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N = NW = NORTH WEST OF HIT 

(57) ABSTRACT 

The present invention is directed to a system, method and 
software program product for implementing an e?icient, 
loW-radiation 3-D Complete-Body-Screening (3D-CBS) 
medical imaging device Which combines the bene?ts of the 
functional imaging capability of PET With those of the 
anatomical imaging capability of CT. The present invention 
enables a different detector assembly, and together they 
enable execution of more complex algorithms measuring 
more accurately the information obtained from the collision 
of the photon With the detector. The present invention 
overcomes input and coincidence bottlenecks inherent in the 
prior art by implementing a massively parallel, layered 
architecture With processor separate stacks for handling each 
channel. The prior art coincidence bottleneck is overcome 
by limiting coincidence comparisons to those With a time 
stamp occurring Within a prede?ned time WindoW. The 
increased efficiency provides the bandwidth necessary for 
increasing the throughput even more by extending the FOV 
to over one meter in length and the execution of even more 
complex algorithms. 

CRYSTAL 0F INTERACTION DETERMINED BY 
LIGHT SHARING BETWEEN ANY 3x3 PMT'S 
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METHOD AND APPARATUS FOR IMPROVING 
PET DETECTORS 

CROSS REFERENCES TO RELATED 
APPLICATIONS 

[0001] The present application is related to and claims 
priority from the co-pending US. provisional patent appli 
cation entitled “METHOD AND APPARATUS FOR 
IMPROVING PET DETECTORS” having application No. 
60/424,933 ?led on Nov. 9, 2002 and is incorporated by 
reference herein by reference in its entirety. 

[0002] The present application is also related to the fol 
loWing patent applications: 

[0003] US. Pat. No. 5,937,202 ?led Feb. 15, 1996 entitled 
“High-Speed, Parallel, Processor Architecture for Front-End 
Electronics, Based on a Single Type of ASIC, and Method 
Use Thereof,” (hereinafter US. patent ’202). 

[0004] US. patent application Ser. No. 09/506,207 ?led 
Feb. 15, 2000 entitled “Method and Apparatus for Extending 
Processing Time in One Pipeline Stage,” (hereinafter US. 
application ’207), Which claims priority from: US. Provi 
sional Patent Application No. 60/120,194 ?led Feb. 16, 
1999; US. Provisional Patent Application No. 60/112,130 
?led Mar. 12, 1999; US. Provisional Patent Application No. 
60/129,393 ?led Apr. 15, 1999; US. Provisional Patent 
Application No. 60/132,294 ?led May 3, 1999; US. Provi 
sional Patent Application No. 60/ 142,645 ?led Jul. 6, 1999; 
US. Provisional Patent Application No. 60/143,805 ?led 
Jul. 14, 1999; US. Provisional Patent Application No. 
60/154,153, Sep. 15, 1999; US. Provisional Patent Appli 
cation No. 60/161,458 ?led Oct. 25, 1999; US. Provisional 
Patent Application No. 60/164,694 ?led Nov. 10, 1999; and 
US. Provisional Patent Application No. 60/170,565 ?led 
Dec. 14, 1999. 

[0005] US. patent application Ser. No. 10/185,904 ?led 
Jun. 27, 2002 entitled “Method and Apparatus for Whole 
Body, Three-Dimensional Dynamic PET/CT Examination,” 
(hereinafter US. application ’904), claiming priority from 
US. Provisional Patent Application No. 60/301,545 ?led 
Jun. 27, 2001; and US. Provisional Patent Application No. 
60/309,018 ?led Jul. 31, 2001. 

[0006] US. patent application Ser. No. 10/296,532 ?led 
Nov. 25, 2002 entitled “Method and Apparatus for Anatomi 
cal and Functional Medical Imaging,” (hereinafter US. 
application ’532), Which claims priority from: PCT/US01/ 
15671 ?led May, 15, 2001; US. Provisional Patent Appli 
cation No. 60/204,900 ?led May 16, 2000; US. Provisional 
Patent Application No. 60/215,667 ?led Jun. 30, 2000; US. 
Provisional Patent Application No. 239,543 ?led Oct. 10, 
2000; US. Provisional Patent Application No. 60/250,615 
?led Nov. 30, 2000; US. Provisional Patent Application No. 
60/258,204 ?led Dec. 22, 2000; and US. Provisional Patent 
Application No. 60/261,387 ?led Jan. 15, 2001. 

[0007] US. patent application Ser. No. 10/376,024 ?led 
Feb. 26, 2003 entitled “Method And Apparatus For Deter 
mining Depth of Interactions in a Detector for Three 
Dimensional Complete Body Screening,” (hereinafter US. 
application ’024), claiming priority from US. Provisional 
Patent Application No. 60/360,301 ?led Feb. 26, 2002. 

