that the values for the injection flow rate, Q,,, and the
injection duration, T, that minimize the cost function
are two of the at least one parameter of the procedure,
wherein C(T,,,,) is a concentration of the pharmaceu-
tical at peak enhancement and C(T,,,,,) is a concentra-
tion of the pharmaceutical at a time of a start of the
measurement by the sensor, and wherein T, is a time
of start of the measurement, R, is a rate of injectionina
phase wherein only the pharmaceutical is injected,
AT, is the time of duration of the phase wherein only
the pharmaceutical is injected, R, is a rate of injection in
a phase wherein the pharmaceutical and diluent are
injected, AT, , is the time of duration of the phase
wherein the pharmaceutical and diluent are injected,
C, 2. roar 18 @ calculated concentration at peak enhance-
ment in the left heart, C; ;. ... 15 @ desired concentra-
tion at peak enhancement in the left heart, C,,, , . isa
calculated concentration in the left heart at the time of
start of the measurement, C, ;. ...~ 1s a desired
concentration in the left heart at the time of start of the
measurement, C, ., is a calculated concentration in
the left heart at the time of the end of the measurement or
Ty, Crirsiare 18 @ calculated concentration in the right
heart at the time of start of the measurement,
C Rz ZurgesDesirea 18 @ desired concentration in the right
heart at the time of start of the measurement, and Cgy,.
Ena 18 a calculated concentration in the right heart at the
time of the end of the measurement, o is a weighting
factor, f§ is a weighting factor and y is a penalty value,
wherein v is not zero if (Q,,(R,AT,, +RAT,, »)>
V1oaq) 18 true and is zero if (Q,, (R AT, +R,AT, . )>
V;oaq) 18 10t true, wherein V,_ ., is the total volume of
the pharmaceutical available, and the values of desired
peak concentration, DesiredPeak, and desired target
concentration, DesiredTarget, of the pharmaceutical in
at least one of the at least two regions of interest are
operator-entered into the cost function.
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In Column 29, Line 14, in Claim 21, delete “The of” and insert -- The method of --, therefor.
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