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Description
F. Background:

[0001] Molecular imaging has great promise for im-
proving diagnosis and treatment of patients with various
diseases. For example, PET/CT (PET -Positron Emis-
sion Tomography combined with CT Computerized To-
mography scans utilizing injections of F-18 labeled tracer
molecules to detect minute anomalies in the patients tis-
sues. To assess the patient’s response to treatment or
predict whether a particular tumor will respond to a par-
ticular treatment, quantifying the behavior of the tissues,
diseases, biological, or physiological under study could
be necessary. Quantification is currently done in several
ways:

[0002] Inthe standard uptake value (SUV) method, the
tracerimaged in a tissue is normalized by the dose given
and some patient characteristic, such as weight, lean
body mass, or body surface area. However, SUV chang-
es with the time between injection and image acquisition
for different tumors.

[0003] Methods in which the patient is injected on the
PET scanner and a series of images are acquired for 10
or 20 minutes and then 55 to 60 minutes post injection
have provided some improvement over SUV. However,
patient body position re-registration and patient waiting
time between scans and logistics of rescanning pose
problems with these methods. Acceptable results (80%
correlation) have also been obtained using a 16 minute
dynamic scan

[0004] Thirty and 40 minute scans have been used to
produce a model of the forward and reverse transport of
FDG between the blood and tissue. However, these
methods may be sensitive to the early phases of time-
activity curves of tumor and input function.

[0005] Methods such as the Patlak plot, the Sokolof
method, and the Logan Plot acquire PK/PD (pharmacok-
inetic/pharmacodynamic) by injecting the patient in the
PET/CT scanner and acquiring images over a length of
time. Models associated with these methods can calcu-
late, estimate, or infer quantities such as tissue perfusion,
blood vessel permeability, tissue glucose metabolism,
and the presence of hypoxia. However, this often re-
quires that the patient be in the scanner for 60 or 90
minutes. "Dynamic Multi-Bed FDG PET imaging: Feasi-
bility and optimization" by Karakatsanis et al (IEEE
NSS/MIC 2011, p. 3863-3870) discloses adynamic multi-
bed FDG PET imaging, with the patient support moving
between several positions and using an image-derived
input function from one of the positions. 1 G. Summary
of the Invention: The invention is defined by the inde-
pendent claim. Further embodiments of the invention are
presented in the dependent claims.

H. Description of Drawings:

[0006] In the following detailed description, reference

10

15

20

25

30

35

45

50

55

is made to the accompanying drawings, which form a
part hereof. In the drawings, similar symbols typically
identify similar components unless context dictates oth-
erwise. Theillustrative embodiments described in the de-
tailed description, drawings, and claims are not meant to
be limiting. Other embodiments may be utilized and other
changes may be made, without departing from the spirit
or scope of the subject matter presented herein. It will be
readily understood that the aspects of the present dis-
closure, as generally described herein and illustrated in
the Figures, can be arranged, substituted, combined,
separated, and designed in a wide variety of different
configurations, all of which are explicitly contemplated
herein.

FIG. 1 is aflow chart representing the system of var-
ious embodiments.

FIG. 2 is a flow chart representing the movement of
a tracer from whole blood to a tissue and cells within
the tissue.

FIG.’s 3a and 3b are a graphical representation of
two exemplary methods.

FIG. 4 includes one exemplary method. FIG 4ais a
flow chart, FIG. 4b is a fluid path diagram, and FIG.
4c is an injector program table.

FIG. 5 includes graphs showing two-hand delivery
of a tracer. FIG. 5a shows good results, FIG. 5b
shows poorresults, and FIG. 5¢ shows good results.
FIG. 6 is a flow chart representation of the simulator.
FIG’s 7a - 7e include example data collected meas-
ured on patients.

|. Detailed Description:

[0007] The above summary of the present invention is
not intended to describe each illustrated embodiment or
every possible implementation of the present invention.
The detailed description, which follows, particularly ex-
emplifies these embodiments.

[0008] Before the present compositions and methods
are described, it is to be understood that they are not
limited to the particular compositions, methodologies or
protocols described, as these may vary. It is also to be
understood that the terminology used in the description
is for the purpose of describing the particular versions or
embodiments only, and is not intended to limit their scope
which will be limited only by the appended claims.
[0009] It must also be noted that as used herein and
in the appended claims, the singular forms "a," "an," and
"the" include plural reference unless the context clearly
dictates otherwise. Unless defined otherwise, all techni-
cal and scientific terms used herein have the same mean-
ings as commonly understood by one of ordinary skill in
the art. Although any methods and materials similar or
equivalent to those described herein can be used in the
practice or testing of embodiments disclosed, the pre-
ferred methods, devices, and materials are now de-
scribed.
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[0010] "Optional" or "optionally" means that the sub-
sequently described event or circumstance may or may
not occur, and that the description includes instances
where the event occurs and instances where it does not.
[0011] "Substantially no" means that the subsequently
described event may occur at most about less than 10
% of the time or the subsequently described component
may be at most about less than 10 % of the total com-
position, in some embodiments, and in others, at most
about less than 5 %, and in still others at most about less
than 1 %.

[0012] For purposes of the description hereinafter, the
terms "upper," "lower," "right," "left," "vertical," "horizon-
tal," "top," "bottom," "lateral," "longitudinal," and deriva-
tives thereof shall relate to the orientation of embodi-
ments disclosed in the drawing figures. However, it is to
be understood that embodiments may assume alterna-
tive variations and step sequences, except where ex-
pressly specified to the contrary. It is also to be under-
stood that the specific devices and processes illustrated
in the attached drawings, and described in the following
specification, are simply exemplary embodiments.
Hence, specific dimensions and other physical charac-
teristics related to the embodiments disclosed herein are
not to be considered as limiting.

[0013] Itisto be understood that the disclosed embod-
iments may assume various alternative variations and
step sequences, except where expressly specified to the
contrary. It is also to be understood that the specific de-
vices and processes illustrated in the attached drawings,
and described in the following specification, are simply
exemplary embodiments. For example, where it is said
that a parameter or data is derived from the image, it
should be recognized that the measured data can be
operated on in many ways to achieve the desired output
or measurement, some of which use an intermediate im-
age and others of which do not.

[0014] Various embodiments are directed to a system
and methods for acquiring imaging data and providing
improved pharmacokinetic (PK) and pharmacodynamic
(PD) data. In general, such methods include the step of
determining an input function from an organ or other part
of a patient’s body having a high blood volume and, in
some embodiments, the input function may be deter-
mined two or more times throughout a procedure. In cer-
tain embodiments, the imaging data collected can be
from the sample tissue are can be normalized based on
multiple input functions determined throughout the pro-
cedure, and the uptake of the tracer and diffusion or cir-
culation of the tracer through the target organ can be
more accurately assessed. Further embodiments, in-
clude systems for carrying out such methods that include
injectors that are capable of providing controlled and con-
tinuous or repeated injection of the tracer throughout the
procedure.

[0015] The imaging system of various embodiments
as illustrated in FIG. 1 optionally uses a multi-compart-
mental physiological modeling convention for the tissue
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within a voxel (volume element). The blood consisting of
plasma and cells, most prominently red blood cells, flows
throughout the body, with different flow rates and different
circulation times to each voxel or volume element in the
body. Drugs including radioactive tracers used inimaging
procedures are generally injected into the peripheral ve-
nous circulation with some injection profile. Each voxel
of tissue usually contains some amount of blood con-
tained within the intravascular space. The extravascular
space generally includes extravascular fluids, a connec-
tive tissue matrix of some type, and cells, which have an
intracellular space and have various metabolic activities
occurring. Each voxel may also contain more than one
material or tissue type, each with different properties, for
example at the boundary of the lungs and rib cage which
could have air, lung tissue, bone and muscle. Imaging
systems measure energy that has been affected by the
voxels. For example, imaging systems measure gamma
rays emitted from the voxel in nuclear medicine, X-ray
absorption in CT or angiography, a magnetic resonance
property in MR, ultrasound reflectance or absorbance in
ultrasound, light in optical or fluorescence imaging,
sound in photoacoustic imaging, and other forms of en-
ergy in other imaging modalities. The measured energy
is then processed and commonly represented as an im-
age.

[0016] Physiological compartmental modeling is also
called PK or PK/PD modeling. Pharmacokinetics (PK)
may be simply defined as what the body does to the drug,
as opposed to pharmacodynamics (PD), which may be
defined as what the drug does to the body. It can be
understood as creating a model for a voxel or region/vol-
ume of interest consisting of multiple voxels and fitting
parameters in that model to a time series of data, meas-
ured, for example, by the imaging system 10.

[0017] Inimaging procedures where PK/PD modeling
is performed, an "input function" that represents the con-
centration of a tracer in the blood plasma over time must
be determined for the model. Generally, diffusion of the
tracer from the plasma into and out of the tissues of a
target organ is modeled during or afterimaging. Current-
ly, to assess plasma concentration of a tracer, blood is
drawn from an artery or an arterialized venous site, and
the concentration of tracer, i.e., the input function, is de-
termined based on the blood sample. However, many
drugs diffuse into red blood cells with time constants on
the order of seconds to minutes, and, diffusion out of the
plasma occurs as the sample is being processed. And
sampling of a patient’s blood is difficult and inconvenient
for both the patient and the health care workers. There-
fore, convenience and accuracy of the input function de-
termination can be improved by deriving the input func-
tiondirectly from the image, preferably with no blood sam-
pling. Additionally, a whole blood to plasma curve as a
function of time approach may be used, and patient spe-
cificinformation such as hematocrit may be incorporated
into the model. The methods and systems described
herein allow provide such improvements over current
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practices.