[0008] US. patent application Ser. No. 10/453,255 ?led 
Jun. 2, 2003 entitled “Gantry for Geometrically Con?g 
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urable and Non-Con?gurable Positron Emission Tomogra 
phy Detector Arrays,” (hereinafter US. application ’255), 
claiming priority from US. Provisional Patent Application 
60/385,140 ?led Jun. 2, 2002. 

[0009] The above-identi?ed patent applications are incor 
porated by reference herein by reference in their entireties. 

BACKGROUND OF THE INVENTION 

[0010] 1. Field of the Invention 

[0011] The present invention relates to positron emission 
tomography (PET). More particularly, the present invention 
relates to PET detectors used therein. 

[0012] 2. Description of Related Art 

[0013] The use of positron emissions for medical imaging 
has been Well documented from the early 1950s, see “A 
History of Positron Imagining,” BroWnell, Gordon, pre 
sented on Oct. 15, 1999, Massachusetts General Hospital 
and available at http://neurosurgery.mgh.harvard.edu/docs/ 
PEThistorypdf, Which is incorporated herein by reference in 
its entirety. PET imaging has advantages over other types of 
imaging procedures. Generally, PET scanning provides a 
procedure for imaging the chemical functionality of bodily 
organs rather than imaging only their physical structure, as 
is commonly available With other types of imaging proce 
dures such as X-ray, Computerized Tomography (CT), or 
Magnetic resonance imaging (MRI). PET scanned images 
alloW a physician to examine the functionality of the heart, 
brain, and other organs, as Well as diagnosing disease groups 
Which cause changes in the cells of a body organ or in the 
manner in Which they groW, change, and/ or multiply out of 
control, such as cancers. 

[0014] Positron Emission Tomography (PET) is a medical 
imaging technique that involves injecting a natural com 
pound, such as sugar or Water, labeled With a radioactive 
isotope into a patient’s body to reveal internal biological 
processes. As the isotope (positron) circulates Within the 
patient’s body. The positron annihilates With and electron 
and emits pairs of photons in diametrically opposed direc 
tions (back-to-back). A PET device is made of a set of 
detectors coupled to thousands of sensors that surround the 
human body. These detectors (crystals) capture the photons 
emitted by the isotope from Within the patient’s body at a 
total rate of up to hundreds of millions per second, While the 
sensors (transducers such as PMTs) convert them to elec 
trical signals, and send the signals to the electronics. 

[0015] Other applications for detecting particles (photons, 
electrons, hadron, muon and jets) are Well knoWn, such as 
With regard to experiments in high energy physics. While 
particle detection in high energy physics and medical imag 
ing have some common ground, differences betWeen the 
disciplines are sticking. On distinction betWeen the usages is 
that the detectors used in medical imaging are approximately 
200 times smaller than the larger detectors employed in 
high-energy physics applications, and What is more, medical 
imaging PET applications require the identi?cation of only 
a single type of particle, the photon. 

[0016] Typically, prior art Positron Emission Tomography 
(PET) devices require the injection into the patient’s body of 
a radiation dose that is 10 to 20 times the maximum radiation 
dose recommended by the International Commission on 
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Radiological Protection (ICRP). This amount is necessary 
because, at best, prior art PET devices detect only detect tWo 
photons out of 10,000 emitted in the patients’ body. Cur 
rently, the largest manufacturers of PET (General Electric 
Company and Siemens AG (ADR)) Which command in 
excess of 90% of the World market, are manufacturing tWo 
different PET (PET/CT) systems With very similar perfor 
mance and are selling them at very similar prices. HoWever, 
although the price and performance of the systems from the 
different manufacturers are comparable, one manufacturer’s 
system (Siemens) uses nearly ideal crystal detectors, While 
contrastingly, the other manufacturer’s system (General 
Electric) uses cheaper, loWer quality crystal detectors With 
sloWer decay time. Consequently, the manufacturer using 
the cheaper, loWer cost detectors, expends on the order of 
only 10% the price of the ideal crystals used in their 
competitor’s systems. Thus, the question arises as to hoW it 
could be that, even though one manufacturer uses crystal 
detectors that are ten times more expensive that the other 
manufacturer, the price and performance of the tWo PET 
systems from the different manufacturers are very compa 
rable. 

[0017] Anecdotally, the present inventor has analyZed the 
progress of the most signi?cant PET improvements made in 
the most recent 17 years, see “400+ times improved PET 
ef?ciency for loWer-dose radiation, loWer-cost cancer 
screening,” 3D-Computing, Jun. 30, 20010, ISBN: 
0970289707, Which is incorporated herein by reference in its 
entirety. During that time period, the e?iciency of PET 
improved at a rate of betWeen tWo and three times every ?ve 
years. The analysis included technical literature, patents 
(including those assigned to GE and Siemens) and also PETs 
that Were built as prototypes at several universities but Were 
never commercialized. At the current improvement rate of 
PET advancement, it Would conservatively take several 
decades of improvements for the radiation dose necessary 
for a PET procedure to come Within the maximum radiation 
dose recommended by the ICRP. 

