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Abstract 

 Coincidence Timing Calibration (CTC) is an essential part of ensuring proper 

PET scanner function.  The purpose of CTC is to account for timing differences in 

detector modules. The importance and precision in which this calibration needs to work 

is even more stringent for Time-of-Flight (TOF) PET. In this work, we looked to 

investigate the CTC process by which the TOF capable GE PET/CT Discovery-690 (D690) 

operates. Currently, it uses a 68Ge rotating pin source (RPS) to perform the calibration. 

The purpose of this work was to investigate the use of a centrally located source to 

perform the calibration. The timing resolution of the D690 was determined and used as a 

metric to evaluate both methods.  

 Two cylindrical 18F filled phantoms of 7.5 and 10 cm diameter were used to 

perform the CTC.  The RPS and system table motion had to be disabled in order to use 

the centrally located sources in the CTC. All CTCs started with the default calibration 

file in place. Iterations of the CTC were performed until convergence of the calibration 

was observed on the review screen. Even after convergence, more iterations were 

performed for further analysis. At the end of the CTC with the centrally located sources, 

a follow-up iteration with the RPS was performed to see what adjustments would be 

made. Next, the timing resolution of the system was measured using a 68Ge line source. 

An apparatus with known locations to support the source allowed for the evaluation of 
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the timing resolution off the central axis. The importance of this was that it allowed for 

non-centrally located lines of response to be evaluated.  Furthermore, the timing 

resolution was measured with specific calibration files enabled that corresponded to 

particular iterations. In addition, a novel way of measuring the timing resolution 

(propagated method) for a particular calibration result without an actual measurement 

with that calibration enabled was developed and implemented. This greatly reduced the 

number of resolution measurements needed, which was particularly helpful for 

evaluating the improvement for each iteration.  

 The timing resolution of the system improved as more iterations were done. The 

difference between the propagated and measured timing resolution was under 2% most 

of the time. The cases in which the discrepancy was larger than 2% corresponded to one 

of the first iterations performed. After 15 iterations were performed for both centrally 

located scanners, the timing resolution of the system was measured through 

propagation to be 610 ps. The 15 iterations amounts to 15 minutes of acquisition time. 

After one iteration for the RPS, the timing resolution was measured to be 585 ps (587 ps 

in the propagated measurement). The single iteration of the RPS corresponded to 8 

minutes of acquisition time. When following up the final iterations of the centrally 

located sources with the RPS, there was a change observed that improved the timing 

resolution to that measured after only one iteration of the RPS. 
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 Conclusively, trends in the data showed that the centrally located sources did 

bring opposing detectors into good timing alignment with one another. These trends 

also indicated that the current CTC algorithm is not optimized for centrally located 

sources for the diameters tested. Finally, the method of propagating the change in 

calibration files illustrated a new CTC process method.  
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1 Background and Introduction  

1.1 Positron Emission Tomography 

Positron Emission Tomography (PET) is a functional imaging modality 

associated with the field of Nuclear Medicine. It allows metabolic processes to be 

imaged using positron-emitting radionuclides that have been created for imaging-

specific functions. 

1.1.1 History of PET 

 The basic idea behind the reconstruction in PET was introduced by Kuhl and 

Edwards in 1968.  The development of transverse axial tomography (CT) by Hounsfield 

significantly helped with advancements made in PET.  In 1975, Ter-Pogossian, Phelps, 

and Hoffman laid down the framework for modern day PET scanners. Their instrument 

would take advantage of the mathematical reconstruction algorithms, specifically 

filtered-backprojection, used in CT [5].  

 More recently, advancements have been made in the hybridization of PET with 

other imaging modalities. PET/CT and PET/MRI (Magnetic Resonance Imaging) offer 

the combination of functional and anatomical imaging, which allows for easier co-

registration of the images. This gives physicians the ability to view anatomic and 

metabolic information at the same time.  With the improvement of technology in 

electronics and detectors, areas such as Time-of-Flight (TOF) PET have been a hot topic 
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of research. Furthermore, advancements in computer hardware, such as graphics 

processing units (GPU), have allowed for the clinical implementation of iterative-based 

reconstruction algorithms [10-11]. 

1.1.2 Principles of PET 

 PET imaging is based on the principle of introducing a positron emitting 

radionuclide, tagged to a particular molecule, into the body. The combination of a 

radionuclide and a molecule is known as a radiotracer, which functions to highlight a 

metabolic pathway or process in the body. The method of radiotracer introduction often 

depends on the procedure at hand, but injection is the most common. Once in the body, 

the radiotracer behaves in a way consistent with the innate molecule, while the 

radionuclide portion maintains its radioactive properties.  