[0018] The methods of various embodiments include
the step of determining aninput function atleasttwo times
during an imaging procedure. An input function can be
any normalizing parameter. For example, in some em-
bodiments, the input function may be the amount of a
particular compound such as a tracer in a sample of the
patient’s blood, or the amount of radioactive emissions
from the sample, the amount of light emitted, or any com-
bination thereof. Determining an input function can be
carried out by any means known in the art. For example,
in some embodiments, the tracer may be a radiophar-
maceutical, and the input function may be the radioactive
emissions from a blood sample from a patient who has
been administered the radiopharmaceutical. In other em-
bodiments, the input function may be determined based
on the amount of radiopharmaceutical detected in a par-
ticular tissue or organ of the patient based on an image
acquired after administration. In particular embodiments,
the input function may be determined based on the
amount of radiopharmaceutical detected inan organ hav-
ing a high blood volume such as, for example, the heart,
aorta, or ventricle, and the detecting may be carried out
using an image of the high blood volume organ.

[0019] Theamountoftracercanbe basedon the actual
emission from the sample. For example, a light meter or
camera may be used to determine the amount of a light
emitting or fluorescent tracer. The amount of radioactive
tracer such as a radiopharmaceutical can be determined
using, for example, a Geiger counter, sodium iodide de-
tector, multichannel analyzer, ionization (ion) chamber,
neutron REM meter, scintillation counter, multichannel
analyzer, and the like. In certain embodiments, the
amount of tracer, including either light or fluorescence
emitting tracer or radioactive tracer can be determined
based onimages acquired from the patient by, for exam-
ple, determining the brightness of one or more pixels as-
sociated with the tissue or organ used to measure the
input function such as, for example, the heart, aorta, left
ventricle, or combinations thereof.

[0020] Insome embodiments, the method may include
the step of identifying the maximum blood concentration
of the tracer before acquiring an image of the tissue or
organ. Identifying the maximum blood concentration of
the tracer can be carried out by injecting the tracer into
the blood stream of the patient and monitoring the emis-
sions in a particular tissue or organ until the amount of
emission is constant for a period of time. For example,
in some embodiments, a radiopharmaceutical may be
administered to a patient and a first sample may be ob-
tained from the patient a first time period after adminis-
tration. A second sample may be obtained after as sec-
ond time period after administration, and the emission
data obtained from the first sample and second sample
can be compared. Additional samples may then be ob-
tained and compared to the first and second samples as
well as all of the additional samples obtained. The step
of obtaining additional samples can be repeated any
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number of times, and the number of times the step of
obtaining additional sample is repeated can vary based
on the procedure and the patient. For example, in some
embodiments, the step of obtaining additional samples
can be carried out until the sample immediately preced-
ing and immediately following a particular sample are
about equal and/or fall within a particular threshold such
as, for example, about 2% difference, about 5% differ-
ence, about 10% difference, about 20% difference, and
the like or any percent difference between these values.
In further embodiments, more than the immediately pre-
ceding and immediately following samples may be ac-
counted for in determining whether the maximum or de-
sired blood value has been reached. In some embodi-
ments, the first time period, the second time period, and
each ofthe time periods between additional samples may
be the same, and these time periods may be any time
suitable period. For example, a first sample may be taken
30 seconds, 1 minute, 2 minutes, 5 minutes, 10 minutes,
15 minutes, 20 minutes, or the like and any time period
between these exemplary time period. The second sam-
ple may be taken at the same time period as the first,
and each additional sample can be taken after the same
amount of time as elapsed. In other embodiments, the
first time period may be longer than later time period. For
example, the first sample may be taken 5 minutes after
administration and the second and additional samples
may be taken every 30 seconds thereafter. As discussed
above, the term "sample" as used in the above descrip-
tion and below can refer to a physical sample such as,
for example, blood drawn from the patient, or an estimate
of the tracer concentration based on the brightness of
pixels in an image associated with tissue under study or
located in a high blood volume tissue or organ.

[0021] In certain embodiments, methods may include
repeating the step of determining the input function dur-
ing the procedure, and determining the input function can
be repeated any number of times. For example, in some
embodiments, the method may include the steps of iden-
tifying the maximum blood concentration, determining
the input function after the maximum blood concentration
has been reached, imaging a target organ or tissue, de-
termining an input function, and reimaging the target or-
gan or tissue. The steps of determining an input function
and reimaging the target organ or tissue can be repeated
any number of times.

[0022] Although the goal of this invention is to make
the quantitative imagining procedure as short as possi-
ble, not all physiological phenomena have rapid time con-
stants, so generally, the methods described above can
be carried out for any amount of time provided the tracer
is still observable in the images obtained, and because
the images can be normalized, images taken after con-
siderable tracer decay may still provide useable data.
For a single a tracer administration, such a time period
may be about 1 hour or about 2 hours. In certain embod-
iments, the method may further include administration of
additional doses of a tracer. Additional doses of tracer
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can be administered at any time during the procedure,
and because determining an input function and reimag-
ing the target organ or tissue is repeated during the pro-
cedure, images obtained after the additional administra-
tion can be normalized to be consistent with images ob-
tained prior to or during the additional administration. In
certain embodiments, the additional administration may
be carried out after a particular amount of decay has oc-
curred. For example, readministering the tracer can be
carried out after a 40%, 50%, 60%, 70%, 80%, or 90%
reduction in emission detection is observed in the input
function as compared to the input function are maximum
blood volume. Readministration may be determined
manually, or in other embodiments in which a system,
such as that described below, is used to administer the
tracer, image the target organ, and normalize the images
based on the input functions determined over time, re-
administration can be carried out automatically using, for
example, an injector. Because readministration can be
carried out numerous times throughout the procedure
using the method of embodiments, the procedure can be
carried out, and normalized images can be obtained of
the patient, for any amount of time from several hours to
several days or several weeks.

[0023] Some embodiments are directed to a system
designed to carry out the methods described above. The
complexity of such systems may vary depending on the
amount of automation incorporated into the system. For
example, the methods above can be carried out by man-
ually injecting the tracer and determining the input func-
tion, imaging the target tissue or organ, and normalizing
the images using an imager operably connected to a
computer. More automated systems may include the
components illustrated in FIG. 1.

[0024] Fig. 1 shows an exemplary embodiment of an
imaging and analysis system 10 . In various embodi-
ments, the system may include an imaging system 110
configured to image a patient. In some embodiments, the
imager system 110 may include an imager 101 that has
an energy source 102 configured to transmit energy into
and patient and an energy sensor 103 that collects en-
ergy from the patient and converts energy received over
time into a stream of data that can be transferred to and
collected by a control system 120, or a computer 104
associated specifically with the imaging system 110, that
is capable of interpreting and manipulating the data and
displaying an image on a display 131 associated with a
user interface 130. The energy can be transmitted
through the patient or reflected, scattered, or otherwise
interact with the patient or the drug given to the patient.
A sensor 103 associated with the imaging system can
be positioned to receive either transmitted or reflect-
ed/scattered energy and use the received energy to pro-
duce data that can be used to produce an image of the
patient. The energy source may generally be an integral
part of the imaging system; however, in some embodi-
ments, the energy source may be the patient himself in,
for example, black body radiation. In several embodi-
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ments, the energy source 102 is the drug or tracer 141
which contains a radioactive atom. Exemplary imaging
systems 110 that can be incorporated into the system 10
of various embodiments include, but are not limited to,
positron emission tomography (PET) imagers, computed
tomography (CT) imagers, magnetic resonance imaging
(MR) imagers, single-photon emission computed tomog-
raphy (SPECT) imagers, and combinations thereof in-
cluding, for example, PET/CT imagers, PET/MR imag-
ers, SPECT/CT imagers, and the like.

[0025] The data or information acquired by the imager
110 can be transmitted to a control system 120 that can
include various components necessary to compile data
acquired from the imager 101, analyze the data, and
transmit the data to an output device in a user accessible
format. The control system may include one or more com-
puters 121 or similar computing devices having a com-
puter-readable storage medium 123 capable of storing
computer-readable program code or instructions that
cause the processing unit 122 to execute, configure, or
otherwise implement the methods, processes, and trans-
formational data manipulations necessary to carry out
the methods described above. The computer 121 can
include one or more processing units 122 (typically re-
ferred to as a central processing unit or CPU) that serves
to execute computer-based instructions received in the
appropriate data form and format. In some embodiments,
the processing unit 122 can be in the form of multiple
processors executing code in series, in parallel, or in any
other manner for appropriate implementation of the com-
puter-based instructions. In various embodiments, the
computer 121 may be operably configured to execute
appropriate software to perform and implement the
processing steps of the method s described above. The
computer 121 may be in the form of a personal computer
coupled to the system 10, a processor formed integrally
with the imaging system 110, a computer separate from
the imaging system 110, or any other type of computing
device having the necessary processing hardware to ap-
propriately process data to effectively implement the
methods described above.

