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(57) ABSTRACT

A medical imaging device has an emission tomograph, at
least one ultrasonic (US) probe for providing images giving
real-time information about the location of the internal organs
of a subject, a tracking system for spatially locating the at
least one ultrasonic probe in relation to the medical imaging
device, and an image processing unit in which the location
information obtained by the ultrasonic probe is used for
attenuation correction of image information obtained by the
emission tomograph.
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ULTRASONIC IMAGER FOR MOTION
MEASUREMENT IN MULTI-MODALITY
EMISSION IMAGING

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 60/973,374 filed on Sep. 18, 20007,
entitled “Ultrasonic Imager for Motion Measurement in
Multi-Modality Emission Imaging”, which is incorporated
herein in its entirety.

TECHNICAL FIELD

[0002] The technical field relates to an image reconstruc-
tion procedure. More particularly, the system and method
relate to an image reconstruction procedure in cardiac and
thoracic positron emission tomography (PET), positron emis-
sion tomography combined with computed tomography for
X-ray (PET/CT), single photon emission computed tomog-
raphy (SPECT), or single photon emission computed tomog-
raphy combined with computed tomography for X-ray
(SPECT/CT).

BACKGROUND

[0003] In cardiac and thoracic PET or PET/CT, the image
reconstruction procedure requires a good estimate of the
attenuation suffered by pairs of emitted photons. In measur-
ing this and converting the measurements to correction fac-
tors, it may be particularly important to account for attenua-
tion edges related to the boundaries between lung and soft
tissue, including the moving diaphragm and heart wall. It is
axiomatic that one may need to correct the PET data with a
different pattern of attenuation correction factors at each
moment in time, yet this is not done in normal practice.
Instead, one makes do with approximate solutions.

[0004] Conventional PET scanners make a transmission
measurement lasting several minutes, based on a line source
orbiting between the patient and the PET scanner’s detectors.
In that case, one measures the time-averaged attenuation due
to the patient as his chest may have moved through many
configurations. Arguably, this may result in a good standard
for cardiac PET. In the case of PET/CT, attenuation maps are
derived either from the “snapshot” provided by a fast CT scan
(to use a metaphor from ordinary photography) or from the
“time-exposure” obtained in a slow CT scan. Fast CT scan-
ning of the chest fails to represent faithfully the configuration
of attenuating tissue, which is in constant motion. Slow CT
somewhat averages organ motions in the chest, but the aver-
aging is not identical to the motion that occurs in a PET scan,
which typically lasts for many minutes. Still another
approach is the time-averaged CT scan. Of these various
approaches, the fast static CT has the advantage of a lower
radiation burden.

[0005] A need exists to measure the attenuation more accu-
rately to give a better calculation of an emission image. This
may improve the quality of the image reconstruction proce-
dure and the resulting image.

[0006] Besides the continuous quest for improved image
quality, it may be desirable to have an efficient and/or sensi-
tive medical device performing PET, PET/CT, SPECT or
SPECT/CT. This would allow for a reduction in time for
taking images, an improved quality of the images, and/or a
reduction of exposure of a subject to the image apparatus.
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[0007] Additionally, it is desirable to avoid cumbersome
and time consuming arrangements or methods, in an eco-
nomic and technical perspective, for measuring the attenua-
tion accurately.

SUMMARY

[0008] According to an embodiment, a medical imaging
device may comprise an emission tomograph, at least one
ultrasonic (US) probe for providing images giving real-time
information about the location of the internal organs of a
subject, a tracking system for spatially locating the at least
one ultrasonic probe in relation to the medical imaging
device, and an image processing unit in which the location
information obtained by the ultrasonic probe is used for
attenuation correction of image information obtained by the
emission tomograph.

[0009] According to a further embodiment, the emission
tomograph may be a positron emission tomography (PET)
scanner or a single photon emission computed tomography
(SPECT) scanner and may further comprise a computed
tomography (CT) scanner providing data for basic attenua-
tion correction. According to yet a further embodiment, the
emission tomograph may be a PET tomograph further com-
prising at least one transmission source for basic attenuation
correction. According to a further embodiment, the at least
one ultrasonic probe may be held against the skin of the
thorax of the subject with a belt. According to yet a further
embodiment, the medical imaging device may further com-
prise an US image processing unit for analyzing the real-time
information of said ultrasonic probe. According to a further
embodiment, the US image processing unit may be operable
to detect at least one curve in an image. According to a further
embodiment, the US image processing unit may be operable
to detect surfaces in an image. According to a further embodi-
ment, at least one warp parameter may be determined by
tracking said at least one curve and by tracking said ultrasonic
probe and said at least one warp parameter may be used for
enhanced attenuation correction. According to a further
embodiment, at least one warp parameter may be determined
by tracking said at least one surface and by tracking said
ultrasonic probe and said at least one warp parameter can be
used for enhanced attenuation correction. According to a
further embodiment, the means for spatially locating the at
least one ultrasonic probe may comprise an optical tracking
device that determines the location and orientation of the at
least one ultrasonic probe. According to a further embodi-
ment, the means for spatially locating the at least one ultra-
sonic probe may comprise a mechanical tracking device that
determines the location and orientation of the at least one
ultrasonic probe. According to a further embodiment, the
medical imaging device may further comprise a patient table
into which the at least one ultrasonic probe is integrated.
According to a further embodiment, the medical imaging
device may further comprise an ultrasonic interface arranged
between a patient and said ultrasonic probe.

