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Description
[Technical Field]

[0001] The present invention relates to positron emission tomography equipment (also called a positron CT scanner
and hereinafter referred to as a PET scanner) in which a radiopharmaceutical labeled with a positron emission nuclide
is injected into the body, each pair of annihilation (gamma) photons resulting from decay of positrons is determined
according to the principle of coincidence, and image reconstruction is performed to image the spatial and temporal
distribution of the radiopharmaceutical. The present invention relates, in particular, to an open-type PET scanner capable
of securing open spaces inside the scanner and also to an image reconstruction method thereof.

[Background Art]

[0002] PET (Positron Emission Tomography) is a method for injecting radiopharmaceuticals labeled with a positron
emission nuclide into the body to image the spatial and temporal distribution of the radiopharmaceuticals. In particular,
PET scanning in which a radiopharmaceutical called fludeoxyglucose (FDG) is used has become the focus of attention
because of the usefulness in making an early diagnosis of cancers over the entire body.

[0003] In PET, a radiopharmaceutical to be injected is selected to obtain information on various functions of the brain
and organs. It was, however, difficult to accurately localize a site of cancer, if the cancer was found, due to the shortage
of anatomical information. It is described that X-ray CT images are structural images, while PET images are functional
images. In response to the above-described demands, PET/CT scanners capable of performing PET and X-ray CT
scanning continuously on the same bed have been made commercially available from many companies, thus greatly
contributing to the widespread use of FDG-PET.

[0004] Onthe otherhand, it is also important to treat cancers found by a PET diagnosis or others. Amethod for treating
cancers by using nuclear radiation, unlike conventional surgical procedures or chemotherapies has become the focus
of attention. In particular, particle radiotherapy in which heavy ion particle beams or proton beams are irradiated only at
acancersite has gained a great deal of attention as a methodfor providing excellent therapeutic effects and characteristics
of acutely concentrated irradiation to lesions. Irradiation is performed by controlling accurately the direction and dosage
of beams according to treatment plans carefully calculated on the basis of X-ray CT images which have been taken
separately. However, in reality, it is difficult to confirm accurately whether irradiation has been performed in accordance
with treatment plans or not. If the patient is positioned wrongly to result in deviation of the irradiation field, the deviation
is not easily detected. Therefore, a method in which PET is used to monitor the irradiation field of particle beams in real
time is now gaining attention. According to this method, a PET radiopharmaceutical is not injected but annihilation
radiation resulting from projectile fragmentation reactions or target nuclear spallation reactions by beam irradiation is
imaged by using the principle of PET. Since a site at which the annihilation radiation is generated is strongly correlated
with the dosage distribution of irradiation beams, this method is expected to monitor treatment.

[0005] The principle of PET is as follows. As shown in Fig. 1, positrons emitted from a positron emission nuclide 8 by
the decay of positrons undergo pair annihilation with electrons in the vicinity, and the thus generated pair of annihilation
(gamma) photons 8a, 8b at 511 keV are determined by a pair of radiation detectors 10a, 10b according to the principle
of coincidence. Thereby, the position at which the nuclide 8 is present can be localized on one line segment connecting
between the pair of detectors 10a, 10b (coincidence line: line-of-response: LOR). When an axis from the head of a
patient to the feet is defined as a body axis, a distribution of the nuclide on a planar surface intersecting perpendicularly
with the body axis is obtained by image reconstruction in two-dimensional mode from data of the coincidence line
determined on the planar surface in various directions.

[0006] Therefore, as shown in Fig. 2 (A) covering a polygonal-type PET scanner and in Fig. 2 (B) covering a ring-type
PET scanner, earlier PET scanners were provided with a constitution to arrange detectors 10 on a planar surface which
was given as a field-of-view (FOV) in such a manner as to surround the FOV in a polygonal shape (A) or a ring shape
(B). In Fig. 2 (B), numeral 6 depicts a patient and that of 11 depicts a detector ring.

[0007] In the 1990s, as illustrated in Fig. 3 (A) covering a multi-layer polygonal-type PET scanner and in Fig. 3 (B)
covering a multi-layer ring-type PET scanner, 3-D mode PET scanners were developed one after another in which
detector rings 11 were arranged in the body axis direction of the patient 6 to give a multiple ring 12, thereby a FOV in
two-dimensional mode was changed to that in three-dimensional mode, and the coincidence was also determined
between the detector rings 11 to increase the sensitivity greatly.

[0008] On the other hand, as illustrated in Fig. 4, gamma camera opposition-type PET scanners which rotate gamma
cameras 14 arranged in opposition have also been developed. However, this type of PET scanner is insufficient in
sensitivity due to the limited solid angle of a detector, with no widespread use. Positron imaging equipment in which
cameras are not rotated has been commercially available mainly for experimental uses. The equipment is to obtain
planar images parallel with the face of the detector and not for tomography (corresponding not to X-ray CT but to
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radiography in X-ray equipment).

[0009] In order to increase the resolution of an image in view of the principle of image reconstruction, it is necessary
that coincidence lines are obtained densely.

