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METHOD AND APPARATUS FOR ATTENUATION CORRECTION

DESCRIPTION

The present application relates generally to the imaging arts and more
particularly to the generation of attenuation maps for use in electronic image
reconstruction. It has application at least in combined PET/CT or SPECT/CT imaging
systems, most especially used for cardiac imaging, and will be described with particular
reference thereto. However, it may also find more general application in generating
attenuation maps for use with other types of imaging, and in other arts.

PET (Positron Emission Tomography) and SPECT (Single Photon Emission
Computed Tomography) are typically used to generate diagnostic images of relatively
dynamic processes in a person’s body, such as metabolic activity or blood flow. In PET
and SPECT, a radioactive isotope produces gamma rays which pass through the subject’s
body to be detected by a gamma ray detector. Often the radioactive isotope is administered
as a radiopharmaceutical inside a subject’s body. The gamma ray detector typically
records projected gamma ray images at different angular positions around a central axis.
To accomplish this, the gamma ray detector may either be rotated around the axis (as is
common in SPECT), or may be a ring or partial ring extending around the axis (as is
common in PET), or have some other configuration. The detector typically interacts with
gamma rays to produce electronic signals representative of the gamma ray spectrum
received by the detector. The electronic signals may then be processed to produce a PET
or SPECT image of the subject’s body.

Computed Tomography (CT) is typically used to generate diagnostic images of
relatively static structure in a person’s body, such as bone. In CT, an X-ray source
disposed externally to the subject’s body produces X-rays which pass entirely through the
subject’s body to be detected by a detector disposed approximately on the opposite side of
the subject’s body from the X-ray source. The X-ray source and X-ray detector are
typically rotated together around the imaged subject to record projected X-ray images at
different angular positions around a central axis. The detector typically interacts with X-
rays to produce electronic signals representative of the X-ray spectrum received by the
detector. The electronic signals may then be processed to produce a CT image of the

subject’s body.



WO 2009/147607 PCT/1IB2009/052284

10

15

20

25

30

Combined PET/CT or SPECT/CT imaging systems include hardware and
software for generating PET or SPECT images, and for generating CT images. A PET or
SPECT image may be overlaid with a CT image to form one combined image. This
combination process is called “registration” of the PET or SPECT image with the CT
image. Such registration occurs in clinical or medical treatment, pre-clinical research,
scientific or technical analysis of objects and processes, and in other contexts.

One challenge faced in PET, SPECT and CT is correcting for attenuation of the
gamma rays (in PET and SPECT) or X-rays (in CT) within the imaged subject. Gamma
rays and X-rays interact with tissue or other material disposed between the radiation source
and the radiation detector. That interaction typically prevents some gamma rays and some
X-rays from reaching the detector (attenuation) and changes the direction of some gamma
rays and some X-rays (scatter). The degree of attenuation and scatter will vary from
patient to patient and depends upon the physical characteristics of the matter (i.e., bone,
muscle, organ tissue, etc.) between the radiation source and the radiation detector. Such
attenuation and scatter should be accounted for in generating highly accurate quantitative
PET, SPECT or CT diagnostic images.

This may be accomplished by use of an attenuation map of the imaged subject.
Such an attenuation map estimates the density of various regions in the imaged subject
with respect to the radiation at issue, whether gamma rays (in PET and SPECT) or X-rays
(in CT). Regions having a relatively high density are more likely to cause attenuation than
regions having a lower density. The attenuation map may be used to correct the imaging
data actually recorded by the detectors to account for data lost as a result of attenuation.

In that regard, it is known to generate a gamma ray attenuation map using X-ray
attenuation data. From the known X-ray spectrum of the external X-ray source, and the X-
rays actually recorded by the X-ray detector at various angular positions around a central
axis of the imaged subject, an X-ray attenuation map of the subject may be generated. X-
ray attenuation within an imaged subject during CT imaging is qualitatively similar to
gamma ray attenuation within the imaged subject during PET or SPECT imaging. For
example, both X-rays and gamma rays are attenuated more by bone than by softer tissue.
As a result, the X-ray attenuation map generated by the C'T imaging data can be used to
estimate or approximate a gamma ray attenuation map for PET or SPECT imaging.