[0010] According to another embodiment, a method for
measuring attenuation in a subject in a medical imaging
device comprising an emission tomograph; at least one ultra-
sonic probe; and a tracking device for spatially locating the at
least one ultrasonic probe, may comprise the steps of: deter-
mining basic attenuation for said emission tomograph; deter-
mining the location of said ultrasonic probe in relation to the
medical imaging system by said tracking device; taking
images with the at least one ultrasonic probe; determining at
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least one warp parameter from said images and said location;
and reconstructing a tomograph image of the subject received
from said emission tomograph using said basic attenuation
and said at least one warp parameter for an enhanced attenu-
ation.

[0011] According to a further embodiment, the step of
determining at least one warp parameter may comprise the
step of detecting at least one curve or surface in an image.
According to a further embodiment, the step of determining at
least one warp parameter may comprise a sequential analysis
of the detected curve or surface over time. According to a
further embodiment, the step of determining at least one warp
parameter may comprise the step of detecting at least one
curve or surface in an image, comparing said curve or surface
with an image obtained by a computed tomography system.
According to a further embodiment, the method may further
comprise the step of iteratively modifying said CT image to
match said curve or surface. According to a further embodi-
ment, the method may further comprise the step of determin-
ing at least one warp parameter from the iteration. According
to a further embodiment, each iterative correction may use
types of predefined warping. According to a further embodi-
ment, the types of predefined warping may be determined by
at least one of the following factors selected from the group
consisting of: —a supine subject’s back does not move during
the scan; —the diaphragm moves mainly in a superior/infe-
rior direction; —the mediastinum is approximately station-
ary; and—the top of the lungs are approximately stationary.
According to a further embodiment, the method may further
comprise the steps of: transforming ultrasonic images at each
point in time into at least one curve or surface that defines an
organ boundary; determining the warp parameter by trans-
forming at least a partial image including said organ boundary
from the emission tomograph into a related warped image
whose organ boundaries agree closely with the curve or sur-
face revealed by said ultrasound images. According to a fur-
ther embodiment, the emission tomograph may be a PET
scanner and the method may further comprise the step of:
determining said basic attenuation by evaluation of data
received by a computed tomography (CT) scanner, wherein
attenuation information is transformed at each point in time
into attenuation correction factors through the process of
converting the image volume of CT numbers (Hounsfield
Units, HU) into a 511-keV p map, forward-projecting the p
map, and forming the exponential of the resulting line inte-
grals. According to a further embodiment, the method may
further comprise the steps of: holding the at least one ultra-
sound probe against the skin of the subject’s thorax with a
belt; and determining the location and the orientation of the at
least one ultrasound probe spatially by means of an optical
tracking device. According to a further embodiment, the
method may further comprise the step of spatially locating the
at least one ultrasonic probe by a mechanical tracking device
coupled with said ultrasonic probe that determines the loca-
tion and orientation of the at least one ultrasonic probe.

[0012] According to yet another embodiment, a medical
imaging device may comprise a positron emission tomogra-
phy combined with a computed tomography system (PET/
CT) or single photon emission computed tomography com-
bined with a computed tomography system (SPECT/CT),
means for determining a basic attenuation correction from
data received from said CT system, means for providing
ultrasonic images giving real-time information about the
location of the internal organs of a subject for determination
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of an enhanced attenuation correction; and means for spa-
tially locating the ultrasonic images in relation to the medical
PET/CT or SPECT/CT tomograph.

[0013] According to a further embodiment, the US image
processing unit may be operable to detect at least one curve or
surfaces in an image. According to a further embodiment, at
least one warp parameter may be determined by tracking said
at least one curve and by tracking said ultrasonic probe and
wherein said at least one warp parameter is used for the
enhanced attenuation correction.

[0014] Other technical advantages of the present disclosure
will be readily apparent to one skilled in the art from the
following description and claims. Various embodiments of
the present application obtain only a subset of the advantages
set forth. No one advantage is critical to the embodiments.
Any claimed embodiment may be technically combined with
any preceding claimed embodiments).