[0010] The detector sensitivity of a PET scanner is important in increasing the accuracy of an image. The detector
sensitivity is generally considered insufficient. In order to compensate for the insufficiency, the dosage of a injecting
nuclide at about 5 mCi (= 185 MBq) (an effective dosage equivalent to about 40 times higher than that used in X-ray
photograph of the chest) and the scanning time which is long, about 30 minutes are required. These factors cause mental
and physical burdens to patients and are also one of the reasons that medical institutions cannot lower examination costs.
[0011] Therefore, in order to increase the detection sensitivity, recently developed PET scanners tend to array detec-
tors, with no clearance left therebeween, and also arrange them long in the body axis direction. A patient port 13 (refer
to Fig. 3) is approximately about 60 cm in diameter and from 40 cm up to 100 cm long in the body axis direction.
[0012] However,there is such a problemthat a long patient port further increases the closed nature of the port, thereby
causing psychological stress to patients. In particular, a PET scanner is frequently used not only in cancer screening
tests for healthy people but also in examinations for patients having various types of diseases including mental disorders.
Therefore, it is strongly desired to reduce the psychological stress to patients. A situation in which a patient under PET
scanning is not visually confirmed for health conditions is not desirable also for medical personnel who perform PET
scanning. Further, inresearch forunderstanding brain functions, many experiments are conducted in which blood samples
are taken at intervals of several minutes during PET scanning or visual stimulations are given to visualize reactions
inside the brain by using PET. The long patient port causes problems in these experiments as well.

[0013] Further, where a PET scanner is used to monitor particle radiotherapy in real time, not only a site to be treated
can be determined during the same session by the PET scanner but also a PET scanner is required to be high in
sensitivity because annihilation radiation resulting from irradiation is at a trace amount as compared with the amount of
nuclide injected on ordinary PET scanning. In order to realize the high sensitivity, detectors must be arranged densely
and extensively. However, since the detectors are not to block particle beams, it was difficult to arrange the detectors
onthe PET scannerin such a manner as to meet simultaneously the above-described two conditions. In the Gesellschaft
fur Schwerionenforschung mbH (GSI) of Germany andthe National Cancer Center (Hospital East) of Japan, the rotational
opposition-type PET scanner shown in Fig. 5 (A) is used to monitor treatment. Gamma camera opposition-type PET
scanners can be easily arranged so as not to block particle beams 22 irradiated froma therapeutic radiation controller
20 but definitely hold a disadvantage in that the detector sensitivity is fundamentally lower.

[0014] A research group in Germany has proposed a fixed slit-type PET scanner as shown in Fig. 5(B) in which a slit
12s is made on the side of a multilayer ring PET scanner for allowing beams to pass through, making evaluation based
on the computer simulation. However, the slit lacks necessary information for image reconstruction because of the
presence of the slit, resulting in the deteriorated quality of an image, which is regarded as a problem (P. Crespo, et al.,
"On the detector arrangement for in-beam PET for hadron therapy monitoring," Phys. Med. Biol. Journal, vol. 51 (2006)
pp. 2143 -2163).

[0015] Fig. 6 illustrates a representative constitution of a conventional PET/CT scanner (refer to U.S. Patent No.
6,490,476 B1). In this drawing, the numeral 32 depicts an X-ray tube of the X-ray CT scanner 30, and the numeral 34
depicts an X-ray detector, both of which are rotated to perform scanning. There is now available a type in which each
of the PET scanner and the X-ray CT scanner is provided with a completely independent gantry and a type in which
they are housed into one gantry in an integrated manner. The PET scanner and the X-ray CT scanner may be arranged
in a different order, depending on the type, but they are always arranged in tandem inside the gantry. In terms of the
movement of a bed 7, there is a type in which a gantry moves with respect to a fixed bed and a type in which a bed
moves with respect to a fixed gantry.

[0016] Whichever the type may be, in a conventional PET/CT scanner, a field of view (FOV) of the PET is not in
agreement with that of X-ray CT, or is several dozen centimeters apart from each other. There is found a potential
problem that the same site is not determined during the same session by PET and X-ray CT. In the conventional PET/CT
scanner, a bed is moved relatively with respect to a gantry, that is, a temporal difference is given, by which the same
site can be imaged by PET and X-ray CT. In currently available FDG-PET check-ups, scanning is performed in several
minutes at each site due to the fact that a radiopharmaceutical moves slowly in the body and the sensitivity is lower. For
this reason, the above-described temporal difference is not recognized as a problem. However, a discrepancy between
PET images and X-ray CT images on the chest which entails the deformation by respiration is found. This discrepancy
is now recognized as a serious problem.

[0017] Thanks to the recently advanced development of PET scanners and PET radiopharmaceuticals, new PET
radiopharmaceduticals and PET scanners extremely high in sensitivity will become available. Therefore, increased de-
mand can be expected for imaging the pharmacokinetics inside the body at a higher speed. In this instance, the above-
described temporal difference may be recognized as a problem.

[0018] A FOV of the conventional PET scanner in the body axis direction is limited to about 20 cm. Therefore, a bed
is moved over several dozen minutes intermittently or continuously to image an entire body of a patient. Therefore, a
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site apart at a greater distance than the FOV in the body axis direction cannot be imaged theoretically during the same
session. Although there are problems such as complicated data processing, the greatest reason for the limited FOV in
the body axis direction is the increased equipment cost due to a greater number of detectors. On the other hand, there
is a strong demand for expansion of the FOV in the body axis direction. For example, the Research Institute for Brain
and Blood Vessels Akita conducted research in which two commercially available PET scanners were arranged together
to image brain and heart regions during the same session and independently from each other (H. lida, et al., "A New
PET Camera for noninvasive quantitation of physiological functional parametric images. HEADTOME-V-Dual.," Quan-
tification of brain function using PET (eds. R. Myers, V. Cunningham, D. Bailey, T. Jones) p. 57-61, Academic Press,
London, 1996).