[0026] The control system 120 may further include a
system bus 124 to facilitate appropriate data communi-
cation and processing information between the various
components of the computer 121. The system bus 124
may be any of several types of bus structures, including
a memory bus or memory controller, a peripheral bus, or
alocal bus using any of a variety of bus architectures. In
particular embodiments, the system bus 124 may facili-
tate data and information communication between the
various components (whether internal or external to the
computer 121) through interfaces.

[0027] In some embodiments, the computer 121 may
include one or more discrete computer-readable media
components that can be contained on the computer-
readable storage medium 123. The computer-readable
storage medium 123 may be any method or technology
for storage of information such as computer-readable in-
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structions, data structures, program modules, or other
data, including, but not limited to, random access mem-
ory (RAM), read only memory (ROM), electrically eras-
able programmable read only memory (EEPROM), flash
memory, or other memory technology, CD-ROM, digital
versatile disks (DVDs), or other optical disk storage, mag-
netic cassettes, magnetic tape, magnetic disk storage,
or other magnetic storage devices, or any other medium
which can be used to store the desired information and
which can be accessed by the computer 121. The com-
puter-readable media contained on the computer read-
able storage medium 123 may include any media that
can be accessed by the computer 121, such as volatile
media, non-volatile media, removable media, non-re-
movable media, and the like. In some embodiments, the
computer-readable media may include communications
media, such as computer-readable instructions, data
structures, program modules, or other data in a modu-
lated data signal such as a carrier wave, or other transport
mechanism. In other embodiments, the computer-read-
able media may include any information delivery media,
wired media (such as a wired network and a direct-wired
connection), and wireless media (such as acoustic sig-
nals, radio frequency signals, optical signals, infrared sig-
nals, biometric signals, bar code signals, etc.). Combi-
nations of any of the above are also included within the
scope of computer-readable media.

[0028] In still other embodiments, the computer 121
may further include system memory 125 such as volatile
and non- volatile memory, ROM, and/or RAM. A basic
input/output system (BIOS) with appropriate computer-
based routines assists in transferring information be-
tween components within the computer 121 and can be
stored in ROM. The RAM portion of the system memory
125 typically contains data and program modules that
are immediately accessible to or presently being operat-
ed on by processing unit 122 such as, for example, an
operating system, application programming interfaces,
application programs, program modules, program data,
and other instruction-based computer-readable code.
[0029] The computer 121 may also include other re-
movable or non-removable, volatile or non-volatile com-
puter storage media products. For example, the compu-
ter 121 may include a non-removable memory 121 that
includes a non-removable, non-volatile magnetic medi-
um, a removable, non-volatile memory interface that
communicates with and controls a magnetic disk drive
unit that reads from and writes to a removable, non- vol-
atile magnetic disk, an optical disk drive unit that reads
from and writes to a removable, non-volatile optical disk,
such as a CD ROM, a Universal Serial Bus (USB) port
for use in connection with, for example, a removable
memory card, and the like and combinations thereof. Oth-
er removable or non-removable, volatile or non-volatile
computer storage media can be used in the exemplary
control system 120, including, but not limited to, magnetic
tape cassettes, DVDs, digital video tape, solid state RAM,
solid state ROM, and the like. These removable or non-
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removable, volatile or non-volatile magnetic media can
be configured to be in communication with the at least
one processing unit 122 and other components of the
computer 121 via the system bus 124. The drives and
their associated computer storage media discussed
above provide storage of operating systems, computer-
readable instructions, application programs, data struc-
tures, program modules, program data, and otherinstruc-
tion-based computer-readable code for the computer
121 whether duplicative or not of the information and data
in the system memory 125.

[0030] The imaging system 10 may include one or
more user interfaces 130 associated with the controller
system 120. The user interface may include one or more
displays 131 or graphical user interfaces (GUI) that is
capable of displaying images and other graphics in color
or black and white and configured to present or provide
data and information to an operator in an intelligible form
or format. In some embodiments, the display 131 may
be configured to allow a user to program or otherwise
operate the system 10, and in various embodiments, the
display 131 may display real-time data with regard to the
operation of the system. For example, in certain embod-
iments, the display 131 may have touch-screen capabil-
ities or be otherwise configured to allow a user to interact
with the control system 120 and, in particular, the com-
puter 121 associated with the control system, by manip-
ulating or touching the display 131. In other embodi-
ments, the system user interface 130 may include a key-
board, mouse, or other device 132 configured to allow
the user to program or otherwise operate the system.
[0031] Inparticular embodiments, the display 131 may
be included as part of a laptop or tablet computer that is
electronically associated to the system by a hard wired
or wireless network. In other embodiments, the display
131 may be fixed to the system via a housing that en-
compasses the imaging system 110 and the control sys-
tem 120. Such displays 131 may be configured to be
tilted or swiveled to allow the display 131 to be positioned
by an operator. In further embodiments, the display 131
may be positioned away from the system and attached
to the system by a hard wired or wireless network.
[0032] In certain embodiments, the system 10 may in-
clude a printer 133 that is configured to physically display
this information and data in print form. The printer of var-
ious embodiments may be of any type and includes off
the shelf ink-jet and laser printers. In particular embodi-
ments, the printer may be configured to print adhesive
backed labels. In still other embodiments, the system 10
may include a speaker 134 to audibly present this infor-
mation and data in audible form. For example, a speaker
may be configured to produce an audible "beep" when
the method or a portion of the method is complete. For
example, the system may be configured to provide a
"beep" when maximum blood volume has been reached
or when the input function has reached upper or lower
thresholds. In various embodiments, such devices may
be in communication with the computer or other control
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system through output interfaces.

[0033] In particular embodiments, the system 10 may
be configured to allow a user to enter commands, infor-
mation, and data into the computer 121 using the touch-
screen of the GUI display 131 via an user interface 130.
However, it has been envisioned that an operator may
entercommands, information, and datainto the computer
121 using other attachable or operable input devices,
such as a keyboard, a mouse, a remote control device,
a microphone, a trackball, a joystick, a touchpad, a scan-
ner, a tablet computer, and the like, via the user interface
130. Any arrangement that facilitates the input of data
and information to the computer 121 from an outside
source may be used including, for example, hard wiring
or accessing using a wireless network device, such as
blue tooth, a wireless internet connection, or a cellular
connection. As discussed, these and other input devices
are often connected to the control system 120 through
the user interface 130 coupled to the system bus 124,
but may be connected by other interface and bus struc-
tures, such as a parallel port, game port, or a USB.
[0034] The display 131 may provide output image that
are single plane representations of a 3D voxel data set
or 3D graphical images. In some embodiments, the out-
putimage may provide all the data presented to the user.
In other embodiments, the outputimage may further pro-
vide various physiologically relevant parameters such as
blood volume, blood flow, drug uptake or diffusion, drug
metabolism that can provide information to the user that
can be used, for example, in diagnosis of a patient’s con-
dition.

[0035] In certain embodiments, the control system 120
will include and external interface 129 for communica-
tions of data into or out of system 10. The external inter-
face 129 can connect to one or more other external data
or computer systems 150 over any of a multitude of com-
munications medium with their applicable communica-
tions protocols. The data coming in may include, for ex-
ample, patient and procedure or protocol ordering or
schedule information. Data going out can include DICOM
data going to a PACS system, or information about the
procedure to a hospital information systems (HIS) or ra-
diology information system (RIS). Such information can
be used for billing, safety, efficiency or a myriad of other
uses.

[0036] In certain embodiments, the computer 104 or
121 of system 10 may include a protocol simulator as
illustrated in FIG. 6 that is configured to simulate deliv-
ering the tracer, collecting the data, and analyzing the
data. During simulation, patient circulation, uptake of the
tracer by selected tissues, and excretion and degradation
ofthe tracer can be simulated. The compartmental model
operates within a physical 3D or 4D model of the body,
so that tissue concentrations can be given a location in
space. Such models have been developed for CT, PET,
and SPECT image acquisition. These models allow iter-
ative reconstruction methods to account for various
sources of noise and distortion. Using the model with the
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know capabilities and limitations of imaging system 110,
the simulator creates the data that would have been
measured by the real imaging system 110 given the sim-
ulated distribution of the tracer. This data is then trans-
mitted to the control system 120, and a quantitative as-
sessment and diagnosis can be made. Because the a
quantitative results come from a simulation, the results
can be compare to the compartmental model parameter
that went into the simulations to assess how well the pro-
posed protocol would allow for identification of the correct
compartmental properties. This simulator may not be
used for every patient but can be used to assess and
optimize imaging and drug delivery protocols for new
drugs, new theories of disease, or when there is a sig-
nificant deviation in some condition, such as patient
weight, size, or another factor.

[0037] In some embodiments, a physician or other
medical personnel may carry out injection of the tracer
manually. In other embodiments, the system 10 may fur-
therinclude an injector 140 configured to inject or admin-
ister a tracer or drug 141 to a patient, and in some em-
bodiments, the injector 140 may be further configured to
inject or administer saline or other fluid 142 to a patient
before, during, or after administration of the tracer 141.
Forexample, in some embodiments, the injector 140 may
simply inject one or more prescribed dosages of a tracer
141 directly into a patient’s blood stream via a hypoder-
mic needle and syringe. In other embodiments, the in-
jector 140 may be configured to continually administer
saline 142 to a patient through a peripheral 1V line (PIV)
and one or more prescribed dosages of the tracer 141
may by introduced into PIV and administered to the pa-
tient. In still other embodiments, the injector 140 may be
configured to inject a dose of tracer 141 followed by ad-
ministration of a particular volume of saline 142.