 Eventually, the radioactive nucleus decays, and a positron is emitted consistent 

with the radionuclide’s decay constant and branching ratio. Once the positron is 

emitted, it can travel up to a few millimeters, until it has given up its energy. Once it 

comes to rest, it annihilates with an electron. The mass energies of the electron and 

positron are converted into a pair of 511 keV photons. These annihilation photons are 

emitted simultaneously in 180-degree opposing directions.  Assuming an ideal case, the 

photons do not undergo interactions in the body (scatter); they interact with a pair of 

detectors. Coincidence logic is used to analyze the signals from detectors by applying a 
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time stamp to each recorded event. The list of events is processed and compared with 

events that occurred in opposite detectors. A coincidence event is presumed to have 

occurred when a pair of events both lay in a predefined coincidence timing window. 

This allows for the localization of the annihilation event, which is associated with a line 

of response (LOR), the connection between a pair of detectors [3] [Figure 1.1 A]. 

Coincidence events are then grouped together into projection images, sinograms.  These 

sinograms are then used to reconstruct 2-D slices of whatever is being imaged.  

 Most modern PET systems have multiple rings of block detectors with no septa 

between rings. This allows for 3-D data acquisition, meaning the possibility for LORs 

between all rings [Figure 1.1 B]. This has a direct impact on the sensitivity, amount of 

scatter accepted, and single channel counting-rates of the system [4]. 

 
Figure 1.1: (A) Represents an annihilation event occurring at the center of the field of 

view (FOV). The two detectors hit define the LOR. (B) Represents a 3-D multi-ring 

detector system where LORs can occur between rings of detectors.  
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1.1.3 Limitations of PET 

There are some inherent limiting factors when it comes to PET imaging.  The 

spatial resolution of the system is affected by the composition and design of the 

detectors and the geometry of the system. Also, the underlying physics of the positron 

plays a role in the spatial resolution of the system. As far as detectors go, the size of the 

individual detector elements limits the resolution of the system. As the radionuclide 

decays, the positron has a finite range that it travels before it annihilates with an 

electron. This range is dependent on the material in which the decay is occurring and the 

energy of the positron. As a separate effect, the two photons produced are not created 

exactly 180 degrees from one another due to the residual momentum from the positron. 

The effect this has on the resolution of the system is linearly dependent on the distance 

between the detectors.  In the end, the system resolution is modeled as the quadrature 

sum of these components:  

���� � �����	 
 ���
��	 
 ����°	  .   (1.1) 

Another issue degrading the spatial resolution of the system is the depth-of-interaction 

effect in which the apparent width of a detector element increases as you move radially 

out from the center of the PET system.  One can alleviate this effect by reducing the 

thickness of the crystals that make up the detector element. This, however, reduces the 

sensitivity of the system.  



 

5 

 

 Scatter also affects image quality in PET. As photons travel through matter, there 

is a chance that they will interact with the material. In PET, many of the photons will 

interact through Compton scatter, which decreases their energy and deflects them off 

their original path. In order to account for this, the system can use energy thresholds to 

help reject these photons. Related to scatter, an important aspect of PET system design 

lies in determining what crystal to use, as some have better energy resolution than 

others. There are natural tradeoffs when selecting the detector material, which will be 

discussed later.   

 In order to maintain image quality and quantitative accuracy, one needs to 

correct for attenuation. As the thickness of a patient increases, the likelihood that both 

photons are detected decreases. This shows up as lower activity concentration towards 

the middle of the body. One can correct for this by using a transmission source to help 

generate attenuation maps of the body. If the system is a PET/CT, the attenuation 

correction can be generated from the CT data.  

 The idea behind coincidence detection inherently leads to the issue of random 

events. Due to the nature of radioactive decay and photon interactions in matter, there 

are issues when trying to detect two photons in coincidence with one another, and some 

tolerance (“timing window”) is required to assure that all true coincidences will be 

recorded. With this timing coincidence window, photons emitted from two different 
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annihilation events, even if not occurring at exactly the same time, can be recorded as a 

coincidence event and add to the overall background of the image. Delayed and single 

correction methods help quantify the number of randoms and correct for them.  

With other corrections, such as normalization factors, dead time corrections and 

calibration factors, one can reconstruct an image that quantifies the amount of 

radioactivity uptake in a given voxel.   

1.2 Time-of-Flight PET 

During the early development of PET, the advantage of being able to accurately 

determine timing difference between coincidence photons was noted. However, the 

tradeoffs with spatial resolution and sensitivity that were needed to accomplish 

adequate timing resolution made the idea impractical. With recent advances in 

scintillators, photodetectors, and high speed electronics, TOF PET has become a topic of 

exploration once more [10-11,16]. 