[0018] What is needed is a means for increasing the 
accuracy and e?iciencies of PET devices enabling caregiv 
ers to more accurately diagnose aliments related to the 
functionality of body organs and not just inferences from the 
structure of the organs. Additionally, What is needed is a 
quantum advance forWard in PET devices and procedures 
Wherein patients can receive the bene?ts of PET imaging 
Without the associative risks from the radioactive doses 
necessary for the procedures. Finally, What is needed is a 
means for reducing the associated risks and increasing 
detection ef?ciencies associated With PET imaging proce 
dures to such an extent that the bene?ts of PET imaging can 
be applied in Well-body care and preventative medicine 
strategies for apparently healthy individuals as a standard 
health assessment and diagnostic tool for regular, periodic 
checkups. 

SUMMARY OF THE INVENTION 

[0019] The present invention is directed to a system, 
method and softWare product for increasing the ef?ciency of 
a PET device. The present invention is directed to a series of 
improvements Which are concatenated and relates to provide 
the ef?ciencies of over 400 times that of prior art PET 
devices. 

[0020] A modular, digital system, fully programmable and 
scalable for a multi-modality, open (to accommodate claus 
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trophobic or overWeight patients, With the option of closing 
the detector, to increase ef?ciency), utiliZing both Positron 
Emission Tomography (PET) and Computed Tomography 
(CT) in one unit is presented herein for VME and IBM-PC 
based platforms. The present invention fully exploits the 
double photon emission occurrence and alloWs for annual 
Whole-body screening for cancer and other systemic anoma 
lies; only 1/30 the radiation dosage; a reduction in scan time 
to 4 minutes for an axial Field of VieW (FOV) of 137.4 cm 
as opposed to 55 minutes for an axial FOV of 16 cm; a 
decrease in examination cost by 90%; an increase in sensi 
tivity, providing physicians With additional clinical infor 
mation on a speci?c organ or area and contribute to the 
speci?city in detecting and assessing cancer. 

[0021] The present system collects digital data from mul 
tiple electronic channels. Each electronic channel carries the 
information (64-bit) of all sensors included in a given vieW 
angle of the detector. The 64-bits data packets acquired at 20 
MHZ by each channel With Zero dead-time are correlated 
With neighboring information and processed in real time by 
a DSP processor to improve the signal-to-noise ratio and 
extract and measure particle properties, resulting in the 
identi?cation of the particle’s position, accurate energy 
measurement, Depth of Current PET devices Interaction 
(DOI), and the timing measurements. A thorough real-time 
algorithm that best identi?es the photons can be executed 
because the 3D-FloW sequentially-implemented, parallel 
architecture (SIPA) alloWs for processing time to be 
extended in a pipeline stage beyond the time interval 
betWeen tWo consecutive input data by con?guring by-pass 
sWitches in parallel With the processors. Very loW poWer 
consumption drivers drive short, equal-length PCB traces 
betWeen 3D-FloW chips, solving the problem of signal skeW, 
ground bounce, cross-talk and noise. The electronics vali 
date and separate events from the different modalities (PET/ 
CT); PET events are checked for coincidences using a circuit 
sensitive to radiation activity rather than the number of 
detector elements. Both PET and CT examinations occur at 
the same time in a stationary bed position using a detector 
With a long axial FOV, avoiding motion artifacts, increasing 
throughput, reducing examination cost, reducing radiation to 
patients, increasing resolution, improving data quality, and 
reducing erroneous readings (false positives). The saturation 
of the electronics in prior art PET is overcome by using a 
system With an input bandWidth of 35 billion events per 
second distributed over 1,792 channels. The output band 
Width is selectable to sustain the activity generated by the 
maximum radiation that a PET/CT should ever receive. 