[0019] Inthe above constitution, although the FOV in the body axis direction is expanded intermittently, an increasing
number of detectors are installed to raise the cost. Further, since each of the PET scanners makes an independent
coincidence determination, no detection can be made for the radiation from a nuclide present at a region between the
scanners, thus resulting in a failure in imaging the region between the scanners.

[0020] In positron imaging equipment not for tomography but for planar imaging, an idea has been proposed that
detectors are arranged at sparsely spaced clearances, thereby sampling of the coincidence line can be sparsely per-
formed to increase the uniformity and also expand a FOV (Japanese Published Unexamined Patent Application No. Hei
9-211130 and Japanese Published Unexamined Patent Application No. 2001-141827).

[0021] However, where this idea is applied as it is to a PET scanner so that detectors are arranged sparsely on a ring,
the coincidence line necessary for image reconstruction is lacking to inevitably result in the deteriorated quality of an
image.

[0022] On the other hand, Japanese Published Unexamined Patent Application No. Hei 5-150046 has proposed a
method in which a FOV different from that which is imaged by a PET scanner as a tomographic image is measured
simply at low cost as a projected image. As illustrated in Fig. 7, this method assumes such a case that the head of a
subject 101 is measured by using a PET scanner (detector 102) and the heart is measured during the same session for
the conditions by using another device (detector 105). This method may have demand for an activation test or the like
in which, for example, 1°0O-labeled water is injected to measure the change in local cerebral blood flow in response to
stimulation. Images of the brain must be obtained as tomographic images. Regarding the heart, only monitoring of blood
flow pumped by the heart will be sufficient. Therefore, this method is considered to assume that a PET scanner for
obtaining tomographic images and positron imaging equipment for obtaining projected images are arranged in tandem.
Specifically, the PET scanner needs the image reconstruction for obtaining tomographic images, while the positron
imaging equipment does not need the image reconstruction because measured data in itself is a projected image. In
this method, some of the detectors used in the PET scanner also act as detectors of the positron imaging equipment,
thereby providing an advantage that these two sets of equipment are combined into one set of integrated equipment to
reduce the cost. In Fig. 7, the numerals 103 and 106 depict coincidence circuits, and those of 104 and 107 depict data
processors.

[0023] The above method isto expand a FOV, however, itmay be considered to secure an open space from a different
point of view. However, provided by the detector 5 is not a tomographic image but a projected image.

[0024] Japanese Published Unexamined Patent Application No. Hei 5-150046 has also proposed that a plurality of
detectors 5 are arranged to pick up projected images at the same time in various directions but has not described a
point where an image is reconstructed to obtain a tomographic image.

[Disclosure of the Invention]

[0025] The present invention has been made in order to solve the above-described conventional problems, and an
object of which is to provide a PET scanner capable of suppressing the deteriorated quality of an image and also securing
an open space for easily gaining access to a patient and fixing a medical device as well as to provide a method for the
image reconstruction thereof.

[0026] Ordinarily, a PET scanner is structured so as to have a multiple ring detector in which detector rings are arranged
in the body axis direction. There is a two-dimensional mode collection in which only coincidence lines (LORs) between
the same rings are determined, as illustrated in Fig. 8 (A), and a three-dimensional mode collection in which all LORs
including those between different rings are determined, as shown in Fig. 8 (B). On the other hand, the volume of
tomographic images is that in which two dimensional slices are arranged in the body axis direction. Therefore, the volume
of three-dimensional images can be theoretically reconstructed only from the two-dimensional mode collection data.
Specifically, although the three-dimensional mode collection data is redundant, in reality, the count number is limited,
and all LORs are therefore subjected to the three-dimensional image reconstruction for a reduction in noises.

[0027] Inthe present invention, with attention given to the data redundancy of PET image reconstruction in the three-
dimensional mode, some of the detector rings are removed to secure a physically separated open space and also
information lacking is compensated by LORs between remaining detector rings to perform image reconstruction, thus
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making it possible to image an open space. Fig. 9 illustrates an example of LORs in which a 4th detector ring and a 5th
detector ring are removed from a PET scanner made up of eight detector rings. Annihilation radiation resulting from the
nuclide in the open space can be determined by LORs between rings in the back and forth direction.

[0028] The present invention has been made, with attention given to the above description, more specifically, a
plurality of detector rings in which detectors arranged densely or spatially in a ring shape or in a polygonal shape are
arranged, with an open space kept in the body axis direction, coincidences are measured for some of or all of detector
pairs connecting the detector rings apart from the open space to perform three-dimensional image reconstruction, thus
imaging the open space between the detector rings as a tomographic image, by which the above-described problem is
solved.

[0029] Atthis time, the coincidences may be measured not only for some of or all of detector pairs connecting detector
rings apart from the open space but also for some of or all of detector pairs within the same detector rings to perform
the three-dimensional image reconstruction, thus making it possible to image as a tomographic image a continuous
region which combines a FOV within each of the detector rings with the open space.