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] The accompanying drawings, which are incorpo-
rated in and constitute a part of the specification, illustrate
presently preferred embodiments of the invention, and
together with the general description given above and the
detailed description of the preferred embodiments given
below, serve to explain, by way of example, the principles of
the invention.

[0016] FIG. 1A is an anterior view of a coronal section
through a patient in one embodiment using a PET.

[0017] FIG. 1B is an anterior view of a coronal section
through a patient in another embodiment using a PET/CT.
[0018] FIG. 1C is an anterior view of a coronal section
through a patient in yet another embodiment using a PET/CT.
[0019] FIG. 2 shows another embodiment of an arrange-
ment of an US probe within a medical device.

[0020] FIG. 3 shows an example of a warping procedure
caused by a subject breathing.

[0021] FIG. 4 shows a procedure for attenuation correction
according to an embodiment.

[0022] FIG. 5 is a flow chart of the method for attenuation
correction according to an embodiment.

[0023] FIG. 6 is a continuation of the flow chart shown in
FIG. 5.

DETAILED DESCRIPTION

[0024] Thetomography usedinthe embodiments described
herein may involve gathering projection data from multiple
directions and feeding the data into a tomographic recon-
struction software algorithm processed by a computer. Dif-
ferent types of signal acquisition can be used in similar cal-
culation algorithms in order to create tomographic images by
the tomograph. The tomograms may be derived using several
different physical phenomena including X-rays, gamma rays,
positron-electron annihilation reaction, nuclear magnetic
resonance, ultrasound, electrons, and ions. These yield CT,
SPECT, PET, magnetic resonance imaging (MRI), ultra-
sonography, 3D transmission electron microscopy (TEM),
and atom probe tomograms, respectively. Additionally,
X-rays may be combined with other physical phenomena, for
example, PET/CT or SPECT/CT.

[0025] PET is a nuclear medicine medical imaging tech-
nique which produces a three-dimensional image or map of,
for example, functional processes in the body. The system
detects pairs of gamma rays emitted indirectly by a positron-
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emitting radioisotope, which is introduced into the body on a
metabolically active molecule. Images of metabolic activity
in space are then reconstructed by computer analysis. Scan-
ners may be aided by results from a CT X-ray scan performed
at the same time in the same machine.

[0026] SPECT is a nuclear medicine tomographic imaging
technique using gamma rays. This technique is able to pro-
vide true 3D information using a gamma camera. This infor-
mation is typically presented as cross-sectional slices
through, for example, a patient, but can be freely reformatted
or manipulated as required. Scanners may be aided by results
from a CT X-ray scan performed at the same time in the same
machine.

[0027] FIG. 1A shows an exemplary embodiment of medi-
cal imaging device capable of reconstructing images obtained
by a PET scan. The embodiment, however, may also apply to
any other emission tomography system, for example a
SPECT system. FIG. 1A discloses a schematically drawn
medical imaging device 100 comprising, for example an
emission tomograph 30 such as a PET scanner coupled with
an image processing device 70. Furthermore the medical
image device may also comprise an atteruation device 40
such as a transmission source for collimating and detecting
activity from a radiation source, which provides basic attenu-
ation data for a basic attenuation correction which may then
be performed by the image processing device 70. The trans-
mission source 40 may be orbiting the patient along with the
emission tomograph 30.

[0028] FIG. 1B shows another embodiment in form of a
medical imaging device 200 capable of reconstructing
images obtained by a PET/CT scan. The embodiment, how-
ever, may also apply to any other emission tomograph system,
for example a SPECT/CT. Similar as FIG. 1A, FIG. 1B dis-
closes a schematically drawn medical imaging device 200
comprising, for example an emission tomograph 30 such as a
PET scanner coupled with an image processing/reconstruc-
tion device 70. Furthermore the medical image device may
also comprise a CT scanner 45 which also provides imaging
data that can be evaluated to determine a basic attenuation
correction which may then be performed by the image pro-
cessing/reconstruction device 70. According to various
embodiments, FIGS. 1A and 1B show an example of one or
more ultrasound (US) imagers (probes) 50 which can be
placed near the chest of a subject 1 to allow machine vision of
the moving structures within the chest. To this end, the ultra-
sound imager 50 delivers image data to an US image process-
ing unit 75 at each moment during the PET or PET/CT mea-
surement. The medical imaging device 100 or 200 further
comprises tracking means 20 for spatially locating the at least
one ultrasound probe 50 in relation to the emission tomo-
graph 30. To this end, the emission tomograph 30, the trans-
mission source 40 or CT scanner 45 may be arranged on the
same support structure, for example in a gantry or a support
structure orbiting the patient. The probe 50 may comprise a
marker 51 such that the tracking means 20, such as for
example an optical tracking device, may determine the posi-
tion and orientation of the at least one ultrasound probe 50.
[0029] FIG. 1C shows yet another embodiment of a medi-
cal imaging device 300 capable of reconstructing images
obtained by a PET/CT scan or other tomograph system. The
US probe 50 is mounted on a moveable arm 301 which is
coupled with tracking device 20. The moveable arm may have
one or a plurality ofadjustable joints such as the one indicated
by numeral 305 to adjust the position of the US probe 50.