One difficulty in this process lies in registering the CT attenuation data with the

PET or SPECT imaging data, especially if the respective data sets are taken in succession
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and not simultaneously, as is often the case. Any misalignment of the two data sets
provides erroneous information in the gamma ray attenuation map which impairs the
diagnostic value of the reconstructed PET or SPECT images. This difficulty is particularly
acute when imaging the upper portion of a person’s torso, for example in cardiac imaging.
In such cases the person’s respiratory motions can cause the imaged areas to move as much
as about 3 cm or more while the imaging data is being recorded. Such movement
complicates the registration process.

Some conventional cardiac imaging systems use the X-ray data from a
diagnostic CT imaging scan to generate an attenuation map for use in correcting PET or
SPECT images. However, to improve the diagnostic quality of CT images in cardiac
imaging, the patient is typically asked not to breathe and to hold his or her breath during
the imaging scan. 'These scans usually last up to about two or three seconds, and most
people can comfortably hold their breath for that long. Doing so maintains the heart and
lungs in a relatively constant position during the entire C'T imaging scan, which simplifies
the CT image reconstruction process after the imaging scan is completed. By contrast,
cardiac PET and SPECT diagnostic imaging scans take a longer time, on the order of a few
minutes (e.g. 3-6 minutes for cardiac PET, or 10-15 minutes for larger scans). Most people
are not able to hold their breath for that amount of time. Thus, using an attenuation map
generated from the CT diagnostic image data (during which the subject is holding his or
her breath) for attenuation correction of a diagnostic PET or SPECT image (during which
the subject is breathing) can lead to undesirable artifacts appearing in the diagnostic PET or
SPECT image. This is especially true for cardiac imaging, or for chest imaging near the
diaphragm.

In part to overcome such shortcomings, other conventional cardiac imaging
systems perform a slow rotation X-ray scan to generate an attenuation map for use in
correcting PET or SPECT images. These slow rotation X-ray scans usually about 4
minutes, adding significantly to the overall acquisition time, but the subject is not required
to hold his or her breath during the scan. However, these conventional systems are not
volumetric (discussed further below), so it is necessary to move the imaged subject during
the X-ray imaging process in order to image the entire cardiac region. That movement of
the subject, combined with the subject’s own movements in breathing, complicates the

registration process and can lead to undesirable artifacts appearing in the attenuation map.
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According to one aspect of the present invention, a method and apparatus are
provided for improved attenuation correction during imaging. The method and apparatus
are especially useful in cardiac PET or SPECT imaging, but may be used in other contexts
as well.

One advantage resides in a more accurate and robust attenuation correction,
reducing the risk of visible artifacts appearing in PET and SPECT images. Another
advantage resides in producing more useful PET and SPECT images. Numerous additional
advantages and benefits will become apparent to those of ordinary skill in the art upon
reading the following detailed description of preferred embodiments.

The invention may take form in various components and arrangements of
components, and in various process operations and arrangements of process operations.
The drawings are only for the purpose of illustrating preferred embodiments and are not to
be construed as limiting the invention.

FIGURE 1 is a schematic front view of a combined SPECT/CT imaging
system;

FIGURE 2 is a side view of the imaging system of FIGURE 1; and

FIGURE 3 illustrates a process of generating an attenuation map for use in PET
or SPECT imaging from CT image data.

The imaging method and apparatus described here are directed generally to any
imaging system which generates an attenuation map for one imaging modality (such as
PET or SPECT) from data collected by another imaging modality (such as CT). One
example of such an apparatus is the combined SPECT/CT imaging system 100 shown in
FIGURES 1 and 2. As already mentioned, the imaging method and apparatus disclosed
here have application in various other kinds of imaging systems.