[0030] Further,amongopenspaces secured between the detectorrings, the detectors may be arranged at unnecessary
open spaces, thus making it possible to improve the detector sensitivity and also improve the quality of a PET image.
[0031] Further, a gantry in itself may be completely or partially separated at the above-described open space, by which
it is possible to gain access to a patient from outside the gantry.

[0032] Further, each of the thus separated detector rings may be structured so as to tilt in the back and forth direction
as well as in the lateral direction or so as to move in the back and forth direction, or structured in such a manner that
combines the above two cases, and a clearance between the detector rings in the body axis direction is made variable.
[0033] Still further, a medical device may be inserted at least partially into an open space between the detector rings,
thus making it possible to monitor treatment, by which a site to be treated can be confirmed by a PET scanner during
the same session with the treatment.

[0034] In addition, an X-ray CT scanner may be installed at least partially at a clearance region between detector
rings, thus making it possible to image the same site during the same session with the X-ray CT scanner.

[0035] The presentinvention is to provide an image reconstruction method for PET scanners in which on calculating
the image reconstruction of any of the PET scanners described so far, a system matrix to be calculated or referred is
changed in accordance with the arrangement of detectors.

[0036] Since the PET scanner of the present invention is provided with an open space secured in separation from a
patient port, it is possible not only to provide PET scanning for a patient with mental disorders but also to reduce
psychological stress to a patient under examination which has proved to be an obstacle also in cancer screening for
healthy people. Thereby, care can easily be given for patients under examination.

[0037] Further, medical devices for radiation or particle beams may be arranged at an open space in a combined
manner, thus making it possible to secure a route of therapeutic beams to a patient, with the sensitivity of the PET
scanner kept. Forthis reason, it is possible to easily monitor cancer treatment in real time by using heavy particle beams
or proton beams.

[0038] Still further, an X-ray CT scanner may be arranged at an open space in a combined manner, by which the FOV
of the X-ray CT scanner can be set in the FOV of a PET scanner to realize a PET/CT scanner capable of imaging the
same site during the same session.

[Brief Description of the Drawings]
[0039]

Fig. 1 is a drawing illustrating the principle of PET.

Fig. 2 is a perspective view illustrating one example of a conventional PET scanner.

Fig. 8 is also a perspective view illustrating one example of a multi-ring PET scanner.

Fig. 4 is also a perspective view illustrating one example of a gamma-camera opposition-type PET scanner.
Fig.5isaperspective view illustrating a conventional structure of a PET scanner which monitors particle radiotherapy.
Fig. 6 (A) is a perspective view illustrating one example which illustrates a conventional PET/CT scanner and Fig.
6 (B) is a longitudinal sectional view thereof.

Fig. 7 is a block diagram of the equipment proposed in Japanese Published Unexamined Patent Application No.
Hei 5-150046.

Fig. 8 (A) is a drawing illustrating the two-dimensional mode collection by a conventional PET scanner and Fig 8
(B) is a drawing illustrating the three-dimensional mode collection.

Fig. 9 is a drawing illustrating the principle of the present invention.

Fig. 10 is a drawing illustrating a constitution of a first embodiment of the present invention.

Fig. 11 is a flow chart illustrating procedures for obtaining tomographic images of a clearance region in the first
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embodiment.

Fig. 12 is a drawing comparatively illustrating a system matrix where the clearance is absent and where it is present.
Fig. 13 is a flow chart illustrating procedures for calculating image reconstruction.

Fig. 14 is a drawing illustrating a modified example of the system matrix by mask processing.

Fig. 15 is a flow chart illustrating procedures for the method given in Fig. 14.

Fig. 16 is a drawing illustrating a constitution of a second embodiment of the present invention.

Fig. 17 is a flow chart illustrating procedures for obtaining tomographic images in the second embodiment.

Fig. 18 is a drawing illustrating a simplified example given in Fig. 17.

Fig. 19 is a block diagram corresponding to Fig. 18.

Fig. 20 is a drawing illustrating a third embodiment of the present invention.

Fig. 21 is a perspective view illustrating an example of movement states of detector rings.

Fig. 22 is a drawing illustrating a method for calculating an allowable range in which the detector rings may be
arranged.

Fig. 28 is a drawing illustrating a first example of the present invention.

Fig. 24 is a drawing illustrating a second example of the present invention.

Fig. 25 is a drawing illustrating a third example of the present invention.

Fig. 26 is a drawing illustrating a fourth example of the present invention.

Fig. 27 is a drawing illustrating one example of computer simulation results.

Fig. 28 is a drawing illustrating one example of calculation of the allowable range in which the detector rings may
be arranged.

Fig. 29 is a drawing illustrating simulation results of the detector sensitivity.

Fig. 30 is a drawing illustrating experimental results.

Fig. 31 is a drawing illustrating a modified example.

Fig. 32 is a drawing illustrating another modified example.

Fig. 33 is a drawing illustrating experimental results of the modified example.

[Best Mode for Carrying Out the Invention]

[0040] Hereinafter, a description will be given in detail for embodiments of the present invention by referring to the
drawings.