Mar. 19, 2009

According to one embodiment the adjustment joints can be
motorized. According to another embodiment, the adjust-
ment joints may be manually manipulated. In either embodi-
ment, sensors are provided which are coupled to the tracking
device 20. Thus, tracking device 20 will be able to determine
the exact position of the US probe 50 in relation to the position
of the tomograph at any time.

[0030] FIG. 2 shows yet another embodiment of an
arrangement of an US probe within a medical device. In this
embodiment, the US probe 310 is integrated within a patient
table 320. A patient interface 330 may be arranged on top of
the US probe 310. According to one embodiment, this inter-
face 330 may be a cushion filled with a gel such as used with
conventional US imaging systems. The interface 330 thus is
thus flexible to close any gaps between patient and US probe
310 whenever the patient is placed on the patient table 320.
According to other embodiments, the interface 330 may also
be implemented as a water bag or equivalent interface in any
embodiment that uses a stationary US imaging probe. Other
media interfacing between patient and US probe may be used.
As shown in FIG. 2, in case of a stationary patient table, the
tracking device 20 may track the movement of the tomograph
equipment relative to the table. If the tomograph is stationary,
then tracking device 20 may be coupled with the patient table
320 or its adjustment mechanism (not shown). Furthermore,
if tomograph and patient table are both moveable, then track-
ing device 20 may be coupled to both and determine the
respective difference in movement between the two devices.

[0031] The US imaget/probe provides for additional infor-
mation that can be used to perform an enhanced attenuation
correction of the emission tomograph. For example, US
image processing unit 50, 310 is operable to determine/detect
certain curves or surfaces in the images recorded for each
moment during the PET or PET/CT measurement. These
curves or surfaces may represent for example organ edges or
organ surfaces as will be explained in more detail below and
will move or distort over time as a subject moves or breathes.
Generally, through comparison algorithms sequential US
images delivered by the US imager/probe can, for example,
be analyzed/compared to images obtained by the CT scanner
45 or attenuation data received from transmission source 40
to determine one or more warp parameters which can be used
to enhance the attenuation correction and reconstruct the
image obtained by the emission tomograph 30 and/or to cor-
rect images of the CT scanner 40 or both. Thus, US image
processing unit 75 generates image information forwarded to
the image processing/reconstruction unit 70 for an enhanced
attenuation correction. Tracking device 20 is used to obtain
the location of the US imager 50 with respect to the medical
imaging device 10. These tracking data can be used to addi-
tionally compensate for any movement of the US probe due to
patient movement. These tracking data are also forwarded to
image processing/reconstruction unit 70 for determination of
the warp parameters. However, a single image processing
device may be used instead to perform all image processing.
Thus, as indicated by the dotted box, the US image process-
ing/reconstruction unit 75 and the US image processing unit
70 can be realized by a single image processing unit.

[0032] FIGS. 1A, 1B and 1C show as an example an ante-
rior view of a coronal section through the subject 1. In this
example, the subject’s right lung 2 and left lung 3 are shown.
Reference numeral 4 marks the area of the liver. Reference
numerals 5, 6, and 7 represent internal structures whose loca-
tion and motion are important in PET attenuation correction
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and in cardiac emission imaging. They are, for example, the
diaphragm, marked by 5 and 6 under the right lung 2 and left
lung 3, respectively, and the lateral wall 7 of the heart, respec-
tively.

[0033] By placing the ultrasound probe 50 in the suggested
location in FIGS. 1A 1B, and 1C or the patient on the respec-
tive location of a patient table 320 as shown in FIG. 2, ultra-
sound radiation may be directed towards the diaphragm 5 and
6 and the heart. Hereby, the edges, marked with circles and
triangles in FIG. 1A-C, between soft tissue and the lungs 2
and 3, can be located by the ultrasound probe 50 at every
moment during the PET measurement. A human observer can
easily see the border between lung and soft tissue, for
example liver, heart, blood. In the exemplary embodiment,
computer vision techniques applied in US image processing
unit 75, for example called edge detection, may be used to
identify the edges automatically as indicated with circles and
triangles in FIGS. 1A and 1B.