[0022] The pipe-line architecture of the present invention 
runs contrary to that knoWn in the prior art. Rather than a 
task being divided into incremental sub-tasks for execution 
of each processor in a pipeline circuit, the entire task is 
accomplished at a pipeline processor prior to the data 
moving out. When a data enters a unit, it Will stay there until 
the entire task is completed. The result Will then “Walk,” one 
step at a time, through to the exit (stopping for one cycle at 
each register at each unit but Without being further pro 
cessed). 
[0023] Also disclosed is a detector assembly capable of 
determining extremely accurate DOI measurements. A 
detector element assembly is coupled to a photomultiplier 
(PMT) at one end and to an Avalanche Photodiode (APD) at 
the other end. The APD siZe is typically smaller than the 
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PMT (and crystal) size, thus a light guide convoys the light 
from the larger surface coupled to the crystal detector to the 
smaller area of the sensitive APD. The crystal is made of a 
single continuous block of material, or it can be made of tWo 
sections. One section is coupled to the PMT is a continuous 
(single) block of crystal. The entire detector (barrel or a 
section covering a large portion of the human body) can be 
made of a single piece of crystal Which is then coupled to 
several PMTs. A second section is coupled to a previous 
crystal block in one side and is coupled to the light guide on 
the other side. This can be made of pixel (l><l mm to 5><5 
mm in siZe). A re?ective material is placed betWeen pixels 
in order to reduce on adjacent PMTs the spread of the light 
originated by the interaction of the incident photon With the 
crystal. The assembly of the detector provides the possibility 
to change the thickness of the entire crystal and the percent 
age of the thickness of the crystal With equal length re?ect 
ing slits compared to the solid crystal. The typical function 
of the PMT is to accurately measure the photon arrival time, 
its energy, and spatial resolution, While the function of the 
APD can be less important and just for a simpler function of 
providing the energy information on the other side of the 
crystal that Would alloW the calculation of the depth of 
Interaction (DOI). The purpose of the cut (slits) betWeen 
small crystals (pixels) is to reduce the number of photomul 
tipliers affected by the light generated by an event (or 
interaction betWeen the incident photon and the crystal). The 
length of these cuts Which separate tWo crystals has to be 
determined experimentally and is different from crystal to 
crystal. The optimal solution Will be When the highest spatial 
resolution, loW detector dead time, and good separation of 
pileup events is achieved. The optimal solution is deter 
mined by changing the centroid calculation and the pileup 
separation real-time algorithm, together With the change on 
the length of the slits. For some fast crystals, the cut of the 
crystals (slits) is not necessary. 
[0024] Unlike prior art PET electronics Which are typi 
cally implemented asynchronously, the electronics of the 
present invention is synchronous. The analog-to-digital con 
verters can sample the signals from the PMT or APD 
synchronously or asynchronously. Typically, detectors With 
long decay time are sampled synchronously at a higher rate 
(tWo to ?ve times faster than the decay time), While fast 
crystals can be sampled asynchronously With a ?xed delay 
from When a trigger generated from the constant fraction 
discriminator occurs. In any event, regardless of the tech 
nique used, a constant fraction discriminator triggers on the 
photon’s arrival time. This trigger signal is sent to a time 
to-digital converter, Which measures the photon’s arrival 
time (With respect to the system clock). 
[0025] The electronics in the 3D-FloW DSP photon detec 
tion board (the data reduction stack) can provide accurate 
information on all the above parameters (time-stamp, total 
energy, and DOI measurements) because each channel has a 
dedicated set of DSP processors. Those DSP can compute 
complex calculations on each signal that arrives from the 
PMT and can correlate that signal With the eight neighboring 
signals. Each has highly programmable computing capabil 
ity and neighboring (eight, tWenty-four, etc.) data exchange, 
alloWing for the extraction of highly accurate spatial reso 
lution information on the interaction betWeen the photon and 
the crystal. The programmability of the present processors 
and its architecture alloWs the execution of any algorithm 
(i.e., any DOI measurement With any technique), even if it 
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takes more time than the interval betWeen any consecutive 
input data. The present invention can measure more accu 
rately the total energy by summing the energy of the eight 
neighbors (rather than only three neighbors as implemented 
in the current PET). It also utiliZes a narroWer energy 
WindoW for better separation of the scatter events from the 
good events and thereby achieves the goal of “rejecting 
more scattered events than good ones.” 

[0026] Higher ef?ciency and greater accuracy (image 
resolution) are made possible by summing eight neighbors 
or more With the head of a cluster, the calculation of the 
time-stamp, the execution With Zero dead-time of a complex 
programmable real -time algorithm for a time longer than the 
time interval betWeen tWo consecutive input data, and offers 
the possibility of extending the FOV in a cost-effective 
manner to capture a greater number of photons. 

[0027] The calculation of the DOI on any of the three 
detector implementation techniques, and the centroid calcu 
lation based on the information from the eight neighbors on 
four sides preserves and increases the spatial resolution 
compared to the prior art “Anger Logic” technique Which is 
based on information from just three neighbors from on only 
tWo sides. 

[0028] The “time coincidence detection board,” in addi 
tion to complementing the features of the “the photon 
detection boar ,” increases the sensitivity of the PET by 
accepting through the LVDS serial input/ output lines a string 
of 64-bit information relative to the photon found (or any bit 
string such as the standard PET link format). The informa 
tion of the 64-bit string is speci?ed in the proposal (page 18) 
and can be received from the proposed “3D-FloW DSP 
photon detection boar ” or from any other board providing 
information on the photon through LVDS links. The “time 
coincidence detection board” routes the data from several 
LVDS input lines to feWer output lines. Events With the same 
time-stamp are sorted and compared to different groups of 
detectors to ?nd coincidences. 