[0041] As shown in Fig. 10, in the first embodiment of the present invention, a first detector ring 12a and a second
detector ring 12b in which detectors 10 arranged densely or spatially in a ring shape or in a polygonal shape are arranged,
with an open space kept in the body axis direction, coincidences are measured for some of or all of detector pairs
connecting thefirst detector ring 12a with the second detector ring 12b to perform three-dimensional image reconstruction,
thereby imaging as a tomographic image an open space between the first detector ring 12a and the second detector
ring 12b.

[0042] Fig. 11 is aflow chart illustrating processing procedures in a constitution having two detector rings, that is, the
detector ring 12a and the detector ring 12b.

[0043] For the sake of explanatory convenience, a region which is imaged as a tomographic image is divided into
three regions, that is, a first FOV within the detector ring 12a, a second FOV within the detector ring 12b, and an open
space (also referred to as a clearance region) between the detector rings 12a and the 12b.

[0044] Inthe detectorrings 12a and 12b, when one radiation is detected, positional information of a detecting element
which has detected the radiation, energy information of the radiation, and information of the thus detected time are taken
out as single event data SD. This single event data SD is sent sequentially to a coincidence circuit 40, thereby determining
coincidences between the single event data SD taken out respectively from the detector rings 12a and 12b. Then, the
single event data SD is converted to list mode data LD, orinformation on a pair of detecting elements which have detected
one pair of annihilation (gamma) photons. The list mode data LD is retained by a data collector 42 at a memory unit as
it is. Alternatively, the list mode data LD is retained as histogram data HD at the memory unit, and thereafter image
reconstruction device 44 is used to make image reconstruction calculation to obtain atomographic image of the clearance
region, thereby displaying it on an image display device 46.

[0045] On calculating the image reconstruction, an element a; of a system matrix to be calculated or referred is defined
as a probability in which annihilation radiation generated from a jth pixel of an image is determined as an ith coincidence
line. As a method for calculating system matrix elements, several calculation methods such as a method based on the
length of a line segment at which a coincidence line intersects with a pixel and a method using Monte Carlo simulation
have been proposed. In either method, it is necessary to adjust the position coordinates of the detector to an actually
used scanner.

[0046] Fig. 12 illustrates an example of a system matrix by comparing a case of (A) where no clearance is provided
and a case of (B) where a clearance is provided. When the detector coordinates of detector pairs corresponding to the
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coincidence line i are given respectively as z;; and z;,, these coordinates of z;; and z,, are changed according to the
movement of the detectors (in the example shown in Fig. 12, z;; is fixed and z;, is changed). Thereby, it is necessary to
change the system matrix according to the change in detector coordinates.

[0047] Fig. 13is aflow chartillustrating procedures for calculating the image reconstruction in an image reconstruction
device. On the basis of gantry positional information which is transmitted from a gantry position controller to the image
reconstruction device 44 or accommodated inside list mode data LD, detector coordinates are changed. Then, system
matrix elements are calculated according to the thus changed detector coordinates. A system matrix in the image
reconstruction can be utilized by a method in which the elements are in advance calculated and retained and read
sequentially on calculation of the image reconstruction and by a method in which on calculating the image reconstruction,
the elements are sequentially calculated, whenever necessary.

[0048] Where detector rings are equal in diameter, the detector rings move in parallel and also move in a step width
which is an integral multiple number with respect to the intervals of detectors in the body axis direction, mask processing
is given to a system matrix which is defined for a virtual arrangement of detectors in which the detectors are continuously
arranged with no clearance kept, thus making it possible to easily change the system matrix.

[0049] Specifically, as illustrated in Fig. 14, a system matrix [a_full;] covering all the movement range of the detector
rings is multiplied by a mask pattern [w;] at which only a part where the detector rings are actually present is given as
1.0 and the rest is given as 0.0 according to the actual arrangement of the detector rings, thereby obtaining an actual
system matrix { a_space;; }.

[0050] Fig. 15 is a flow chart illustrating procedures for calculating the image reconstruction by the method given in
Fig. 14. Mask processing by a mask prepared according to change in detector coordinates is given to the system matrix
of a virtual system. The system matrix calculation of a virtual system is subjected to calculation/retention in advance or
may be sequentially calculated, whenever necessary, on calculation of the image reconstruction.

[0051] As described so far, where the length of an open space between detector rings is an integral multiple number
with respect to the size of the detector ring, it is possible to easily perform the reconstruction calculation. In addition, the
length of the open space shall not be limited to an integral multiple number with respect to the detector ring.

[0052] Next, a description will be given in detail for the second embodiment of the present invention by referring to
Fig. 16.

[0053] The presentembodimentis a PET scanner similarto that of the first embodiment, in which not only coincidences
are measured for some of or all of detector pairs connecting a first detector ring 12a and a second detector ring 12b but
also coincidences are measured for some of or all of detector pairs within the first detector ring 12a and some of or all
of detector pairs within the second detector ring 12b to perform the three-dimensional image reconstruction. Thereby,
a continuous region which combines a first FOV of the first detector ring 12a, a second FOV of the second detector ring
12b and an open space is imaged as tomographic images.