As illustrated in FIGURES 1 and 2, the system 100 includes a gantry 102 which
holds two SPECT gamma ray detectors 104 and 106, an X-ray source 108 and a flat panel
X-ray detector 110. A representative subject to be imaged is shown at 112 in FIGURE 1,
partially received in an aperture 114 in the gantry 102. The two gamma ray detectors 104
and 106, the X-ray source 108, and the X-ray detector 110 all rotate together at the same
time on the gantry 102 around an axis of rotation 116. This is illustrated by the arrows R in
FIGURE 1. However, the detectors do not acquire data at the same time. When the X-ray
detector 110 is gathering data for CT imaging, the gamma ray detectors 104 and 106 are

not gathering data for SPECT imaging. When the gamma ray detectors 104 and 106 are
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gathering data for SPECT imaging, the X-ray detector 110 is not gathering data for CT
imaging.

The imaged subject 112 usually lies down or is placed upon a table or other
support (not shown) extending along the longitudinal axis 116. The table or other support
is usually moveable along that axis 116 so that the imaged region(s) of the subject 112 may
be disposed proximate to the detectors 104, 106 and 110. As the detectors 104, 106 and
110 rotate around the axis of rotation 116 during an imaging operation, they record several
“projections.” A projection is an image recorded by a detector at a specified angular
position around the axis of rotation 116. For example, projections may be recorded in 1°
intervals or 2° intervals as the detectors rotate around the axis 116.

In PET systems, by contrast, the gamma ray detector is typically formed as a
complete or partial ring of detector arrays disposed around an axis. In such situations, the
detector arrays do not rotate. However, the angular position of each detector with respect
to the central axis is recorded in order to track projection data.

Such projection data is stored by an imaging data processor 118 in a memory
120. Once all the projection data is gathered, it may be electronically processed by the
imaging data processor 118. The processor 118 generates an image of the subject 112,
according to a mathematical algorithm or algorithms, which can be displayed on an
associated display 122. For example, the processor 118 receives X-ray data from the X-ray
detector 110 to generate CT images, and receives gamma ray data from gamma ray
detectors 104 and 106 to generate SPECT images. The processor 118 also combines such
data to generate SPECT/CT images. A user input 124 may be provided for a user to
control the processor 118. Similar components can be used in PET/CT systems.

The aforementioned functions can be performed as software logic. “Logic,” as
used herein, includes but is not limited to hardware, firmware, software and/or
combinations of each to perform a function(s) or an action(s), and/or to cause a function or
action from another component. For example, based on a desired application or needs,
logic may include a software controlled microprocessor, discrete logic such as an
application specific integrated circuit (ASIC), or other programmed logic device. Logic
may also be fully embodied as software.

“Software,” as used herein, includes but is not limited to one or more computer
readable and/or executable instructions that cause a computer or other electronic device to

perform functions, actions, and/or behave in a desired manner. The instructions may be
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embodied in various forms such as routines, algorithms, modules or programs including
separate applications or code from dynamically linked libraries. Software may also be
implemented in various forms such as a stand-alone program, a function call, a servlet, an
applet, instructions stored in a memory such as memory 120, part of an operating system or
other type of executable instructions. It will be appreciated by one of ordinary skill in the
art that the form of software is dependent on, for example, requirements of a desired
application, the environment it runs on, and/or the desires of a designer/programmer or the
like.

The systems and methods described herein can be implemented on a variety of
platforms including, for example, networked control systems and stand-alone control
systems. Additionally, the logic shown and described herein preferably resides in or on a
computer readable medium such as the memory 120. Examples of different computer
readable media include Flash Memory, Read-Only Memory (ROM), Random-Access
Memory (RAM), programmable read-only memory (PROM), electrically programmable
read-only memory (EPROM), electrically erasable programmable read-only memory
(EEPROM), magnetic disk or tape, optically readable mediums including CD-ROM and
DVD-ROM, and others. Still further, the processes and logic described herein can be
merged into one large process flow or divided into many sub-process flows. The order in
which the process flows herein have been described is not critical and can be rearranged
while still accomplishing the same results. Indeed, the process flows described herein may
be rearranged, consolidated, and/or re-organized in their implementation as warranted or
desired.