[0029] In accordance With an exemplary embodiment of 
the present invention, With another aspect of the present 
invention, the PET improves the energy resolution by cal 
culating the total energy of the incident photon, even When 
the photon strikes a crystal coupled With the boundary of tWo 
PMT or APD, by using its capability to exchange data With 
eight (or tWenty-four) neighbors With no effect of detector 
boundaries. Superior spatial resolution is achieved by cal 
culating the “X” and “Y” position of the incident photon 
based on the information of all eight neighboring PMTs (or 
APDs) With respect to any PMT (or APD) element Where the 
local maxima Was found (instead of only three neighbors or 
limited by detector segmentation With boundaries as is 
implemented in the current PET). Additionally, a photon’s 
arrival time is detected and used for assigning a time-stamp 
to each event. This arrival time is then examined for time 
coincidence With any acceptable opposite detector element 
that received a hit. Finally, the present invention provides the 
possibility of executing complex real-time algorithms (e.g., 
calculating DOI measurements based on different detector 
implementations) on high-rate incoming data by using the 
massively parallel 3D-FloW architecture. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0030] The novel features believed characteristic of the 
present invention are set forth in the appended claims. The 
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invention itself, however, as well as a preferred mode of use, 
further objectives and advantages thereof, will be best 
understood by reference to the following detailed descrip 
tion of an illustrative embodiment when read in conjunction 
with the accompanying drawings wherein: 

[0031] FIG. 1 is a ?owchart depicting the steps necessary 
for increasing the photon capture e?iciency of a prior art 
PET to that disclosed in exemplary embodiments of the 
present invention; 

[0032] FIGS. 2A-2D are diagrammatic comparisons of 
the relationship between the increasing FOV and Lines of 
Response (LORs) in accordance with exemplary embodi 
ments of the present invention; 

[0033] FIG. 3A is a diagram of a prior art detector crystal 
optically coupled to a 2x2 PMT module; 

[0034] FIG. 3B is a diagram of a detector crystal optically 
coupled to a PMT in accordance with an exemplary embodi 
ment of the present invention; 

[0035] FIG. 4 is a diagram of a digital signal processor for 
implementation in current PET systems in accordance with 
an exemplary embodiment of the present invention; 

[0036] FIG. 5 depicts the ?ow of results (photons identi 
?ed by the real-time algorithm in the 3D-Flow stack) from 
the data reduction stack to the coincidence circuit in accor 
dance with an exemplary embodiment of the present inven 
tion; 
[0037] FIG. 7 depicts a coincidence detection scheme in 
which only those candidates found within a time of 50 ns are 
compared (no more than four are expected); the candidates 
from different detector blocks may require different numbers 
of clock cycles to reach the exit point, thus a sorting/ 
resynchroniZing circular buffer realigns the events in the 
original sequential order and within a ?xed delay time from 
when they occurred in accordance with an exemplary 
embodiment of the present invention. 

[0038] FIG. 7 graphically depicts a circuit which requires 
only six comparisons amongst four photons (A-B, A-C, 
A-D, B-C, B-D, and C-D) every sampling period of the 
signals from the detector in accordance with an exemplary 
embodiment of the present invention; 

[0039] FIG. 8 is a ?owchart depicting the sequence of 
operations for the implementation of the circular buffer for 
sorting and regaining ?xed latency of events in accordance 
with an exemplary embodiment of the present invention; 

[0040] FIGS. 9A-9C depict a scintillation detector assem 
bly as is well known in the prior art; 

[0041] FIG. 10 is a diagram of a detector assembly having 
two sensors for measuring the depth of interaction to correct 
the parallax error in accordance with an exemplary embodi 
ment of the present invention; and 

[0042] FIGS. 11A-11B depicts a scintillation detector 
assembly having a sensor on either end of the detector which 
absorbs a photon in accordance with an exemplary embodi 
ment of the present invention. 

[0043] Other features of the present invention will be 
apparent from the accompanying drawings and from the 
following detailed description. 
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DETAILED DESCRIPTION OF THE 
INVENTION 