[0054] Fig. 17 illustrates procedures for obtaining tomographic images which combine the clearance region, the first
FOV and the second FOV in the second embodiment. Coincidences are determined within the detector ring 12a and
within the detector ring 12b, in addition to the coincidences determined between the detector rings 12a and 12b. The
thus obtained list mode data LD is combined by the data collector 42 and converted to a mass of list mode data LD or
histogram data HD. Then, the image reconstruction device 44 is used to perform image reconstruction, thus making it
possible to obtain tomographic images at a continuous FOV which combines the clearance region, the first FOV and
the second FOV.

[0055] The procedures given in Fig. 17 are able to remove unnecessary single event data SD from a data stream by
blocking signals at two sites giveninthis drawing where only the clearance region may be imaged, thus making it possible
to easily improve throughput and expand a dynamic range. However, the procedures are complicated in system consti-
tution.

[0056] Fig. 18 illustrates procedures for simplifying the constitution given in Fig. 17. In Fig. 18, at a stage prior to
coincidence determination, after the single event data SD is mixed in the body axis direction, coincidences are to be
determined at one site. Since the thus mixed single event data SD includes data resulting respectively from the detector
rings 12a and 12b, coincidences determined at one site are referred to determine coincidences within the detector ring
12a, within the detector ring 12b, and at a clearance between the detector rings 12a and 12b. Fig. 19 illustrates a block
diagram corresponding to Fig. 18.

[0057] In the first and second embodiments, there is only power cable s and signal cable s which are needed to be
physically present laid between the first detector ring 12a and the second detector ring 12b. Therefore, a gantry in itself
is completely or partially separated, by which an open space can be secured for gaining access to a patient from outside
the gantry.

[0058] In addition, in the first and the second embodiments, the first detector ring 12a is equal in size to the second
detector ring 12b. However, as illustrated in the third embodiment given in Fig. 20, the ring diameter is changed, for
example, the first detector rings 12a corresponding to the head may be made smaller in diameter than the second
detector ring 12b corresponding to the torso.
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[0059] In addition, the positional relationship between separated detector rings may be fixed. However, since a greater
clearance will inevitably result in the deteriorated quality of an image, it is desirable to adjust the size of the clearance,
whenever necessary. As illustrated in Fig. 20 and Fig. 21, it is also desirable that each of the thus separated detector
rings is structured so as to tilt in the back and forth direction and in the lateral direction, so as to move in the back and
forth direction, or structured in a combined manner and that the clearance of the detector rings in the body axis direction
can be changed according to the purpose of the check-ups or others. Further, detector rings are arranged so that no
clearance is kept between them and can be used as an ordinary PET scanner.

[0060] In the third embodiment, allowable ranges between the first FOV, the second FOV, and the clearance region
can be obtained as illustrated in Fig. 22. Specifically, when the ring diameter of the first detector ring 12a is given as
D1, the width of the sensitivity area in the body axis direction is given as W1, the ring diameter of the second detector
ring 12b is given as D2, the width of the sensitivity area in the body axis direction is given as W2, and the clearance
between detector rings is given as G, following formulae can be used to calculate W, H1 and H2 in the drawing.
[0061]

W = (Dl x W2 + D2 x W1)/ (D1 + D2) ..(1)
Hl1 = D1 x (G + W2) / (D1 + D2) w (2)
H2 = D2 v (G + Wl) / (D1 + D2) o (3)

[0062] Then, where the relationship of H1 > W or H2 > W or G > W is satisfied, as illustrated in Fig. 22 (A), a region
is developed thatis notimaged, by which a FOV in the body axis direction is made discontinuous. Therefore, as illustrated
in Fig. 22 (B), in order to secure a FOV which is continuous in the body axis direction, it is necessary to arrange the
detector rings and a clearance between the rings adjustably so as to attain the relationship of H1 < W, H2 <W, and G
<W. In Fig. 22, D is the diameter of a minimum FOV and can be calculated by the following formula.

[0063]

D =Dl x D2 x W/ (D1 x H2 + D2 x HI) . (4)

[0064] It is necessary to arrange the detector rings and a clearance between the rings adjustably so that the D value
can be made greater than an examination target region to be imaged

[0065] Fig. 23 illustrates a first example which has realized the first and the second embodiments. This example is
constituted so that two identical detectorrings 12a, 12b formed in a ring-shape are arranged in tandem as an independent
gantry to make variable a clearance between the detector rings.

[0066] Specifically, the example is constituted with the detector rings 12a, 12b, gantry covers 60a, 60b for respectively
covering them, and a bed 7 on which a patient 6 lies. A wheel 62 is mounted on each of the gantries and able to move
them on a common or a separate rail 64 in the back and forth direction.

[0067] When the FOV is deviated in the body axis direction, the detector rings 12a and 12b are moved with respect
to a fixed bed, or the detector rings 12a and 12b are fixed and the bed 7 is moved.

[0068] One pair of annihilation (gamma) photons 8a, 8b which travel approximately at an angle of 180° are emitted
in all directions from a nuclide 8 concentrated inside the body of the patient 6. In the detector rings 12a and 12b, single
event data SD which is measured data on one side of the pair annihilation (gamma) photons 8a, 8b is sent to a common
coincidence circuit 40 and converted to list mode data LD, which is information on coincidence pairs, within the detector
ring 12a, within the detector ring 12b, and between the detector rings 12a and 12b.