[0038] In some embodiments, the system 10 may be
configured to administer a single tracer 141, and in other
embodiments the system may be configured to deliver
two or more different tracer. In embodiments in which the
system is configured to deliver multiple tracers 141, the
system may allow the operator to switch configurations
depending on the intended procedure. The amount of
each tracer 141 delivered by the system may vary among
embodiments and based on the protocol being used.
Generally, a physician or other qualified medical person-
nel can determine an appropriate amount of tracer 141
to be delivered to a particular patient using metrics re-
garding the patient known in the art. Because of the flex-
ibility of the system, any amount of one or more tracers
can be delivered. The injector may be configured to inject
two or more tracers either individually, sequentially, or
simultaneously. As such, in certain embodiments, the in-
jector may include two or more reservoirs such as vials
or syringes capable of holding a radiopharmaceutical pri-
or to administration. The injector may further include ad-
ditional medical fluid reservoirs capable of holding, for
example, saline, other drugs, or other fluids.

[0039] The system 10 may be configured to deliver any
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tracer 141. For example, the systems of various embod-
iments may be configured to deliver any radiopharma-
ceutical known in the art alone or in combination with
another pharmaceutical compositions. For example, in
some embodiments, the system may be designed and
configured to deliver 47Ca-Ca2*, 11C-L-methyl-methio-
nine, 14C-glycocholic acid, 14C- para-amino benzoic acid
(PABA), '4C-urea, 4C-d-xylose, %1Cr-red blood cells,
51Cr-Cr3+, 51Cr- ethylenediaminetetraacetic acid (ED-
TA), 57Co-cyanocobalamin (vitamin B,), 8Co-cyanoco-
balamin (vitamin By5), 169Er-colloid, '8F-fluorodeoxyglu-
cose (FDG), '8F-fluoride, 18F-fluorocholine, 68Ga-dota-
toc or dotatate, 3H-water, 111In-diethylenetriaminepenta-
acetic acid (DTPA), '"In-leukocytes, 111In-platelets,
111|n-pentetreotide, 1'In-octreotide, 123l-iodize, 123I-o-
iodohippurate, 123]- m-iodobenzylguanidine (MIBG),
123|-FP-CIT, 125I-fibrinogen, 131I-iodide, 131l-iodide, 131I-
m-iodobenzylguanidine (MIBG), 59Fe-Fe2* or Fe3*,
8ImKr-aqueous, 13N-ammonia, 150-water, 32P-phos-
phate, 82Rb-chloride, 153Sm-ethylenediaminotetrameth-
ylenephosphoric acid (EDTMP), 75Se-selenorcholester-
ol, 75Se-23-Seleno-25-homo-tauro-cholate (SeHCAT),
22Na-Na*, 24Na-Na*, 89Sr-chloride, 99mTc-pertech-
netate, 99MTc-human albumin, 99MTc-human albumin
macroaggregates or microspheres, 99MTc-phospho-
nates and phosphate, 9¥MTc-diethylenetriaminepenta-
acetic acid (DTPA), 9®mTc- dimercaptosuccinic acid (V)
(DMSA), 99mTc-dimercaptosuccinic acid (lll) (DMSA),
99mTc-colloid, 99MTc-hepatic iminodiacetic acid (HIDA),
99mTc-denatured red blood cells, 99MTc-red blood cells,
99MTc. mercaptoacetyltriglycine (MAG3), 99MTc-exam-
etazime, 99mTc-sestamibi (MIBI-methoxy isobutyl isoni-
trile), 9°mTc-sulesomab (IMMU-MN3 murine Fab’-SH an-
tigranulocyte monoclonal antibody fragments), 99mTc-
human immunoglobulin, 99MTc-tetrofosmin, 99MTc-ethyl
cysteinate dimer (ECD), 201T1-T1+, 133Xe in isotonic so-
dium chloride solution, 90Y-silicate, and the like and com-
binations thereof. In certain embodiments, the system
may be configured to deliver 18F-fluorodeoxyglucose
(FDG). Exemplary non-radioactive drugs include X-ray
or CT contrast such as Ultravist® or Omnipaque™, MR
contrasts such Gadovist®, as well as ultrasound con-
trasts and optical tracers.

[0040] The injector 140 in combination with the control
system 120 can enable operation and synchronization
of administration of the tracer or drug 141 for short events
such as a seizure or a CT scan or longer events such as
sustained levels of neurotransmitter for a brain study or
otherlong time constant PK studies. It can provide patient
specific profiles to achieve desired plasma or tissue lev-
els of tracer 141. Generally, the injector 140 can provide
a short tight bolus injection of a tracer 141 with or without
saline or other fluid 142 flush for first pass or dynamic
visualization of perfusion differences, in other embodi-
ments, the injector may provide a slow injection of the
tracer. For example, the system 10 may allow the user
to program the injector 140 to inject a tracer 141 at a
certain rate based on volume (ml), mass (mg), or activity
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(mCi) over time. Therefore, injection of, for example, a
30 ml dose of a radiopharmaceutical having an activity
of 10 mCi can be carried out over, for example, 10 sec-
onds, 20 seconds, 30 seconds, 45 seconds, 60 seconds,
90 seconds, 1 minute, 2 minutes, 3 minutes, 5 minutes,
10 minutes, 20 minutes, 30 minutes, 1 hour, or the so
forth and any time period selected by the operator or
user. The system 10 may also allow the user to program
the injector 140 to inject several discrete doses of tracer
over a period of time, for example, one 10 ml injection
every 5 minutes or 10 minutes for 30 minutes or 40 min-
utes. The system 10 can further vary the injection based
upon feedback about the condition of the patient based
upon the measurements of the energy sensor 103 or an
auxiliary sensor 107 associated with the imaging system
110. For example, a certain dose of tracer 141 may be
administered when the input function reaches a particular
lower threshold, or injection can be halted when an ad-
verse event is observed or detected.

[0041] In some embodiments, the system may include
auxiliary sensors 107 that track and monitor additional
patient body functions during the imaging procedure.
Such auxiliary sensors 107 are not limited and can in-
clude electro-cardio grams (ECG), respiration monitors,
motion sensors, and the like and combinations thereof.
In certain embodiments, the auxiliary sensors 107 may
be configured to continuously monitor, for example, res-
piration, ECG, EEG, and/or other physiological indica-
tions of the physical state or status of the patient that can
affect how the data collected is adjusted. For example,
respiration moves the organs of the chest and abdomen
in a repeatable way. ECG is synchronized with changes
in heart wall position and wall thickness, which can affect
the correct measurement of the image derived input func-
tion. In addition, motion correction or compensation is
useful in the more accurate analysis of any voxel prop-
erties. Data acquired by the auxiliary sensors can be real
time by theimaging system 110 and collected by a control
system 120 and incorporated into the output provided to
the user through the user interface 130.

[0042] In other embodiments, the system may include
one or more patient supports or patient positioners 160
for maintaining patients in a constant known position dur-
ing the scan. Normally norestraintis applied to the patient
in PET imaging because dynamic scans are not routinely
done in most clinical practices. Sometimes straps are
used to make sure that the patient does not fall off of the
imaging table or platform so that the patient feels secure.
In some embodiments, sealed bags of polystyrene beads
may be provided on the table or platform on which the
patient lays that move and conform to the contours of the
patient when at atmospheric pressure. When the air is
removed from the bag, it becomes a relatively rigid brace
thereby providing support for the patient while preventing
or reducing patient motion. In other embodiments, the
patient support 160 can quickly and accurately move the
patient between scan or bed positions as the scan takes
place ensuring that events detected by the energy sensor
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103 are attributed to the correct voxel by the system con-
troller 120 during analysis.

[0043] The controller system 120, injector 140, and im-
aging system 110 may all contain computer functions
that may be performed by one or more computers. The
manner in which the planning of the procedure, execution
of the plan, and analysis of the data acquire is partitioned
between the various components or devices of the total
or overall system can vary depending upon the prefer-
ence of the manufacturer or manufacturers. Generally,
the control system 120 may collect data from each of the
other components and the various computers associated
with the injector 140 and imaging system 110, and coor-
dinate activities of the system 10. For example, the sys-
tem controller 120 may control and coordinate injection
profiles (tracer and saline) that influence the input func-
tion of the tissue of interest, imager bed position se-
quence and timing, collimation, mode of acquisition (2D,
3D, TOF), slice duration, data capture (list mode, in some
embodiments, for flexible reconstruction), PK/PD model
used, ECG synchronization/acquisition, and the applica-
tion of anatomical information from CT or MR, especially
for example tissue boundaries to allow for significant
changes in PK/PD model results.

[0044] The control system uses the data from the im-
aging system to first determine the input function and
then to conduct the analysis determined by the operator.
Among the more sophisticated analysis is a voxel by vox-
el, or at least a region of interest, multi-compartmental
PK/PD analysis. Among the less sophisticated would be
a Patlak analysis. The least sophisticated would be a
simple SUV, preferably corrected for residual blood con-
centration.