[0034] According to an embodiment, the at least one ultra-
sound probe 50 may be operated in two dimensions, measur-
ing along fan beams. According to another embodiment, the
at least one ultrasound probe 50 may also be operated in three
dimensions, measuring along cone beams. In the former
embodiment with two dimensions, the instrumentation may
be comparatively simple and relatively inexpensive. Deter-
mination of the location of the edges in each frame of the
measurement, at time t, means that US image processing unit
75 identifies curves in space. i.e. determines loci of points
A(t), for example the set marked with circles and triangles in
FIG. 1. In the latter embodiment, using three dimensions, the
instrumentation may be complex and relatively expensive.
Location of the edges means that the US image processing
unit 75 identifies surfaces in space, i.e. determines loci of
points o(t). In other embodiment, surfaces could also be
determined by a set of curves. In either embodiment, the
significance of finding these edges is that they help the com-
puter determine warp parameters which can be used for the
PET and CT processing.

[0035] The fans’ or cones’ location and orientation change
with the subject’s breathing. The curves or surfaces could fall
essentially anywhere in three-dimensional space. A warping
procedure is shown in FIG. 3. FIG. 3 shows an anterior view
of a coronal section through the subject 1. The subject’s right
lung 2 and left lung 3 are shown.

[0036] Inthe exemplary embodiment shown in FIG. 3, one
picture of the anatomy, for example, the one acquired during
the CT scan, may be warped into another picture of the
anatomy, for example an estimate of the anatomy at a later
time. FIG. 3 shows that a given point A on the edge moves to
a new location A'. Thus, according to an embodiment, the
sequential US probe images can be used to determine certain
warp parameters from the change in the shape of the respec-
tive curve (or surface).

[0037] It may not be practical to use ultrasound to measure
the motions of each point in the chest. Therefore, embodi-
ments of the medical device and the method may be aided by
assumptions of feasible chest motions. These assumptions
may be one or more of the following:

[0038] The supine subject’s back does not move.

[0039] The diaphragm moves mainly in the superior/
inferior direction.

[0040] The mediastinum does not move.

[0041] The tops of the lungs do not move.
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[0042] Other assumptions may apply. The embodiments
described herein do not include a specific model for the
motion, because the hardware and the method are general,
and because different software algorithms can be used which
can give different results. However, at least one adaptive
embodiment may rely on the assumption that the space of
feasible warps is defined by a small number of parameters,
{p}. For each frame of ultrasound information, the computer
may be asked to explore the space of feasible warps, by
adjusting those parameters until the curves A(t) or surfaces
o(t), determined by the measurement in that frame, agree
closely with the model. 0,,,4,/({p}) may be the surfaces
defined by warp parameters. That is, the measured CT image
may be subjected to the specified warp. Edge locations A' in
the new space may define the surface o,,,,.({P}) . In the
embodiment of two-dimensional ultrasound, let m(c,,,, ;.., M)
be a metric defining the distance between o,,,,, .., and the curve
2. In the embodiment of three-dimensional ultrasound, let
m(o,,, .» 0) be a metric defining the distance between the
surface 0,,, ,,; and the surface o. In either embodiment, the
warp parameters may be adjusted by the computer until the
metric is minimized. Let {p,(t)} be the parameters chosen by
this procedure, in each frame of the ultrasound measurement.
It may then be assumed that the entire three-dimensional
space may be warped with the parameters {p,(t)}. This pro-
cedure leads to the creation, in the computer, of a new p map
for attenuation correction at the time t.

[0043] The procedure may be illustrated schematically by
FIG. 4. Part (a) in FIG. 4 represents an anatomical measure-
ment by, for example, a CT scanner. For example, it could be
a measurement revealing the edges of the right or left lung.
Part (b) represents an edge determined by ultrasound at a later
time. Part (c) shows the overlay of the edge on the anatomy,
and shows that the edge is in the wrong place. Part (d) shows
that the image can be warped in a way to make the fit even
worse. [ngoing from (c) to (d), the metric showing how far the
curve is from the CT edge gets larger. Part (e) shows that a
different warp can bring the anatomy into better agreement
with the edge determined by ultrasound. In this case, the
metric is reduced from its initial value, though the fit is still
not very good. Part (f) shows that yet another warp can bring
the anatomy into close agreement with the measured curve.
The metric is brought near to zero in this case, and one may
decide that the warp parameters should be applied to the
entire volume.

[0044] An embodiment comprises means for holding the at
least one ultrasound probe 50 tightly against the skin of the
subject. A specific means of doing this may be, for example,
a belt 60 held under tension. In typical use, a gel would be
applied between the at least one ultrasound probe 50 and the
skin, as is normal for clinical ultrasound studies.