[0069] The list mode data LD is stored by the data collector 42 at a recording medium, thereafter sent to the image
reconstruction device 44 and subjected to calculation of image reconstruction. Then, the image display device 46 is
used to display a reconstruction image.

[0070] An open space can be secured for a patient by a clearance between the detector rings 12a and 12b. However,
when the clearance between the detector rings is made greater, the deteriorated quality of an image is inevitably found.
Therefore, it is desirable to adjust the size of the clearance to a minimum extent, depending on the necessity of check-
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ups. The detector rings 12a and 12b are controlled for the movement by the gantry position controller 68 on the basis
of gantry positional information specified by a console device 66. The gantry positional information is included in the list
mode data LD through the coincidence circuit 40 or directly sentto the image reconstruction device 44, thereby calculation
can be made on calculation of image reconstruction based on the positional information of actual detectors.

[0071] In the first example, there is provided two detector rings, for which the number of detector rings shall not be,
however, limited. Fig. 24 illustrates a constitution of the second example in which three detector rings, 12a, 12b and 12¢
are arranged to provide an open space at two sites. In this drawing, the numeral 60c depicts a gantry cover of the detector
ring 12c.

[0072] Fig. 25 illustrates a constitution of the third example of a PET scanner in which medical devices such as a
radiation irradiation device 24 are inserted into a clearance region between the detector rings 12a and 12b, in a PET
scanner in which two identical detector rings 12a, 12b formed in a ring shape are arranged in tandem as independent
gantries (60a, 60b), and a clearance between the detector rings 12a and 12b ismade variable, thereby providing treatment
and monitoring the treatment to confirm the same site during the same session by PET.

[0073] Particle beams 22 generated from the radiation therapy device 24 pass through a clearance region between
the detector rings 12a and 12b and are irradiated to a treatment range of the patient 6, without interfering with the PET
gantries (60a, 60b). The radiation therapy device 24 is controlled by a medical device control system 26. The clearance
between the detector rings 12a and 12b is determined so that the particle beams 22 will not interfere with the PET
gantries (60a, 60b). The thus obtained PET image is fed back to the medical device control system 26 and used for
confirmation of the therapeutic effects or altering treatment plans.

[0074] Fig. 26 illustrates a constitution of the fourth example of a PET scannerin which X-ray CT scanner 30 is installed
at a clearance region between the detector rings 12a and 12b, in a PET scanner in which two identical detector rings
12a, 12b formed in a ring shape are arranged in tandem as independent gantries (60a, 60b) and a clearance between
the detector rings 12a and 12b is made variable, thus making it possible to image the same site during the same session
with the X-ray CT.

[0075] The X-ray CT scanner 30 is constituted with an X-ray tube 32 and an X-ray detector 34 which mutually rotates.
The detector rings 12a and 12b of the PET scanner and the X-ray CT scanner 30 may be fixed at their positions and
constituted in an integrated manner. However, Fig. 26 illustrates a constitution in which they are respectively provided
with independent gantries (60a, 60b, 60d) and arranged in tandem on acommon or an independent rail 64 and constituted
so as to move in the back and forth direction.

[0076] The detectorrings 12aand 12b ofthe PET scannerandthe X-ray CT scanner 30 are controlled attheir respective
positions by a common gantry position controller 68.

[0077] The CT data collector 36 which stores the data of the X-ray CT scanner 30 in a recording medium may be
common with the PET data collector 42. An image reconstruction device forthe X-ray CT scanner 30 may be independent
of that for the PET scanner. In the present constitution, a common image reconstruction device 44 is used to image the
data of the X-ray CT scanner 30 and that of the PET scanner which are then superimposed, and the thus superimposed
image is displayed on an image display device 46.

[0078] Fig. 27 illustrates an example where a PET scanner in which two identical detector rings formed in a ring shape
are arranged in tandem to make variable a clearance between the detector rings is subjected to computer simulation,
thereby performing image reconstruction. The diameters of the detector rings are D1 = D2 = 827 mm, and the widths of
the sensitivity areas in the body axis direction are W1 = W2 = 153 mm. Each of the detector rings is constituted in such
a manner that Bismuth Germanium Oxide (BGO) measuring 4.05 mm (cross sectional direction) x 4.39 mm (body axis
direction ) x 30 mm (depth direction) is used as a detecting element and these detecting elements are arranged so as
to give 8 lines by 8 rows, with a clearance of 0.4 mm kept from each other, thereby giving one detector block, and 72 of
these detector blocks are arranged in an arc around the circumference of the gantry in four rows in the body axis direction.
A clearance G between the detector rings is allowed to change in five different ways, that is, 0 mm (no clearance), 38
mm, 77 mm, 115 mm and 153 mm. A numerical phantom was simulated in a case where a total of 20 spherical bodies
with a diameter of 9.6 mm were arranged three dimensionally inside a cylinder measuring 23 cm in diameter and 46 cm
in length in the body axis direction and a nuclide was sealed so as to give a relative strength of 1 in the entire cylinder
and a relative strength of 2 in 20 spherical bodies. Thereby, it has been confirmed that even if the clearance G between
the detector rings is expanded up to 153 mm, a reconstruction image is obtained, which is equal in quality to that obtained
when no clearance is provided.