[0044] The present invention, referred to internally herein 
as the three-dimensional complete body screening (3D 
CBS) compared to the current Positron Emission Tomogra 
phy (PET), encompasses a plurality of inventions disclosed 
herein and in related patents and co-pending patent appli 
cations identi?ed throughout this disclosure. The scope of 
the corpus of inventions that comprises the 3D-CBS may not 
be fully appreciated without carefully examining the 
3D-CBS from various perspectives which are important for 
medical professions that engage in human body scanning. 
Therefore, prior to discussing the exemplary embodiments 
of the present invention, the differences between the 
3D-CBS system of inventions will be discussed with respect 
to a PET known in the prior art. Here, it should be under 
stood that, although the 3D-CBS system will be discussed 
with regard to implementation in an exemplary embodiment 
of a PET, those of ordinary skill in the art will appreciate that 
the disclosed inventions are readily applicable to various 
types of tomography, such as Computerized Axial Tomog 
raphy (CAT or CT), Single Photon Emission ComputeriZed 
Tomography (SPECT) and PET CT. The following discus 
sion examines the present 3D-CBS system with regard to 
increasing PET e?iciency using the detection of coincident 
photon pairs as a metric, increasing image resolution and 
?nally increasing patient usability. 
[0045] FIG. 1 is a ?owchart which illustrate an exemplary 
method for implementing the exemplary embodiments of the 
present invention on a prior art PET with regard to speci?c 
objectives. In particular, FIG. 1 is a ?owchart depicting the 
steps necessary for increasing the photon capture e?iciency 
of a prior art PET device to that disclosed in exemplary 
embodiments of the present invention. The PET e?iciency 
described in the ?owchart on FIG. 1 is further conditioned 
on all captured photons being identi?ed as one pair of a 
coincident pair of photons (i.e., coincidence detection). 

[0046] It is generally accepted by those practicing in the 
relevant art that primary source of poor PET e?iciency 
resulting from lost photons results from ine?iciencies in 
crystal detectors. While detector crystals do not have perfect 
stopping power and do not capture every photon in range, as 
measured by the industry and independent researchers, the 
operating e?iciency of detector crystals has been demon 
strated to be 80% to 95%. Thus, according to the industry, 
80% to 95% of the photon incidences at a detector crystal are 
converted into electrical signals. By contrast, the inventor of 
the present invention has independently discovered that the 
e?iciency of prior art PET electronic can be calculated at 
approximately 8% (discussed in greater detail below). Inef 
?cient PET electronics is partially due to dead-time resulting 
from bottleneck (e.g., multiplexing of data from many lines 
to a single line, saturation on input, processing, saturation on 
output) present at any stage of the electronics. Another 
shortcoming of prior art PET electronics is saturation of the 
electronics at the output stage due to the limiting architec 
ture of the coincidence detection circuitry. These and other 
shortcomings of the prior art have been overcome and the 
e?iciency of PET devices improved by using a special 
massively parallel-processing system architecture with digi 
tal signal processing on each electronic channel in accor 
dance with an exemplary embodiment of the present inven 
tion (step 102). The presently described processing system 
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architecture is capability of fully processing all data cap 
tured (no electronic system dead time), Without saturating 
the electronic system and further has data exchange capa 
bility betWeen neighboring processors. The presently 
described processing system architecture alloWs for the 
detection of more photons, more accurately. Moreover, by 
implementing the presently described processing system 
architecture and overcoming the inherent inefficiencies of 
the prior art, the architecture e alloWs for the detection of 
more photons and or the implementation of a simpli?ed, 
more ef?cient coincidence detection circuit. The present 
architecture is described in greater detail beloW With respect 
to FIGS. 4-8. 

[0047] Furthermore, the presently described processing 
system architecture alloWs for the implementation of a 
simpli?ed detector assembly design for eliminating bound 
aries betWeen detector elements (step 104). Additionally, 
boundaries betWeen electronic channels are likewise elimi 
nated because digital signal processors associated With each 
electronic channel have the capability to communicate With 
neighboring processors. Because the boundary is eliminated, 
a detector may share light With other detector crystals, Which 
is converted into a signal by its transducer, and a processor 
can compare its channel signal With each of its neighbors for 
more reliable identi?cation of photons. In any case, each 
electronic channel exchanges its data With all its neighbors 
over the entire detector. PET inefficiencies due to boundary 
limitations and their solutions are discussed beloW With 
regard to FIGS. 3A and 3B. 

[0048] Additional improvements in PET ef?ciency are 
realiZed by executing complex real-time algorithms on the 
digital signal processors of each electronic channel in accor 
dance With an exemplary embodiment of the present inven 
tion (step 106). The parallel-processing architecture and the 
improved and simpli?ed detector assembly enable the 
execution of these algorithms, Which, among other advan 
tages, alloW for the detection of more photons more accu 
rately. 

[0049] The parallel-processing architecture and the 
improved and simpli?ed detector assembly increases the 
processing bandWidth making it possible to ef?ciently and 
accurately handle additional signals. Therefore, the PET 
device can be modi?ed for captured additional photons, such 
as by increasing the Field of VieW (FOV) and/or length of 
the detector in a cost-effective manner (permitting to use 
also economical crystals) (step 108). Typically, the FOV of 
a prior art PET device is in the range of sixteen centimeters 
(16 cm). This equates to an ef?ciency for prior art PET 
devices in human scanning to approximately 0.02% at best 
because the radiation in the patient is in areas of the patient 
that are outside the FOV of a prior art PET device. The 
advantages of increasing the FOV are discussed beloW With 
regard to FIGS. 2A-2D. One result of the increasing the 
FOV is that the solid angle increases correspondingly, Which 
in turns it alloWs the capture more photons Within the FOV 
(step 110). 