[0045] Inorder to determine the curves A(t) or surfaces o(t)
with accuracy, the location and orientation in space of the
ultrasound probe must be known. An embodiment comprises
means for making that determination. In this embodiment, an
example for knowing the location and orientation in space of
the ultrasound probe may comprise an optical tracking sys-
tem 20. This system 20 may visualize a localizing feature 51
on each of the ultrasound probes. Such a system may be a
system as used in medical imaging situations in which motion
monitoring may be achieved by digital cameras which take
pictures of optical markers placed on a subject, and use
machine vision to interpret the images of the markers.
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[0046] FIGS. 5 and 6 show a flow chart of a method for
measuring attenuation in a subject in a medical imaging
device according to an embodiment. The method may com-
prise the steps 101 to 108 as outlined in FIGS. 4 and 5.

[0047] One exemplary embodiment may be a method for
measuring attenuation in a subject in a medical imaging
device comprising at least an emission tomograph, at least
one ultrasonic probe, and means for spatially locating the at
least one ultrasonic probes. In addition, a transmission source
may be used to generate rough attenuation data. Moreover,
the PET or SPECT may be combined with a CT. The addi-
tional attenuation procedure may comprise, according to an
embodiment, a first step 401 of taking images with the ultra-
sonic probe 50. A second step 402 may be providing real-time
information, e.g. about the location of the internal organs of
the subject, and determination of at least one warp parameters
using the images taken with the ultrasonic probe. Ina PET or
SPECT system, in step 403 the attenuation correction is
improved by the real-time information obtained by the US
probe 50. In step 405 an image of the subject based on the
rough attenuation data and the additional obtained warp
parameter is reconstructed. In particular, the warp parameter
provides for additional attenuation information over time to
compensate for patient and/or organ movements. This exem-
plary method may measure the attenuation more accurately
and at the same time track internal organs to give a better
calculation of an emission image. This may improve the
image reconstruction procedure and/or image quality.

[0048] 1In a PET/CT or SPECT/CT system, as shown in
steps 404-407, the rough attenuation data can be obtained by
the CT which provides rough information of body and organ
contour as explained in the background. In some embodi-
ments such systems may also comprise a transmission source.
However, as explained above, the US probe provides for more
accurate warping information which can be used for improv-
ing the overall attenuation data and, therefore the reconstruc-
tion of the obtained images. Hence, according to an embodi-
ment, in step 404 information from a CT scanner is obtained.
In step 406 the warp parameters are determined, for example,
by comparison of the CT images and the respective US
images obtained at the same time mark or within a predefined
time window. In step 407, the CT image is warped according
to the determined warp parameters and this information is
also used to perform attenuation correction in the PET image
reconstruction, ignoring the motion that also occurs in the
space of the PET image. However, alternatively, PET images
can be reconstructed using the warp parameters.

[0049] An embodiment for obtaining the warp parameters
in a combined PET/CT or SPECT/CT system is shown in
FIG. 6. In steps 501 and 502, CT images and US images are
obtained. These images can be obtained at the same time or
within predefined time windows to ensure that they are timely
correlated. By obtaining these images at the same time it will
be ensured that the CT signal fits exactly to the US signal, so
there is no need to find the phase of the respiratory cycle in the
ultrasound acquisition which matches best to the CT. For the
US images, a computer may transform the received ultra-
sound images at each point in time into a set of spatial edges
that define organ boundaries which are anticipated to be
attenuating objects. Furthermore, the associated areas in the
CT images may be extracted. The respective partial images
from the CT and the US probe are then compared in step 503.
If no match is detected in step 504, then in step 505 one or
more volumetric images from the CT device are transformed
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or warped according to predefined algorithms. This process is
repeated until respective edges or surfaces agree closely with
the edges revealed by CT images. Once a close match is
determined, the warp parameters will be stored in step 506
and used for performing warping of the entire CT image in
step 507.

[0050] In a further embodiment, wherein the emission
tomograph is a PET scanner, the attenuation information may
be transformed at each point in time into attenuation correc-
tion factors through the process of converting the image vol-
ume of CT numbers (Hounsfield Units) intoa 511-keV pmap,
forward-projecting the pmap, and forming the exponential of
the resulting line integrals.

[0051] Inyeta further embodiment, the at least one ultra-
sound probe may be held against the skin of the subject’s
thorax with a belt, and the location and the orientation of the
at least one ultrasound probe spatially may be determined by
means of an optical tracking device.

[0052] Further embodiments may include corrections for
the effects of respiratory and cardiac motions and/or taking
images two-dimensionally (fans) or three-dimensionally
(cones) with the ultrasonic probe.

[0053] Even if the above description focuses on PET/CT,
the concepts apply without modification to SPECT/CT. How-
ever, in an embodiment comprising SPECT the motion may
not be likely to repeat from one measurement angle to the
next.