[0079] Fig. 28 shows the results obtained by allowing the clearance G between the detector rings to change with
respect to parameters of the above PET scanner, thereby studying the diameter D of a minimum FOV and the continuity
of FOVs in the body axis direction. The diameter D of a minimum FOV is D = 827 mm which is the same as the diameter
of the detector ring where no clearance is provided. However, when the clearance G is set to be 153 mm, the diameter
is decreased to D = 414 mm. Further, the clearance G between the detector rings which is equal to 153 mm is a limit
by which the FOV can be secured continuously in the body axis direction. Where the clearance is made greater than
the above, it is clear that the FOV is no longer secured continuously in the body axis direction.
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[0080] Fig. 29 is a drawing in which the sensitivities of detectors as a whole obtained by allowing the clearance G
between the detector rings to change are plotted relatively, with a case of no clearance given as 100%. Although a small
decrease in sensitivity due to the change in solid angle is found, it is clear that an expanded clearance between the
detector rings only slightly affects the detector sensitivity.

[0081] The presentinvention is mounted on a test machine of a PET scanner for the head to study the effect thereof.
Since a main object is to study the influence on the quality of an image, the determination data was damaged artificially
in place of mechanical movement of the detectors.

[0082] Fig. 30 illustrates the results in which where two identical detector rings having a FOV of 100 mm in the body
axis direction are arranged, with no clearance kept (A) and with the clearance of 65 mm kept (B), experimental data with
healthy people is used to reconstruct an image according to a three-dimensional successive approximation. The drawing
on the left side of Fig. 30 (B) illustrates a tomographic image of the clearance region, the quality of which is clearly equal
to the image given in Fig. 30 (A) where no clearance is provided.

[0083] In the above embodiments, a complete open space between individual detector rings is provided. However,
detectors are arranged at unnecessary open spaces, thus making it possible to improve the detector sensitivity and also
improve the quality of a PET image.

[0084] Specifically, where irradiation beams of radiotherapy can be controlled for the irradiation direction, as illustrated
in Fig. 31, detectors can be arranged at spaces excluding routes of therapeutic beams.

[0085] Further, as illustrated in Fig. 32, on ordinary PET scanning, in order to gain access to the arms of a patient 6
from outside the gantry 60, an open space may be provided only at two sites near the arms. Thereby, it is possible to
easily inject a PET radiopharmaceutical before check-ups or collect blood samples during PET scanning.

[0086] Fig. 33 illustrates the results of experimental studies in which detectors are arranged at unnecessary open
spaces to obtain improvement effects of the quality of an image. As illustrated in (A), where a full open space at which
a central detector ring is removed is provided, there is a case where some of the detailed structures of the brain may
notbe correctly imaged as indicated by the arrow in the drawing, as compared with a case where no clearance is provided
as illustrated in (C). However, as illustrated in (B), where spot open spaces are provided at which detectors are arranged
at sites excluding two open spaces, results are obtained which are similar to those where no clearance is provided as
illustrated in (C).

[Industrial Applicability]

[0087] The presentinvention is able to provide an open-type PET scanner capable of easily gaining access to a patient
under PET scanning from outside a gantry and also providing irradiation of particle beams for cancer treatment as well
as X-ray CT scanning.

Claims

1. A PET scanner, wherein a plurality of detector rings in which detectors arranged densely or spatially in a ring shape
or in a polygonal shape are arranged, with an open space kept in the body axis direction,
coincidences are measured for some of or all of detector pairs connecting the detector rings apart from the open
space to perform three-dimensional image reconstruction,
thereby imaging the open space between the detector rings as a tomographic image.

2. The PET scanner according to claim 1, wherein the coincidences are measured not only for some of or all of detector
pairs connecting the detector rings apart from the open space but also for some of or all of detector pairs within the
same detector rings to perform the three-dimensional image reconstruction, thus making it possible to image as a
tomographic image a continuous region which combines a field-of-view within each of the detector rings with the
open space.

3. The PET scanner according to claim 1 or claim 2, wherein, among open spaces secured between detector rings,
detectors are arranged at unnecessary open spaces, thus making it possible to improve the detector sensitivity and
also improve the quality of a PET image.

4. The PET scanner according to any one of claim 1 to claim 3, wherein
a gantry in itself is completely or partially separated at the open space, thus making it possible to gain access to a

patient from outside the gantry.

5. The PET scanner according to any one of claim 1 to claim 4, wherein
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each of the separated detector rings is structured so as to tilt in the back and forth direction as well as in the lateral
direction, so as to move in the back and forth direction, or structured in such a manner that combines the above
two cases, and a clearance between the detector rings in the body axis direction is made variable.

The PET scanner according to any one of claim 1 to claim 5, wherein a medical device is inserted at least partially
into an open space between detector rings, thus making it possible to monitor treatment in which a site to be treated
can be confirmed by the PET scanner during the same session with the treatment.

The PET scanner according to any one of claim 1 to claim 5, wherein an X-ray CT scanner is arranged at least
partially at a clearance region between detector rings, thus making it possible to image the same site during the
same session with the X-ray CT scanner.

An image reconstruction method for a PET scanner, wherein on calculating image reconstruction of any of the PET

scanners described from claim 1 to claim 7, a system matrix to be calculated or referred is changed in accordance
with the arrangement of detectors.

11
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Fig. 28
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Fig. 29
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Fig. 30
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