In the SPECT/CT system 100 of FIGURES 1 and 2, a rotating frame (not
shown) which holds the detectors 104, 106 and 110 on the gantry 102 may rotate at
variable speeds. In this way the frame may rotate at a first relatively high speed to position
the X-ray source 108 and the X-ray detector 110 for diagnostic CT imaging. And it may
also rotate at a second relatively lower speed to position the gamma ray detectors 104 and
106 for diagnostic SPECT imaging. In an alternative embodiment, the X-ray source 108
and X-ray detector 110 may be disposed on a first rotating frame, with the gamma ray
detectors 104 and 106 disposed on a second rotating frame which is separate from the first
rotating frame.

The X-ray source 108 and X-ray detector 110 of the SPECT/CT system 100 are

configured to perform “volumetric” imaging scans. In a volumetric system, the transaxial
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field of view “z” of the X-ray detector 110 along the axis of rotation 116 is sufficiently
large that the imaged subject 112 need not be moved along that axis 116 in order to
generate a complete image of the region(s) of interest in the imaged subject 112. For
example, in cardiac imaging the region of interest is the heart of the imaged subject 112.
Thus, in a volumetric cardiac imaging system, the length “z” of the X-ray detector 110 as
shown in FIGURE 2 is at least as long as the subject’s heart. As another example, if the
subject’s entire respiratory region were to be imaged, then in a volumetric system the
length “z” would be at least as long as the subject’s lungs. The geometry of the SPECT/CT
system 100 shown in FIGURES 1 and 2 is useful in this regard, as the flat panel X-ray
detector 110 is offset from the axis of rotation 116, leading to a larger transaxial field of
view “z”.

An attenuation map for use in SPECT imaging by the system 100 may be
generated in a process 300 as follows, and shown in FIGURE 3. The X-ray source 108 and
X-ray detector 110 are used to perform an attenuation imaging scan and generate X-ray
attenuation data 302. This attenuation X-ray imaging scan may be a separate scan from the
diagnostic X-ray imaging scan used to generate a CT image or it may be the same scan.
The X-ray attenuation data 302 may be the same data used to generate a diagnostic X-ray
image, or a subset of that data, or it may be an entirely different set of data from the
diagnostic data, or a combination of diagnostic and non-diagnostic data. The X-ray
attenuation data 302 is used to generate a gamma ray attenuation map 304 for use in
generating a diagnostic SPECT image (and perhaps other purposes).

The attenuation imaging scan may be characterized by the number of rotation
routines used to generate the X-ray data. In particular, the attenuation imaging scan may
be either a single pass scan or a multiple pass scan. A single pass scan is one in which the
X-ray source 108 and X-ray detector 110 go through only one imaging rotation around the
rotation axis 116 to generate an attenuation map. Thus, in a single pass scan, at most only
one X-ray measurement is taken at each angular position around the axis 116. A multiple
pass scan is one in which the X-ray source 108 and X-ray detector 110 go through multiple
imaging rotations around the rotation axis 116 to generate an attenuation map. Thus, in a
typical multiple pass scan, multiple X-ray measurements are taken at each angular position.
If the system makes five passes, all starting at the same angular position, then five X-ray

measurements are taken at each projection. If the five passes start at different angular
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positions and extend less than 360° (as is typical), then some projections may be taken less
than five times.

The attenuation imaging scan may also be characterized by the length of time of
the scan. In particular, the attenuation imaging scan may be either a quick scan or a slow
scan. A quick scan is one which is short enough in time that the subject may hold his or
her breath during the entire imaging scan. Thus a quick scan usually lasts anywhere from
less than one breathing cycle to about five breathing cycles, or even longer, depending on
the subject’s tolerance for holding his or her breath. In this context, a breathing cycle is
one complete inhalation and expiration by the subject. For most subjects, a quick scan may
range from about one breathing cycle to about two breathing cycles. A slow scan, by
contrast, takes a longer time than a quick scan. A slow scan is one which is too long to
permit the patient to hold his or her breath.