[0050] FIGS. 4A-4D are diagrams of a digital signal 
processing for implementation in current PET systems in 
accordance With an exemplary embodiment of the present 
invention. The design of circuit 400 is ?exible enough to be 
used in several models of PET devices manufactured by 
various manufacturers. 
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[0051] In accordance With one exemplary embodiment of 
the present invention, the design speci?cation of DAQ 
circuit 402 is as folloWs: 

[0052] 16 digital input channels (16-bit Word-Wide per 
channel); 

[0053] TWo input clocks at 20 MHZ and 40 MHZ With 
internal; 

[0054] PLL on each FPGA chip that provides the inter 
nal timing at 320 MHZ; 

[0055] TWo differential lines for output results (LVDS); 

[0056] Time-to-digital converter measuring photon’s 
arrival time on each channel With resolution of 500 ps; 

[0057] Capability to execute in a programmable form, 
complex real-time algorithms With an execution time 
longer than the time interval betWeen tWo consecutive 
input data. For instance, photon-detection algorithm, 
DOT measurements in PET or particle detection in HEP 
applications, or any real-time processing (graphic pro 
cessing, data compression, etc.). 

[0058] Capability of fast data exchange With neighbor 
ing 3D-FloWTM processors (North East, West, and 
South), Which alloWs the correlation of signals that 
Were split betWeen several channels. This alloWs also 
clustering and local maxima calculation. 

[0059] Capability to trigger on any channel that has 
been acquired and processed in parallel on all channels 
With Zero dead time. 

[0060] Capability to funnel results from 16 input chan 
nels to one (or tWo) output channels via routing algo 
rithms executed on 20 processors 3D-FloW-pyramid 
accommodated in 5 FPGA chips. 

[0061] Four serial l/O interfaces for 3D-FloWTM pro 
gram loading, initialiZation, and system monitoring 
during data taking PCl interface; 

[0062] The testability With: a) JTAG chain through the 
29 large components; b) 70 LED; c) 120 test points at 
a 120-pin connector; and d) 50 test points scattered at 
different locations on the board Which permit monitor 
ing/debugging of critical functions/timing; 

[0063] The board is designed to Work: a) ‘stand-alone’ 
to process data at a high rate; b) in a system made of 
several boards controlled only by RS232; or c) stand 
alone or in a system controlled by PCl interface; 

[0064] The board is designed and implemented in such 
a Way that any clock pin of any 3D-FloWTM FPGA chip 
in any board of the system (even When the boards 
belong to different crates or chassis) Will not have a 
skeW With any other 3D-FloWTM FPGA clock pin that 
Will exceed 40 ps; and 

[0065] The high parallelism of the internal units of the 
3D-FloWTM processor also alloWs the execution of 
complex real-time algorithms. 

[0066] Each of processors 410 in one layer of the 3D-FloW 
stack 422 (see FIG. 4C) executes in parallel the real-time 
algorithm, from beginning to end, on data received from the 
PET detector, While processors at different layers of 
3D-FloW stack 422 operate from beginning to end on 
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different sets of data received from the PET detector. The 
present system architecture consists of several processors 
arranged in tWo orthogonal axes: one layer is an array of 
3D-FloW processors 410, Where each processor is intercon 
nected to its four neighbors through North, East, West and 
South ports (see FIG. 4B). Several layers, assembled one 
adjacent to another to make a system, is called a “stack,” 
represented in FIG. 4A as stack 422 Which is responsible for 
photon detection and data reduction. The ?rst layer is 
connected to the input sensors, While the last layer produces 
the results processed by all layers (layer A-D) in the stack, 
With the out-results sequenced in the precise order of the 
in-data from the input sensors (see FIG. 4D). Data and 
results How through the stack from the sensors to the last 
layer. An electronic channel consists of one set of processors 
410 connected from the bottom port of one chip to the top 
port of an adjacent chip (With the top port of the ?rst chip 
connected to the signal received from the detector and the 
bottom port of the last chip connected to 3-D FloW pyramid 
424). 3-D FloW pyramid 424 comprises coincidence cir 
cuitry through a pyramidal funneling structure of processor 
vertices. 

[0067] The 3D-FloW architecture extends the execution 
time in a pipeline stage beyond the time interval betWeen 
tWo consecutive input data using the bypass concept 
described in Us. application ’207, discussed immediately 
beloW. 