[0045] The system 10 can be configured to control, af-
fect, measure, or account for various aspects of imaging
procedures to more accurately determine PK/PD param-
eters and provide more accurate data for the user, doctor
or other health care professional. For example, in various
embodiments, the system 10 may use the time required
for the tracer to reach the heart after administration, the
spread of the injection as it moves through the lungs, the
transit time of the heart, time and distribution of recircu-
lation, uptake and metabolization rates in various tissues,
rates of removal from the blood stream, absorption and
elimination of the tracer in tissues and organs such as
the liver and kidney to determine PK/PD parameters used
in analyzing the images acquired during the procedure.
In particular embodiments, the system 10 may relate var-
ious times involved in the procedure in setting parame-
ters such asinjection flow rates to optimize data collection
and analysis. The times may include, for example, transit
time and bolus broadening from injection site to central
circulation, transit time through the lungs, and recircula-
tion and distribution times. Figures 7a through 7e illus-
trates this phenomena. FIG. 7a and 7b represent Houns-
field units measurements in the pulmonary artery and
aorta respectively for a number of patients who received
a 20ml injection of contrast at 3ml/S with a 20m saline
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flush at 3ml/S. The patient to patient variation is evident.
FIG.7c, 7d, and 7e represent aortic enhancements under
the same conditions, illustrating the difference that the
saline flush makes in helping to drive the drug, contrast,
or tracer 141 to the central circulation.

[0046] In some embodiments, important times includ-
ing, for instance, diffusion rates into and out of blood cells,
diffusion rate into and out of extravascular or extracellular
space, and diffusion rate into and out of cells, may also
be utilized in setting parameters for the procedure. In
other embodiments, coordination times including, for ex-
ample, physiological events, imaging acquisition, first
pass flow of the drug, and PK/PD phenomena times of
interest can be utilized by the system to optimize param-
eters associated with the procedure.

[0047] For example, if the injection produces a very
short or tight bolus the concentration of the tracer in the
heart can become very high, and the input function at
specific voxels may differ significantly from each other
over time and differ from what can be measured in the
larger blood vessels or the heart. As a result, imagers
such as PET scanners cannot respond linearly to the
tracer. Currently, imagers must approximate a linear re-
sponse to provide accurate input functions over time;
however, accurately estimating an image derived input
function from a tight bolus can be difficult because frame
rate of the scanner, activity of the tracer, and the noise
associated with radioactive decay. Additionally, analysis
of images acquired after bolus injection of tracer often
treats data that is an integral of all the counts collected
over the scan period as the intensity of the radiation
source at a point in time, often the midpoint of the scan.
With rapidly changing concentrations, the concentration
measured can be significantly different that the instanta-
neous concentration, more when rising or less when fall-
ing. Thus, when trying to fit the data curve, treating the
data as being an instantaneous point on the curve rather
than as the integral of the curve over time can lead to
significant errors. Thus, in some embodiments, it is pref-
erable to operate in the time integral mode. In other em-
bodiments it is preferable to operate in the list mode so
thattime partitioning can be determined after data acqui-
sition.

[0048] Therefore, in certain embodiments, the tracer
may be injected over a period of time. Without wishing
to be bound by theory, steady improvement in PK/PD
data derived from images acquired using the methods
and systems described above may be achieved by in-
jecting a tracer over a time period of about 30 seconds,
about 60 seconds, about 120 seconds, about 240 sec-
onds, about 360 seconds, and so on and any time period
between these exemplary time periods. In other embod-
iments, a decaying exponential flow profile for the injec-
tion of tracer may be used. In still other embodiments,
continuous infusion of the tracer may be used, and in
some embodiments, continuous infusion may include a
bolus injection at the beginning of the procedure. Without
wishing to be bound by theory, a continuous infusion with
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bolus injection procedure may be beneficial where rapid
metabolism of the tracer may occur to achieve and main-
tain the desired blood plasma level as is done in neuro-
transmitter studies.

[0049] In particular embodiments, a tracer may be de-
livered over a time that is longer the average or mean
circulation time of the tracer in the blood to provide a
blood pool concentration that is relatively uniform. The
whole blood concentration of the tracer can be measured
in the heart or a large artery, and the whole blood con-
centration can be measured as the blood leaves the kid-
ney, using a constant for the clearance rate of the kidney.
In patients with healthy kidneys, the kidneys are an im-
portant excretory pathway for tracers such as FDG. For
appropriate tracers, the concentration after the filtration
by the kidneys therefore can be assumed to be low, ap-
proaching the concentration in the blood cells, which
make up approximately 40% of the total blood volume
as a check to or instead of using a population or standard
calculation for determining plasma concentration from
whole blood concentration. The plasma concentration
can be determined based on the quantity, the central
circulation whole blood concentration minus the post kid-
ney venous whole blood concentration, that quantity di-
vided by the extraction fraction of the kidney for that drug
141.

[0050] Insomeembodiments,theimagingsystemtime
scale may be used to determine an appropriate injection
profile. In particular, systems such as CT and MR can
acquire images in less than 1 second. However, PET
images can be acquired with a high time resolution, but
the images are noisy because the dose of radioactivity
given determines the maximum average total count rate
and short scans therefore include fewer decay events or
counts. Thus, in some embodiments, the PET data may
be acquired in "list mode" and archived in a table or list
in memory by the system such that each event is time
stamped. During subsequent analysis the data and
events may be rebined or gathered into whatever time
steps are optimum for the analysis. In such embodi-
ments, injection of the tracer may be controlled and
slowed as hand injections are often too fast in relation to
this time scale.

[0051] In some embodiments, circulation and recircu-
lation time of the patient may be used to determine an
appropriate injection profile. Circulation and recirculation
may affect the analysis in at least two ways. First, circu-
lation time affects the ability of the control system 120 to
use the central cardiac or arterial blood concentrations
as the input function for other parts of the body because
there is a time delay between the measurement of con-
centrationin the central blood vessels and when that con-
centration reaches peripheral tissue. Second, recircula-
tion time affects the buildup of the tracer in the blood.
[0052] In some embodiments, expected or estimated
diffusion or transport coefficients of the tracer from the
plasma into the target tissue (K1), from the target tissue
into the plasma (K2), from the target tissue into a cell of
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the target tissue (K3), and from a cell into the target tissue
(K4) (see FIG. 2) can be used to determine an appropriate
injection profile. Generally, when K1 or K3 are slow or
K2 or K4 are fast, a longer the scan may be required to
acquire useable data. As such, a longer injection time
may be used, and in certain embodiments, continuously
varying or step function changes that are maintained for
a sufficient time may be included.

[0053] Insome embodiments, rate of removal of tracer
from the blood pool may be used to determine an appro-
priate injection profile. Tracer can be removed from the
blood pool through excretion by the kidneys or liver, di-
alysis, metabolism to byproducts, or uptake by tissue oth-
er than that of interest. For tracers that are removed from
the blood pool quickly, longer injection profiles may be
required to acquire useable data.

[0054] Inparticular embodiments, iterative reconstruc-
tion or other numerical techniques may be utilized by the
controller system 120 during the analysis process and/or
results from previous external modeling and analysis can
be used to model or predictable adapt some or all of the
total system including the tracer used, the imaging ap-
paratus, and the data reconstruction/analysis process
enabling optimum or sufficient injection to be delivered
given known or estimated information about the patient
and the other parts of the total system. In various em-
bodiments, iterative reconstruction techniques during
analysis can partially or fully include, compensate for, or
overcome a number of non-idealities or non-linearities in
the overall system. For example, PK/PD model limita-
tions such as extraction fraction, receptor or transporter
saturation, the concentration of tracer in the tissue over
time, limited count statistics, and the like can be optimized
using previous data so that image acquisition time with
respect to count noise and time resolution can be re-
solved.

[0055] Example factors that can be included as inputs
to procedure plan and/or analysis are the disease or con-
dition for which patient is being studied, anticipated mod-
el or analysis to be used or parameters to be determined,
patient factors, levels of blood sugar or other relevant
molecules. Example study factors include the tracer be-
ing used and other drugs or stimuli. Example imager fac-
tors which may be considered include the sensitivity, res-
olution, collimator characteristics, scatter, positron travel,
and the various factors considered initerative reconstruc-
tion algorithms in the literature and practice, slice inte-
gration or times, bed position timing, reconstruction al-
gorithm, motion compensation. Further example factors
include reconstruction and model factors, input function
determination (including blood binding), circulation delay
to tissue from input function, blood volume fraction, and
superposition of multiple tissue types in one voxel or vol-
ume of analysis.

[0056] In general, using a controlled injector to deliver
one or more drugs as part of the protocol of the system
10 has numerous benefits. Injectors can do what may be
difficult or impossible to do manually, such as inject at
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higher pressures, inject at higher flow rates, inject higher
total volumes, inject higher viscosity materials (utilizing
the high pressure capability), synchronize injection with
other equipment, inject consistently over time, inject
slowly & steadily (early liver metastases, gene therapy)
inject very rapidly, and inject consistently where material
properties vary over time and varying the injection under
program control. An injector can overcome or maintain
consistent performance in the face of variations in fluid
path restrictions, viscosity, operator variations, patient
variations, venous volume, topography, and flow rates,
and central blood volume and cardiac output. Parameters
which can be controlled include for example volume, flow
rate, pressure, temperature, selection of fluid(s), concen-
tration - simultaneous injection to maintain constant total
flow, state of fluids (temperature, agitation, viscosity),
time sequencing of any of above, pause, hold, and delay.