Whether the attenuation imaging scan is single pass or is multiple pass, or is
quick or is slow, the subject may or may not be asked to actually hold his or her breath. In
certain circumstances, it may be advantageous for the subject to be breathing and not
holding his or her breath during the attenuation imaging scan. That is because the subject
is breathing during the SPECT diagnostic imaging scan. Without being bound by theory, it
is believed that generating an attenuation map from X-ray data while the subject is
breathing more accurately corresponds to the actual attenuation experienced by gamma
rays during the SPECT scan. Specifically, it is believed that the movements of the imaged
region resulting from the subject’s breathing are in effect averaged over multiple breathing
cycles during the attenuation imaging scan, just as they are averaged during a SPECT scan.
To improve the data set to be averaged, it may be desirable to randomize the attenuation
imaging scan so that multiple measurements are recorded at each angular position. Itis
believed this improves the data set in generating the average, by increasing the possibility
that different respiration phases will be counted at each angular position. As one example
of one benefit which might be achieved with such randomization, it is believed that such
randomization can provide a good respiratory sampling with a scan of only about 1 to 2
minutes, compared with a 4 minute scan time of known techniques. This same theory, and
the benefits of randomization, also apply to PET/CT systems.

A first representative randomization technique employs a multiple pass scan by
the X-ray source 108 and X-ray detector 110, at variable speeds, while the subject is

breathing. For example, the first pass might be at a high speed of rotation. Then the
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second pass might be a slightly slower speed of rotation. Then the next pass might be
slightly slower still, and so on, until the final and slowest pass is made. Or, alternatively,
the first pass might be at a slow speed of rotation, which increases on each succeeding pass
until a final and fastest pass is made. As another alternative, the speed may be varied by
increasing and decreasing speeds between succeeding passes in a multiple pass scan.

A second representative randomization technique employs a multiple pass scan
by the X-ray source 108 and X-ray detector 110, with respiratory gating. As is well known
in the imaging arts, respiratory gating is the practice of monitoring the imaged subject’s
breathing to determine the occurrence of a triggering event, such as when the subject
begins to inhale, or begins to exhale, or the like. In the context of an attenuation imaging
scan, such a triggering event may be used to initiate each of a series of imaging scans, with
the passes starting at varying angular positions. This second randomization technique may
be combined with the first randomization technique, whereby for example each pass in the
imaging scan is started at a different angular position when the patient begins to inhale, and
the passes are also taken at variable speeds.

In a third randomization technique, a multiple pass scan by the X-ray source
108 and X-ray detector 110 is performed with the length of each pass varying. The first
pass might be for example 90°, then the second pass goes 180°, and so on. This third
randomization technique may be combined with the first randomization technique, the
second randomization technique, or both.

Again referring to FIGURE 3, once the gamma ray attenuation map 304 is
generated, it may be used to correct the imaging data actually recorded by the gamma ray
detectors 104, 106 to account for data lost due to attenuation. Thus, a gamma ray
diagnostic imaging scan is performed with the detectors 104, 106 to generate gamma ray
diagnostic data 306. Using that data 306 and the gamma ray attenuation map 304, a
SPECT image 308 may be generated which is corrected for attenuation. A PET/CT system
may also use the process 300 to generate a gamma ray attenuation map for PET imaging.

The invention has been described with reference to the preferred embodiments.
Obviously, modifications and alterations will occur to others upon reading and
understanding the preceding detailed description. It is intended that the invention be
construed as including all such modifications and alterations insofar as they come within
the scope of the appended claims or the equivalents thereof. The invention may take form

in various components and arrangements of components, and in various steps and
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CLAIMS

Having thus described the preferred embodiments, the invention is now

claimed to be:

1. A method of correcting a PET or SPECT image of an imaged subject [112] for

attenuation, the method comprising:

performing a volumetric attenuation imaging scan of the subject with an X-
ray source [108] and an X-ray detector [110] to generate volumetric X-ray

attenuation imaging data [302];

using the volumetric X-ray attenuation imaging data [302] to generate a

gamma ray attenuation map [304];

performing a gamma ray imaging scan of the subject with a gamma ray

detector [104] to generate PET or SPECT imaging data [306]; and

using the gamma ray attenuation map [304] to correct the PET or SPECT
imaging data [306] for attenuation, and to generate an attenuation-corrected PET or

SPECT image [308].