[0054] The disclosed embodiments have the advantage
over conventional methods for obtaining attenuation correc-
tion that a low noise image for attenuation correction is
obtained by an US probe. Moreover, the additional informa-
tion about the organ boundaries at each moment during the
PET or PET/CT measurement can be used to obtain accurate
attenuation correction. This may be performed without any
additional dose of ionizing radiation to the patient. The
improved attenuation correction method according to various
embodiments does not rely on noisy PET measurements and
does not assume that a tracer must be present in certain areas
in order to work.

[0055] The following paragraphs disclose as an example,
an embodiment of how additional information can be used to
provide for attenuation correction in PET. It is extracted from
“Respiratory-gated CT as a tool for the simulation of breath-
ing artifacts in PET and PET/CT,” by I. J. Hamill, G. Bos-
mans, and A. Dekker, Med Phys v. 35 No. 2 (February 2008)
p 576-585, in which ten phases of a gated CT study were used
to simulate a PET scan in the presence of motion. By present-
ing this material, the underlying mathematics is explained in
the case of two-dimensional sinograms. The somewhat more
complicated case of three-dimensional sinograms, used in
modern PET scanners, follows a similar prescription. In the
study, respiratory gated CT images (GCT) were converted to

=
amap W b ,r) of PET attenuation coefficients at each phase of

respiration r and image location ? These were transformed
to a sinogram of attenuvation factor values (AF) at each of the
ten phases by applying a high-resolution forward projector
then rebinned to 168 radial and 168 angular bins, according to
the formula

AF(d P=exp(-RIu(D 7). )
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[0056] The sinogram of attenuation correction factors
(ACF) in each gate is given by

[0057] If the PET volume in each gate r and voxel E) is

-
denoted O(b ,r) then the measured PET data, apart from
measurement noise, are expected to be given by sinograms
specified by the equation

(4 A=AF(d PxR{OCE. AN A 7). 3)

[0058] The PET image is obtained by multiplying this by
the sinogram of attenuation correction factors, according to
the equation

10 PR Yp(d xACF(d 1 “

[0059] where R~ isthe inverse Radon transformation. This
image represents the object at each phase of respiration with
negligible distortions due to motion. The images in each
individual gate r are accurate but will be affected by image
noise, as always happens in PET. In case this noise prevents
easy reading of the images, a less noisy image can be realized
by warping the images into a common frame of reference and
adding the image voxel values.

[0060] The medical imaging device and method discussed
above measures the attenuation more accurately, at the same
time as tracking some of the internal organs to give a better
calculation of an emission image. Embodiments of the inven-
tion, therefore, are well adapted to carry out the objects and
attain the ends and advantages mentioned, as well as others
inherent therein. While the disclosure has been described and
1s defined by reference to particular preferred embodiments
of the invention, such references do not imply a limitation,
and no such limitation is to be inferred. Embodiments of the
invention are capable of considerable modification, alter-
ation, and equivalents in form and function, as will occur to
those ordinarily skilled in the pertinent arts. The described
preferred embodiments are exemplary only, and are not
exhaustive. Consequently, the disclosure is intended to be
limited only by the spirit and scope of the appended claims,
giving full cognizance to equivalents in all respects.

What is claimed is:

1. A medical imaging device comprising:

an emission tomograph;

at least one ultrasonic (US) probe for providing images

giving real-time information about the location of the
internal organs of a subject; and

a tracking system for spatially locating the at least one

ultrasonic probe in relation to the medical imaging
device,

and an image processing unit in which the location infor-

mation obtained by the ultrasonic probe is used for
attenuation correction of image information obtained by
the emission tomograph.

2. The medical imaging device according to claim 1,
wherein the emission tomograph is a positron emission
tomography (PET) scanner or a single photon emission com-
puted tomography (SPECT) scanner and further comprising a
computed tomography (CT) scanner providing data for basic
attenuation correction.
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3. The medical imaging device according to claim 1,
wherein the emission tomograph is a PET tomograph further
comprising at least one transmission source for basic attenu-
ation correction.

4. The medical imaging device according to claim 1,
wherein the at least one ultrasonic probe is held against the
skin of the thorax of the subject with a belt.

5. The medical imaging device according to claim 1, fur-
ther comprising an US image processing unit for analyzing
the real-time information of said ultrasonic probe.

6. The medical imaging device according to claim 5,
wherein the US image processing unit is operable to detect at
least one curve in an image.

7. The medical imaging device according to claim 5,
wherein the US image processing unit is operable to detect
surfaces in an image.

8. The medical imaging device according to claim 6,
wherein at least one warp parameter is determined by tracking
said at least one curve and by tracking said ultrasonic probe
and wherein said at least one warp parameter is used for
enhanced attenuation correction.