EXAMPLES

[0057] Although the present invention has been de-
scribed in considerable detail with reference to certain
preferred embodiments thereof, other versions are pos-
sible. Various aspects of the present invention will be
illustrated with reference to the following non-limiting ex-
amples.

EXAMPLE 1

[0058] FIG. 3a shows an exemplary protocol for sys-
tem 10 of various embodiments. The graph 300 is a curve
representing the drug concentration in the left ventricle
or the ascending aorta over time. The horizontal axis pro-
vides time in seconds and vertical scale is in arbitrary
units, which would depend upon the drug being given
and the imaging modality being used, for example mCi/ml
for nuclear medicine, Hounsfield units for CT, T1 or T2
for MR, amplitude for ultrasound, and so on. The dashed
line indicates the injection rate of the tracer. The bar 320
below the graph 300 indicates shows injection (black)
versus no injection (white). Bed position during the scan
330 is provided below the injection graph. Because the
scanner can cover only a finite volume of the body, the
patient is generally scanned in overlapping steps or po-
sitions of the patient bed, thus the term "bed positions."
Four bed positions are provided in FIG. 3. Bed position
1 covers the head and shoulders; bed position 2 covers
the heart and torso; bed position 3 covers the lower torso
and upper legs; and bed position 4 covers the remainder
of the legs. If the scanner is not large enough to cover
the whole body in 4 bed positions, the operator can
choose to add additional bed positions and/or shorten
the time at each bed position.

[0059] As illustrated in FIG. 3a, injection is constant
over 300 seconds, or 5 minutes, shown on the bar graph
320. As shown on the line graph 300, for an injection that
starts at time 0, there is a period of time 310 before any
tracer is observed at the ascending aorta. The concen-
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tration of tracer n the plasma is 0. A rapid rise in tracer
is then observed 311 as the bolus reaches the aorta and
achieves full flow. A linearrise in tracer the concentration
is observed 312 as the tracer builds up in the blood as it
is recirculated. The tracer is expected to be moving out
of the blood into various tissues and organs at this time,
so therisein concentration is not exactly linear. However,
for the purposes of this example, it will be illustrated by
a straight line. Finally, after the injection ceases, normal
diffusion and elimination of the tracer from the blood is
indicated by the decrease in plasma concentration 314.
As discussed above, the concentration of tracer in the
plasma is different than the concentration in whole blood
because of uptake (or lack of uptake) by red blood cells.
The control system can be configured determine the plas-
ma concentration by monitoring tracer concentration of
blood leaving the kidney or by various other methods
known to those skilled in the art.

[0060] The bed position 330 illustrated in FIG. 3a, is
selected to provide a purposeful and non-uniform method
to achieve accuracy of the determination of the input func-
tion and still enable enough points for a quantitative anal-
ysis to be done on a voxel basis. In Region 1, the scan
is strictly over the left ventricle, the aorta, or another re-
gion chosen by the operator to provide the input function.
This enables the imaging system 110 to assess the plas-
ma concentration of the tracer during the scan.

[0061] Once the input function concentration level set
in the protocol, the protocol moves into Region 2. The
patient support moves the patient to bed position 1 and
a scan is taken of the head. Subsequently, the patient
support is moved successively to bed positions 2, 3, and
4. Note that bed position 2 allows another assessment
of the input function.

[0062] As the injection is ending, region 3 of the pro-
tocol begins, and the patient support returns to bed po-
sition 2 so that the input function region can be measured
during the transition from climbing to decaying blood
plasma levels. This example protocol involves monitoring
the end of the rise and the beginning of the fall.

[0063] After a sufficient time, region 4 begins, in which
allthe bed positions are scanned. In the example protocol
of FIG. 3a, three data scans are taken for each bed po-
sition and extra are taken of the bed position with the
input function region. This example protocol indicates
that the first 4 bed positions are scanned at half the rate
ofthe subsequentones. This can be adjusted based upon
the expectations of the operator, the capabilities of the
imaging system 110, or adaptively based upon the meas-
urements or image reconstructions, most simply based
upon a total count. In this case the earlier scans could
be slower than the latter, which is opposite of what is
illustrated in the example of FIG. 3a. As the level in the
blood decrease and changes more slowly, there is no
need for the extra measurements of the input function.
[0064] The protocol enters Region 5 where a series of
scans from head to foot are taken. During region 5, the
length of scan at each bed position can vary from the
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length of time from the time periods of region 4. For ex-
ample, the time period for each bed position scan can be
selected from a library or manually fixed by the operator.
In other embodiments, the imager or analysis algorithm
run by the control system can select the time period for
each scan based on patient and imager information.
[0065] Region 6 represents a final longer scan time at
each bed position. The concentration of tracer in the tar-
get tissue will change most slowly at this time, so longer
scan times will provide lower noise measurement while
not missing any significant dynamic information. This
could be used to create an image that the operator or
doctor would consider to be the normal staticimage used
for visual diagnosis, such as looking for unknown or dis-
tant metastases.

[0066] During the imaging sequence the control sys-
tem may simultaneously collect information from the one
or more auxiliary sensors that can be used to condition
the image data. For example, if the auxiliary sensor is
collecting ECG data, it can be used to link data or images
from the region of the heart to the heart cycle. If the left
ventricle is being used for input function determination,
only data collected during diastole can be used to mini-
mize interference from the heart wall. If the auxiliary sen-
soris measuringrespiration, it can be used in the analysis
to select data during the end tidal phase, or to the extent
possible to correct for patient motion. Where the imager
isa PET/MR system, anatomical data from the MR image
can be simultaneously collected with the PET data and
used by the control system to compensate for motion,
even including intestinal or other physiological motion
that cannot be measured or sensed externally.

[0067] The analyzer uses the data from the imaging
system 110 to first determine the input function and then
to conduct the analysis determined by the operator.
Among the more sophisticated analysis is a voxel by vox-
el, or at least a region of interest, multi-compartmental
PK/PD analysis. Among the less sophisticated analysis
would be aPatlak analysis. The least sophisticated would
be a simple SUV corrected for residual blood concentra-
tion. The nuclear medicine literature contains many so-
phisticated and simple approaches. PMOD mentioned
elsewhere is a commercially available package. The pro-
tocol of this example includes relatively complete or full
information about the input, allowing the most sophisti-
cated modeling or analyses to be performed.

EXAMPLE 2

[0068] The protocol of FIG. 3b is used and the control
system is employing a Patlak analysis to perform the
quantitative analysis. This protocol uses a decaying ex-
ponentialinjection protocol selected to increase the blood
concentration to a high level and hold it steady for ap-
proximately 90 seconds. As above, injection of the tracer
creates a blood concentration, which initially is 0, until
the tracer achieves an observable concentration at the
site being measured for the input function. The tracer
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concentration then quickly rises and holds steady before
decaying after the injection stops. In region 1, the input
function volume is measured, as well as the other patient
voxels in that bed position.. Once the concentration
reaches the plateau region and is not changing quickly,
ascan through all the bed positions is carried outin region
2 to get an initial measurement for each voxel. In region
3, the input function is measured as the injection ends
and the tracer concentration in the blood begins to fall.
In region 4, the concentration in the blood is changing
rapidly enough that it is worth oversampling the input
function bed position. In region 5, the concentration is
changing slowly enough that the extra sampling of the
input function is not needed, and in region 6, a long scan
of all the bed positions is carried out.

[0069] Once the scanis completed, the control system
applies Patlak analysis to each voxel to measure the glu-
cose metabolic rate of the tissue. This can be used to in
the diagnosis of disease or in the assessment of the dis-
ease’s response to treatment. For the Patlak analysis, it
is not necessary to measure the concentration in the tis-
sue voxels from the beginning of the scan because the
data that is of most importance is that measured once a
general equilibrium has been reached between blood
and tissue concentrations, at which time the irreversible
metabolic process is the primary factor affecting the in-
crease in the ration of tissue concentration to plasma
concentration. Patlak analysis does, however, require an
accurate measurement of the input function over the
whole time. The decaying exponential bolus delivered
over 90 seconds is selected as a compromise or happy
medium between these two factors. The faster the drug
is delivered, the sooner the stabilization process begins
and the shorter the total scan time can be. However, it
is necessary to accurately know the integral of the con-
centration curve, so starting with a rapid climb to too high
a concentration can cause errors in input function esti-
mation and integration. A very slow or long injection such
as that of FIG 3a, while easy to measure and integrate,
means that the stabilization of the decay does not start
happening until 5 minutes into the scan, which is a need-
less wait if the control system is only applying a Patlak
analysis.

EXAMPLE 3

[0070] A third example protocol for which the integrat-
ed system 10 can be use is shown in FIG.’s 4a through
4c. Thisis a SPECT myocardial perfusion imaging (MPI)
study. The imaging system 110 being used is one of the
newer dedicated cardiac SPECT units with solid state
CZT detectors. In this protocol, 3 different drugs or fluids
are being injected, Lexiscan, which is a pharmaceutical
stress agent, saline which is used to push fluids through
tubing, and the thallium, which is a radiopharmaceutical
used in MPI studies. FIG 4a shows the general timeline
of the procedure. Lexiscan is delivered slowly over 25
seconds. There is a 25 second delay during which saline



23 EP 2 713 855 B1 24

is delivered to ensure all the Lexiscan is flushed from the
tubing and to give it time to act on the heart, then thallium
is delivered rapidly over 30 seconds and finally there is
a saline flush at the same rate to ensure that all the thal-
lium is delivered to the patient.