1.2.1 Principle  

In theory, one can determine the specific location of the annihilation event by 

determining the difference in arrival times of the coincidence photons along the line 

between the two detectors. This would allow image formation without mathematical 

reconstruction algorithms.  Even though reducing the position of the positron to a point 
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is not possible, its position along the line of response can be reduced to a chord of length 

given by equation (1.2), 

�� � �� �
	      (1.2) 

where �x is the position error, �� is timing error (timing resolution), and c is the speed of 

light. To reduce the spatial resolution to less than one centimeter, the timing resolution 

would need to be ~50 picoseconds (ps). This is not possible with current technology. 

However, PET scanners are capable of getting timing resolution of ~500 ps, which 

reduces the LOR to chords of length that measure ~7.5 cm. This allows for the reduction 

of noise in the reconstructed image by a multiplicative factor (f),  

� � �
�� � 	�

���     (1.3) 

where D is the size of the emission source, c is the speed of light and, �t is the timing 

resolution [6, 11]. 

By more accurately determining coincidence events, one reduces the random 

event rate along a LOR between two detectors.  This is evident through the 

interpretation of equation (1.4), which describes the random event rate, R, between two 

detector elements forming a LOR.   

� � 2∆����	     (1.4) 

Here, R1 and R2 represent the individual count rates for the detector elements and 2∆T 

represents the coincidence timing window used in the system. With good timing 
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resolution, one does not need as large a timing window to collect the true events. By 

narrowing the timing window, the random event rate between two detectors decreases. 

As the overall number of randoms decreases, the blurring in image reconstruction due 

to the noise from randoms is also decreased.   

1.3 Coincidence Timing Calibration 

The purpose of the timing calibration is to make corrections for relative timing 

differences in the detection modules and the front-end electronics. The goal is to 

maximize the number of coincidence events recorded in each channel. Coincidence 

Timing Calibration (CTC) is an even more vital part of insuring the correct placement of 

events in TOF, which requires much better timing precision than non-TOF PET. 

1.3.1 Different Methods Used 

 Due to the importance of this calibration, much effort has been devoted 

regarding different ways to perform this timing calibration. There are two major 

categories: Direct Calibration Methods and Indirect Calibration Methods.  

 An example of the direct calibration method uses a time reference probe that has 

a radioactive source coupled with a fast scintillator and photomultiplier. This method 

allots a reference signal for each decay event. Therefore, the timing offset for the 

individual channels corresponds directly to the difference measured by the system if the 

probe is centrally located. One of the disadvantages associated with methods 
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incorporating timing probes is the extended amount of time needed to perform the 

calibration secondary to the limited radioactivity of the source. Another disadvantage is 

the need for an additional data acquisition channel and a timing probe. Most 

commercial scanners do not have this [8-9].   

 Indirect methods perform the CTC process by acquiring data with a rotating pin 

source (RPS) or some sort of flood source of a positron emitter. However, there are 

different algorithms that can be used to estimate the timing offsets. These algorithms 

operate by either an iterative optimization or linear least squares approach [7-8]. 

Another experimental indirect method would be to use a point source inside a small 

brass block centrally located in the bore. The purpose of the brass block is to act as a 

scattering agent to increase the number of detector pairs hit in coincidence [12].  

1.3.2 PET/CT Discovery-690 CTC Method 

 The GE PET/CT Discovery-690 (D690) (GE Healthcare Technologies, Milwaukee, 

WI) was the scanner used in this research. The D690 uses an iterative process with a 

rotating pin source.  When the system is in CTC mode, the coincidence window is 

opened up from 4.9 ns to 22.9 ns. The purpose of this is to attempt to capture all 

coincidences between detectors on the opposite sides of the ring, even if they are 

substantially out of calibration with each other.   
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1.4 Purpose of Research 

One of the goals of this project was to measure the timing resolution of the D690.  

The simplest measurement involves a source placed at the center of the PET FOV. Since 

the resulting measurement would only assess LORs passing through the scanner axis, 

additional source locations were evaluated. One concern with centrally located sources 

is non-central LORs may not be well calibrated. Additionally, we wanted to investigate 

several methods of timing calibration.  Specifically, the goal of this project was to 

compare the current rotating pin source method to the use of a centrally located 

cylindrical source to perform the timing calibration, evaluating both the convergences of 

the methods and the resulting timing resolutions.  The appeal of using a centrally 

located source as opposed to an RPS is that it would allow for a larger bore for a given 

size detector ring within the system. In turn, this would accommodate larger patients.  