9. The medical imaging device according to claim 7,
wherein at least one warp parameter is determined by tracking
said at least one surface and by tracking said ultrasonic probe
and wherein said at least one warp parameter is used for
enhanced attenuation correction.

10. The medical imaging device according to claim 1,
wherein the means for spatially locating the at least one
ultrasonic probe comprises an optical tracking device that
determines the location and orientation of the at least one
ultrasonic probe.

11. The medical imaging device according to claim 1,
wherein the means for spatially locating the at least one
ultrasonic probe comprises a mechanical tracking device that
determines the location and orientation of the at least one
ultrasonic probe.

12. The medical imaging device according to claim 1,
further comprising a patient table into which the at least one
ultrasonic probe is integrated.

13. The medical imaging device according to claim 12,
further comprising an ultrasonic interface arranged between a
patient and said ultrasonic probe.

14. A method for measuring attenuation in a subject in a
medical imaging device comprising an emission tomograph;
at least one ultrasonic probe; and a tracking device for spa-
tially locating the at least one ultrasonic probe, the method
comprising the steps of:

determining basic attenuation for said emission tomo-

graph;

determining the location of said ultrasonic probe in relation

to the medical imaging system by said tracking device;
taking images with the at least one ultrasonic probe;
determining at least one warp parameter from said images
and said location; and
reconstructing a tomograph image of the subject received
from said emission tomograph using said basic attenu-
ation and said at least one warp parameter for an
enhanced attenuation.

15. The method according to claim 14, wherein the step of
determining at least one warp parameter comprises the step of
detecting at least one curve or surface in an image.

16. The method according to claim 15, wherein the step of
determining at least one warp parameter comprises a sequen-
tial analysis of the detected curve or surface over time.
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17. The method according to claim 14, wherein the step of
determining at least one warp parameter comprises the step of
detecting at least one curve or surface in an image, comparing
said curve or surface with an image obtained by a computed
tomography system.

18. The method according to claim 17, further comprising
the step of iteratively modifying said CT image to match said
curve or surface.

19. The method according to claim 18, further comprising
the step of determining at least one warp parameter from the
iteration.

20. The method according to claim 19, wherein each itera-
tive correction uses types of predefined warping.

21. The method according to claim 20, wherein the types of
predefined warping are determined by at least one of the
following factors selected from the group consisting of:

a supine subject’s back does not move during the scan;

the diaphragm moves mainly in a superior/inferior direc-

tion;

the mediastinum is approximately stationary; and

the top of the lungs are approximately stationary.

22. The method according to claim 14, further comprising
the steps of:

transforming ultrasonic images at each point in time into at

least one curve or surface that defines an organ bound-
ary,

determining the warp parameter by transforming at least a

partial image including said organ boundary from the
emission tomograph into a related warped image whose
organ boundaries agree closely with the curve or surface
revealed by said ultrasound images.

23. The method according to claim 22, wherein the emis-
sion tomograph is a PET scanner and the method further
comprises the step of:

determining said basic attenuation by evaluation of data

received by a computed tomography (CT) scanner,
wherein attenuation information is transformed at each
point in time into attenuation correction factors through
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the process of converting the image volume of CT num-
bers (Hounsfield Units, HU) into a 511-keV p map,
forward-projecting the jt map, and forming the exponen-
tial of the resulting line integrals.

24. The method according to claim 14, further comprising
the steps of:

holding the at least one ultrasound probe against the skin of
the subject’s thorax with a belt; and

determining the location and the orientation of the at least
one ultrasound probe spatially by means of an optical
tracking device.

25. The method according to claim 14, further comprising
the step of spatially locating the at least one ultrasonic probe
by a mechanical tracking device coupled with said ultrasonic
probe that determines the location and orientation of the at
least one ultrasonic probe.

26. A medical imaging device comprising:

a positron emission tomography combined with a com-
puted tomography system (PET/CT) or single photon
emission computed tomography combined with a com-
puted tomography system (SPECT/CT);

means for determining a basic attenuation correction from
data received from said CT system;

means for providing ultrasonic images giving real-time
information about the location of the internal organs of a
subject for determination of an enhanced attenuation
correction; and

means for spatially locating the ultrasonic images in rela-
tion to the medical PET/CT or SPECT/CT tomograph.

27. The medical imaging device according to claim 26,
wherein the US image processing unit is operable to detect at
least one curve or surfaces in an image.

28. The medical imaging device according to claim 27,
wherein at least one warp parameter is determined by tracking
said at least one curve and by tracking said ultrasonic probe
and wherein said at least one warp parameter is used for the
enhanced attenuation correction.
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