[0068] Rather than requiring an ultra fast, expensive tech 
nology capable of executing several special instructions 
(e.g., data moving and data processing such as the 26 
operations of the 3D-FloW) per second, or simplifying the 
real-time algorithm to the point that measurements such as 
energy, centroid, or DOI are not accurate, the 3D-FloWTM 
architecture permits the execution of complex algorithms 
and sustains a high input data rate using any technology 
(FPGA or ASIC at 0.25 micron or smaller for enhanced 
performance at a higher cost). 

[0069] The extension by the 3D-FloW architecture of the 
execution time in a pipeline stage beyond the time interval 
betWeen tWo consecutive input data is illustrated by the 
folloWing example: an identical circuit (3D-FloW processor 
410) is copied four times as shoWn in FIG. 4C. (The number 
of times the circuit is copied corresponds to the ratio 
betWeen the algorithm execution time and the time interval 
betWeen tWo consecutive input data.) A bypass sWitch 
coupled to each processor in each 3D-FloW in layer A sends 
one data packet to its processor and passes three input data 
packets and one output result from its processor along to the 
next layer. The bypass sWitches on the 3D-FloW processors 
at layer B send tWo input data packets along to the next layer, 
one output result received from layer A and one result from 
its processor, and so on. Only the processors at layer A are 
connected to the PET detector and these receive only input 
data. The processors at layer D send out only results. This 
architecture simpli?es the connection in a parallel process 
ing system and does not require a high fan-out from the 
detector electronics to send data to different processors of a 
parallel-processing system. All connections are point-to 
point With several advantages in loW poWer consumption, 
signal integrity, etc. 

[0070] As discussed above, in order to understand What 
functions need improvement in order to increase PET ef? 
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ciency, there must be an understanding of Where photons are 
lost in a prior art PET device. Consequently, it should be 
appreciated that the lack of efficiency in prior art PET 
devices is not due to inef?ciency in crystals, as has been 
believed in the past, but rather it Was due to the inefficiency 
of the electronics, Which also limits the detector assembly 
and the implementation of an efficient and accurate real-time 
photon-detection algorithm. The solution to overcome the 
inef?ciency of current PET is a massively parallel-process 
ing system at the front-end electronics of the PET device 
such as the one described immediately above, in Which the 
present parallel-processing architecture can be implemented 
in FPGA or ASIC. Unlike other parallel-processing systems, 
the present invention alloWs for the execution of a program 
mable digital-processing algorithm on each electronic chan 
nel With neighboring-signal correlation. Additionally, the 
present circuitry can trigger on any electronic channel based 
on the shape of the pulse received or based on the informa 
tion from a cluster of pulses from several neighboring 
elements centered on the highest pulse (or local maxima). 
Thus, it can accurately measure incident photon energy by 
summing 9, 16, or 25 elements, eliminating scattered events 
and separating events from the different modalities (PET/ 
CT). It can accurately measure the spatial resolution by 
interpolating the value of the sum of three (or more) ele 
ments to the left of the local maxima and three (or more) 
elements to the right for both the X andY positions. The high 
parallelism of the internal units of processor 410 alloWs for 
the execution of complex real-time algorithms to accurately 
measure DOT and eliminate parallax error of oblique pho 
tons. An oblique penetration of an incident photon into a 
crystal generates a parallax error if the depth of interaction 
(DOI) is not measured. 

[0071] In accordance With an exemplary embodiment of 
the present invention, the ?rst bottleneck described above is 
overcome by individually sampling each of the 1,344 chan 
nels at a rate of 20 MHZ for a 64-bit Word, sustainable 
continuously on all detectors using the massively parallel 
processing system at the front-end electronics described 
above. A real-time algorithm that thoroughly checks all 
parameters characterizing a photon is executed on the data 
of an entire event and each channel is investigated to 
determine if it could be the head of a cluster (corresponding 
to the location of the incident photon). Furthermore, in 
accordance With another exemplary embodiment of the 
present invention, the processing time in one pipeline stage 
is extended using a series of bypass sWitches, Which alloWs 
for the execution of real-time algorithms longer than the 
time interval betWeen tWo consecutive input data (see spe 
ci?cally U.S. application ’207). On the occasion Where, for 
reasons other than the electronics (e.g., using as crystal sloW 
decay time) Where the rate of 20 MHZ cannot be sustained 
for such, having the process How handling each single 
channel of the 1,344 channels means that only one channel 
out of 1,344 (and not one out of 56 as is in the current PET) 
Will be dead for the duration of the decay process in the 
crystal. 
[0072] The second limitation of prior art electronics 
involves identifying photons in time coincidence. With 
regard to the prior art, a second bottleneck (in addition to the 
incoming data bottleneck) occurs in the coincidence elec 
tronics because prior art PET devices cannot handle a large 
number of acquisition channels, and therefore the number of 
channels is arbitrarily reduced to 56 channels. The reduction 


