[0071] FIG. 4b shows the disposable fluid path that en-
ables 3 fluids to be delivered with a pump with two sy-
ringes. The A syringe holds the radiopharmaceutical di-
luted to 30ml. The B syringe is filled with saline. The 5ml
of Lexiscan is staged by placing it in the tubing. The table
in FIG. 4c illustrates in detail how the injector could be
programmed to accomplish this protocol. When the B
syringe first dispenses saline at 0.2ml/S, it is actually de-
livering the Lexiscan to the patient. In the next phase,
syringe B is delivering saline to the patient at the same
flow rate. Then syringe A with the thallium delivers the
thallium to the patientat 1ml/S. Thisis followed by syringe
B delivering saline at 1ml/S to completely flush the tubing
set.

EXAMPLE 4

[0072] In other study, for example a first pass cardiac
imaging procedure, it is desirable to have a very sharp,
tight bolus of the MPI imaging drug and observe it move
through the heart. This facilitates the separation of the
left ventricle blood pool from blood in the muscle tissue
when doing simple analysis and quantification of myo-
cardial perfusion reserve. FIG.’s 5a and 5b show meas-
urements of two-hand injection. The common method for
delivering a hand bolus of tracer for MPI is to connect
two syringes to a stopcock with the output of the stopcock
connected directly to an IV line or a tube going to the IV.
The stress agent is injected, and the stopcock is quickly
changed to allow saline to be pulled into the drug syringe.
The stopcock is moved again, and the saline from the
drug syringe is injected into the patient to flush the line
and the patient’s veins. If it is essential to achieve a tight
bolus, the saline is delivered directly to the patient rather
than being used to rinse out the drug syringe. The injec-
tion illustrated in FIG 5a is a sufficiently sharp bolus to
accurately compute myocardial flow reserve while the
injection shown in FIG 5b has a double hump or peak,
which prevents the quantification of myocardial flow re-
serve. The injection of FIG 5¢c was delivered with a small
volume of drug, less than 1ml, staged into tubing and
pushed at a high flow rate so that a consistent narrow
bolus was achieved. This enables every study to be di-
agnostic, to lead to a useful assessment of myocardial
flow reserve.

Claims

1. Asystemforimaging atleasttwo volumes of a patient
comprising:

one or more imagers (101) configured to image
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one volume of a patient to be imaged;

at least one patient support (160) configured to
move the patient between a first position within
the one or more imagers for scanning a first high
blood volume and at least one second position
within the one or more imagers for scanning at
least one second volume of the patient;

one or more controller systems (120);

one or more user interfaces (130); and

an injector (140) configured to administer at
least one controlled dose of one or more tracer
when the patient is in the first position and at
least one of atleast one second position; where-
in the one or more controller systems uses an
image derived input function from the first vol-
ume to determine kinetic parameters for the at
least one second volume of the patient to pro-
vide a reconstructed image of the at least two
volumes of the patient, wherein the one or more
imagers are selected from the group consisting
of: positron emission tomography (PET) imag-
ers, computed tomography (CT) imagers, mag-
netic resonance imaging (MR) imagers, single-
photon emission computed tomography
(SPECT) imagers, and combinations thereof.

The system of claim 1, wherein the controller system
comprises a system bus (124) configured to elec-
tronically communicate with at least one computer,
at least one storage device (123), at least one non-
removable memory device (126), one or more
processing units (122), and combinations thereof.

The system of claim 2, wherein the system bus is
configured to electronically communicate with the
one or more imagers, the one or more user interfac-
es, the injector, or combinations thereof.

The system of claim 2 or 3, wherein the computer is
configured to carry out instructions for determining
the image derived input function and for determining
an injection profile for administering the tracer based
on at least one pharmacokinetic (PK)/pharmacody-
namic (PD) parameter determined from the image
derived input function.

The system of claim 4, wherein the computer is con-
figured to carry out instructions for control of the in-
jector.

The system of claim 5, wherein the computer is con-
figured to control delivery of a bolus injection of the
one or more tracer.

The system of claim 5, wherein the computer is con-
figured to control delivery of a slow injection of the
one or more tracer over a period of time.
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The system of any of claims 6 to 7, wherein the com-
puter is configured to control delivery of the one or
more tracer at an injection time that is longer than
an average circulation time of the tracer in the blood.

The system of any of claims 6 to 8, wherein control
of the injector comprises delivery of a bolus injection
of a first amount of tracer and infusion of a second
amount of tracer.

The system of any preceding claim, wherein the im-
age derived input function is selected from the group
consisting of: determination of a plasma concentra-
tion of the tracer, determination of the time required
for the tracer to reach the heart after administration,
determination of the time required for spread of the
tracer through the lungs, determination of the transit
time of the heart, determination of the time and dis-
tribution of circulation or recirculation, determination
of the uptake and metabolization rates of the tracer
in various tissues, determination of rates of removal
of the tracer from the blood stream, determination of
the absorption and elimination of the tracer in tissues
and organs, determination of the diffusion rates into
and out of blood cells, determination of the diffusion
rate into and out of extravascular and extracellular
space, determination of the diffusion rate into and
out of cells, determination of the timescale of the
imaging system and combinations of any thereof.

The system of any of claims 5 to 10, wherein the at
least one computer is configured to determine coor-
dination times of the image derived input functions
to optimize parameters associated with the imaging
procedure.

The system of claim 11, wherein the coordination
times of the image derived input functions are se-
lected from: physiological event times, imaging ac-
quisition times, first pass flow times of a drug, PK/PD
phenomena times or combinations of any thereof.

The system of any of claims 5 to 12, wherein the at
least one computer is configured to utilize iterative
reconstruction techniques during analysis to partially
or fully include, compensate for, or overcome a
number of non-idealities or non-linearities in the
overall system.

The system of any of claims 5 to 13, wherein the at
least one computer is configured to normalize imag-
ing data based on multiple input functions deter-
mined throughout the procedure.

Patentanspriiche

1.

System zum Abbilden von wenigstens zwei Volumen
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eines Patienten, umfassend:

einen oder mehrere Bildgeber (101), die daflr
gestaltet sind, ein abzubildendes Volumen ei-
nes Patienten abzubilden;

wenigstens einen Patiententrager (160), der da-
fur gestaltet ist, den Patienten zwischen einer
ersten Position innerhalb des einen oder der
mehreren Bildgeber zum Scannen eines ersten
groBen Blutvolumens und wenigstens einer
zweiten Position innerhalb des einen oder der
mehreren Bildgeber zum Scannen wenigstens
eines zweiten Volumens des Patienten zu be-
wegen;

ein oder mehrere Steuerungssysteme (120);
eine oder mehrere Benutzerschnittstellen (130);
und

einen Injektor (140), der dafiir gestaltet ist,
wenigstens eine kontrollierte Dosis eines oder
mehrerer Tracer zu verabreichen, wenn sich der
Patient in der ersten Position und wenigstens
einer der wenigstens einen zweiten Position be-
findet; wobei das eine oder die mehreren Steu-
erungssysteme eine bildabgeleitete Eingangs-
funktion des ersten Volumens verwendet, um
kinetische Parameter fir das Scanning des we-
nigstens einen zweiten Volumens des Patienten
zu bestimmen, um ein rekonstruiertes Bild der
wenigstens zwei Volumen des Patienten zu er-
halten,

wobei der eine oder die mehreren Bildgeber
ausgewahlt sind aus der Gruppe bestehend
aus:

Positronenemissionstomogra-
phie(PET)-Bildgebern, Computertomogra-
phie(CT)-Bildgebern, Magnetreso-
nanz(MR)-Bildgebern,
Einzelphotonenemission-Computertomo-
graphie(SPECT)-Bildgebern und Kombina-
tionen davon.

System gemaf Anspruch 1, wobei das Steuerungs-
system einen Systembus (124) umfasst, der dafir
gestaltet ist, elektronisch mit wenigstens einem
Computer, wenigstens einer Speichervorrichtung
(123), wenigstens einer nicht-entfernbaren Spei-
chervorrichtung (126), einer oder mehreren Prozes-
soreinheiten (122) und Kombinationen davon zu
kommunizieren.

System gemal Anspruch 2, wobei der Systembus
dafiir gestaltet ist, elektronisch mit dem einen oder
den mehreren Bildgebern, der einen oder den meh-
reren Benutzerschnittstellen, dem Injektor oder
Kombinationen davon zu kommunizieren.

System gemaf Anspruch 2 oder 3, wobei der Com-
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puter dafirr gestaltet ist, Anweisungen zum Bestim-
men der bildabgeleiteten Eingangsfunktion und zum
Bestimmen eines Injektionsprofils zum Verabrei-
chen des Tracers auf der Grundlage wenigstens ei-
nes aus der bildabgeleiteten Eingangsfunktion ab-
geleiteten pharmakokinetischen (PK)/pharmakody-
namischen (PD) Parameters auszufiihren.

System gemal Anspruch 4, wobeider Computer da-
fur gestaltet ist, Anweisungen zum Steuern des In-
jektors auszufiihren.