2. The method of claim 1, wherein the volumetric attenuation imaging scan is

performed while the subject [112] is breathing.

3. The method of claim 1, wherein the volumetric attenuation imaging scan is a

multiple pass scan.

4. The method of any preceding claim, further comprising randomizing the volumetric

attenuation imaging scan.

5. The method of claim 4, wherein the randomizing comprises performing multiple

passes at varying rotational speeds.

6. The method of claim 4 or 5, wherein the randomizing comprises performing
multiple passes and using respiratory gating to trigger a beginning of each pass at

varying angular positions around a central axis.

11
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10.

11.

12.

13.

The method of any preceding claim, wherein a cardiac area of the subject [112] is

imaged.

The method of any preceding claim, wherein the volumetric attenuation imaging

scan is a slow scan.

The method of any preceding claim, wherein the X-ray source and the X-ray

detector are mounted on a rotating frame which may rotate at variable speeds.

An apparatus for correcting a PET or SPECT image of an imaged subject [112] for

attenuation, the apparatus comprising:

an X-ray source [108] and an X-ray detector [110] to perform a volumetric
attenuation imaging scan of the subject to generate volumetric X-ray attenuation

imaging data [302];

a computer readable medium [120] comprising logic [300] to generate a

gamma ray attenuation map [304] using the volumetric X-ray attenuation imaging

data [302];

a gamma ray detector [104] to perform a gamma ray imaging scan of the

subject [112] to generate PET or SPECT imaging data [306]; and

the computer readable medium [120] comprising logic [300] to use the
gamma ray attenuation map [304] to correct the PET or SPECT imaging data for

attenuation, and to generate an attenuation-corrected PET or SPECT image [308].

The apparatus of claim 10, wherein the volumetric attenuation imaging scan is

performed while the subject [112] is breathing.

The apparatus of claim 10, wherein the volumetric attenuation imaging scan is a

multiple pass scan.

The apparatus of claim 10, 11 or 12, wherein the volumetric attenuation imaging

scan is randomized.

12
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14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

The apparatus of claim 13, wherein the randomizing comprises performing multiple

passes at varying rotational speeds.

The apparatus of claim 13 or 14, wherein the randomizing comprises performing
multiple passes and using respiratory gating to trigger a beginning of each pass at

varying angular positions around a central axis.

The apparatus of claim 10, 11, 12,13, 14 or 15 wherein a cardiac area of the subject

[112] is imaged.

The apparatus of claim 10, 11, 12, 13, 14, 15 or 16 wherein the volumetric

attenuation imaging scan is a slow scan.

The apparatus of claim 10, 11, 12, 13, 14, 15, 16 or 17 wherein the X-ray source
and the X-ray detector are mounted on a rotating frame which may rotate at

variable speeds.

A method of generating an attenuation map for using in an imaging process
utilizing a gamma ray source, the method comprising performing a randomized
volumetric attenuation imaging scan of the subject [112] using X-rays to generate
volumetric X-ray attenuation imaging data [302], and using the volumetric X-ray

attenuation imaging data [302] to generate a gamma ray attenuation map [304].

The method of claim 19, wherein the volumetric attenuation imaging scan is

performed while the subject [112] is breathing.

The method of claim 20, wherein the volumetric attenuation imaging scan is a

multiple pass scan.

The method of claim 19, wherein the randomizing comprises performing multiple

passes at varying rotational speeds.

The method of claim 19, wherein the randomizing comprises performing multiple
passes and using respiratory gating to trigger a beginning of each pass at varying

angular positions.

13
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24, The method of claim 19, 20, 21, 22 or 23, wherein the cardiac area of the subject
[112] is imaged.

14
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