System gemal Anspruch 5, wobeider Computer da-
fur gestaltet ist, die Abgabe einer Bolusinjektion des
einen oder der mehreren Tracer zu steuern.

System gemal Anspruch 5, wobeider Computer da-
fur gestaltet ist, die Abgabe einer langsamen Injek-
tion des einen oder der mehreren Tracer Uber einen
Zeitraum zu steuern.

System gemaR einemder Anspriiche 6 oder 7, wobei
der Computer dafiir gestaltet ist, die Abgabe des ei-
nen oder der mehreren Tracer mit einer Injektions-
zeit, die langer als die mittlere Zirkulationszeit des
Tracers im Blut ist, zu steuern.

System gemaR einem der Anspriiche 6 bis 8, wobei
das Steuern des Injektors die Abgabe einer Bolusin-
jektion einer ersten Menge an Tracer und die Infusi-
on einer zweiten Menge an Tracer umfasst.

System gemal einem der vorstehenden Anspriiche,
wobei die bildabgeleitete Eingangsfunktion ausge-
wahlt ist aus der Gruppe bestehend aus:

Bestimmung einer Plasmakonzentration des
Tracers, Bestimmung der Zeit, die der Tracer
nach der Verabreichung zum Erreichen des
Herzes bendtigt, Bestimmung der Zeit, die der
Tracer zum Ausbreiten durch die Lunge beno-
tigt, Bestimmung der Transitzeit durch das Herz,
Bestimmung der Zeit und der Verteilung von Zir-
kulation oder Rezirkulation, Bestimmung der
Aufnahme- und Metabolisierungsraten des Tra-
cers in verschiedenen Geweben, Bestimmung
der Raten der Beseitigung des Tracers aus dem
Blutstrom, Bestimmung der Absorption und Eli-
mination des Tracers in Geweben und Organen,
Bestimmung der Diffusionsraten in und aus Blut-
zellen, Bestimmung der Diffusionsrate in und
aus extravaskuldrem und extrazellularem
Raum, Bestimmung der Diffusionsrate in und
aus Zellen, Bestimmung der Zeitskale des Bild-
gebungssystems und Kombinationen von belie-
bigen davon.

System gemal einem der Anspriiche 5 bis 10, wobei
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der wenigstens eine Computer dafiir gestaltet ist,
Koordinationszeiten der bildabgeleiteten Eingangs-
funktionen zu bestimmen, um mit dem Bildgebungs-
verfahren verbundene Parameter zu optimieren.

System gemaR Anspruch 11, wobei die Koordinati-
onszeiten der bildabgeleiteten Eingangsfunktion
ausgewahlt sind aus: Zeiten von physiologischen Er-
eignissen, Bildaufnahmezeiten, First-Pass-Fluss-
zeiten eines Arzneimittels, Zeiten von PK/PD-Er-
scheinungen und Kombinationen von beliebigen da-
von.

System gemaf einem der Anspriiche 5 bis 12, wobei
der wenigstens eine Computer dafiir gestaltet ist, bei
der Analyse iterative Rekonstruktionsverfahren zu
verwenden, um eine oder mehrere Unvollkommen-
heiten oder Nichtlinearitaten in dem rekonstruierten
Bild wenigstens teilweise auszugleichen.

System gemaf einem der Anspriiche 5 bis 13, wobei
der wenigstens eine Computer dafiir gestaltet ist,
Bilddaten auf der Grundlage von mehreren wahrend
des Verfahrens bestimmten Eingabefunktionen zu
normalisieren.

Revendications

1.

Systéme pour imager au moins deux volumes d’un
patient comprenant :

un ou plusieurs imageurs (101) configurés pour
imager un volume d’un patient a imager ;

au moins un support de patient (160) configuré
pour déplacer le patient entre une premiére po-
sition dans le ou les imageurs pour scanner un
premier volume de sang élevé et au moins une
seconde position dans le ou les imageurs pour
scanner au moins un second volume du patient ;
un ou plusieurs systémes de contréleur (120) ;
une ou plusieurs interfaces utilisateur (130) ; et
uninjecteur (140), configuré pour administrer au
moins une dose contrélée d’un ou plusieurs tra-
ceurs lorsque le patient est dans la premiére po-
sition et au moins une position d’au moins une
seconde position ; ol le ou les systémes de con-
troleur utilisent une fonction d’entrée dérivée
d’'une image provenant du premier volume pour
déterminer des parameétres cinétiques pour le
balayage de I'au moins un second volume du
patient pour fournir une image reconstruite des
au moins deux volumes du patient, ou le ou les
imageurs sont sélectionnés dans le groupe
constitué : d’imageurs de tomographie par
émission de positons (TEP), d'imageurs de to-
modensitométrie (CT), d’imageurs d’imagerie
par résonnance magnétique (IRM), d'imageurs
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de tomographie par émission monophotonique
(SPECT) et une combinaison de ceux-ci.

Systeme selon larevendication 1, dans lequel le sys-
teme de contréleur comprend un bus systéme (124)
configuré pour communiquer électroniquementavec
au moins un ordinateur, au moins un dispositif de
stockage (123), au moins un dispositif de mémoire
non amovible (126), une ou plusieurs unités de trai-
tement (122), et des combinaisons de ceux-ci.

Systeme selon la revendication 2, dans lequel le bus
systéme est configuré pour communiquer électroni-
quement avec l'un ou les imageurs, la ou les inter-
faces utilisateur, I'injecteur, ou des combinaisons de
Ceux-Ci.

Systeme selon larevendication 2 ou la revendication
3, dans lequel I'ordinateur est configuré pour exécu-
ter des instructions pour déterminer la fonction d’en-
trée dérivée d’une image et pour déterminer un profil
d’injection pour administrer le traceur sur la base
d’au moins un parametre pharmacocinétique
(PK)/pharmacodynamique (PD) déterminé a partir
de la fonction d’entrée dérivée d’'une image.

Systeme selon la revendication 4, dans lequel I'or-
dinateur est configuré pour exécuter des instructions
pour le controle de I'injecteur.

Systeme selon la revendication 5, dans lequel I'or-
dinateur est configuré pour contrdler la délivrance
d’uneinjection d’un bolus d’'un ou plusieurs traceurs.

Systeme selon la revendication 5, dans lequel I'or-
dinateur est configuré pour contrdler la délivrance
d’une injection lente d’un ou plusieurs traceurs sur
une certaine période de temps.

Systeme selon I'une quelconque des revendications
6 a7,danslequel I'ordinateur est configuré pour con-
troler la délivrance de 'un ou des traceurs sur un
temps d’injection qui n’est pas plus long qu’un temps
de circulation moyen du traceur dans le sang.

Systeme selon I'une quelconque des revendications
6 a 8, dans lequel le contrdle de I'injecteur comprend
la délivrance d’une injection d’un bolus d’'une pre-
miere quantité de traceur et I'infusion d’'une seconde
quantité de traceur.

Systeme selon I'une quelconque des revendications
précédentes, dans lequel la fonction d’entrée déri-
vée d'une image est sélectionnée dans le groupe
consistant en : une détermination d’'une concentra-
tion en plasma du traceur, une détermination du
temps requis pour que le traceur atteigne le coeur
aprés administration, une détermination du temps

10

15

20

25

30

35

40

45

50

55

16

EP 2 713 855 B1

1.

12.

13.

14.

30

requis pour que le traceur se diffuse dans les mem-
bres, une détermination du temps de transit du
coeur, une détermination du temps et de la distribu-
tion de la circulation ou de la recirculation, une dé-
termination des vitesses d’absorption et de métabo-
lisation du traceur dans divers tissus, une détermi-
nation des vitesses d’élimination du traceur du flux
sanguin, une détermination de I'absorption etde I'éli-
mination du traceur dans les tissus et les organes,
une détermination des vitesses de diffusion dans et
hors des cellules sanguines, une détermination de
la vitesse de diffusion dans et hors de I'espace ex-
travasculaire et extracellulaire, une détermination de
la vitesse de diffusion dans et hors des cellules, une
détermination de I'échelle de temps du systéme
d’'imagerie et des combinaisons de celles-ci.

Systéme selon I'une quelconque des revendications
5a 10, dans lequel I'au moins un ordinateur est con-
figuré pour déterminer des temps de coordination
des fonctions d’entrée dérivées d’'une image pour
optimiser les paramétres associés a la procédure
d’'imagerie.

Systéme selon la revendication 11, dans lequel les
temps de coordination des fonctions d’entrée déri-
vées d'une image sont sélectionnés parmi: des
temps d’'événements physiologiques, des temps
d’acquisition d'imagerie, des temps de premier pas-
sage d’'une drogue, des temps de phénomenes
PK/PD ou des combinaisons de ceux-ci.

Systéme selon I'une quelconque des revendications
5a 12, dans lequel I'au moins un ordinateur est con-
figuré pour utiliser des techniques de reconstruction
itératives au cours de I'analyse pour compenser, au
moins partiellement, une ou plusieurs caractéristi-
ques non idéales ou une ou plusieurs non linéarités
dans 'image reconstruite i.

Systéme selon I'une quelconque des revendications
5 a 13, dans lequel I'au moins un ordinateur est con-
figuré pour normaliser des données d’imagerie ba-
sées sur des fonctions d’entrée multiples détermi-
nées tout au long de la procédure.
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