 

 

2 Methods and Materials

2.1 Equipment 

2.1.1 Sources  

The cylindrical sources used were

was roughly 40 cm. The diameters were 7.5 cm and 10 cm respectively

with 0.4 to 0.6 millicurie (mCi)

the calibrations [Figure 2

The 68Ge line source used to 

timing resolution was from the Duke University Hospit

activity when used was on the order 

length of the line source was 294 mm, while the length of the actual part containing the 

radioactivity was 16 cm with a diameter of 4 mm

Figure 2.1: Photographs of the 

source 
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Methods and Materials 

The cylindrical sources used were made out of PVC. The length of each cylinder 

was roughly 40 cm. The diameters were 7.5 cm and 10 cm respectively. They were filled 

illicurie (mCi) of 18F-Fluorodeoxyglucose (18F-FDG or FDG

Figure 2.1 (A)]. 

line source used to evaluate the timing calibration and measure the 

timing resolution was from the Duke University Hospital PET Facility hot lab. 

sed was on the order of 50 to 60 µCi (1 mCi on January 1, 2009

length of the line source was 294 mm, while the length of the actual part containing the 

s 16 cm with a diameter of 4 mm [Figure 2.1 B)]. 

Photographs of the (A) 7.5 cm and 10 cm cylindrical sources (B) 

 

The length of each cylinder 

. They were filled 

or FDG) to perform 

he timing calibration and measure the 

al PET Facility hot lab. The 

1 mCi on January 1, 2009). The total 

length of the line source was 294 mm, while the length of the actual part containing the 

 
(A) 7.5 cm and 10 cm cylindrical sources (B) 68Ge line 
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2.1.2 Scanner 

 The D690 was the system under investigation. The detector system contains 32 

modules consisting of 8 detector blocks each (4 axially by 2 transaxially). Each block has 

54 individual detector elements arranged 6 in the axial direction and 9 in the transaxial 

direction. In other words, there are 24 detector rings and 576 detector elements in each 

ring, which comes to a total of 13,824 individual detector elements in the entire PET 

detector system. This covers an axial FOV of 15.7 cm. The diameter of the ring is 81 cm, 

and the individual crystal sizes are 4.7 x 6.3 x 25 mm3 (axial x transaxial x thickness).  

The scintillator material that the blocks are made out of is lutetium-yttrium oxyorthosilicate 

(LYSO). Some of its properties can be found in Table 2.1 [13]. Under normal operation, 

the coincidence window is 4.9 ns. 

Table 2.1: Properties of LYSO for 511 keV gammas [13] 

Density (g/m3) 7.3 

Radiation Length (cm) 1.16 

Attenuation (cm-1) 0.87 

Decay Constant (ns) 50 

Light Yield (%) NaI (Tl) 75 

Photofraction 30 
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Figure 2.2: (A) Apparatus that holds line source. The holes go out from x=y=0 and are 

separated by 5 cm. (B) Line source at x=y=0 prior to a timing resolution measurement. 

2.1.3 Custom Line Source Holder 

A wooden apparatus was designed to hold the 68Ge line source while data 

acquisition was performed for timing resolution measurements. It had holes every 5.0 

+/- 0.1 cm in the positive x- and y-axes going out from the gantry center (x=y=0) [Figure 

2.2]. 

2.2 Coincidence Timing Calibration (CTC) 

2.2.1 CTC  

  The CTC process was performed using three different sources: the rotating pin 

source (RPS), 7.5 cm cylinder (7.5C), and 10 cm cylinder (10C). Before performing the 

calibrations, the calibration file was set to its default values. The calibration files have 
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offsets for each detector element. The default file has each detector element set to 1000. 

Values differing from the default values represent delays in 89 ps timing bins.  The CTC 

process alters these values based on the algorithm used. In order to perform the CTCs, 

the user selects the PET calibration interface on the scanner’s computer and then selects 

the CTC process. There are options to select the number of iterations, length of 

iterations, and whether or not you would like to review the changes in between 

iterations. Iterations in this context are the number of times the calibration acquires data 

and makes a new calibration file. The RPS was evaluated by using the standard 8 minute 

iterations. Only three iterations were performed because of convergence.  

Performing the CTC process with the centrally located sources meant that a file 

had to be changed to disable clinical table motion (normally the table is removed from 

the FOV before CTC is performed) and to stop the RPS from coming out of its shielding 

compartment.  Using the 7.5C source [Figure 2.3], 20 iterations were performed. The first 

18 iterations were performed with time duration of one minute, while the final two 

iterations were performed for five minutes. Using the 10C source, 17 iterations were 

performed. The first 15 iterations were performed for one minute intervals, while the 

final two iterations were performed for five minutes each. The final iterations using the 

7.5C and 10C sources were followed up by an iteration of the RPS lasting eight minutes 

in duration. This final iteration was performed to determine the degree to which the 
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7.5C and 10C calibrations differed from the RPS calibration. After each iteration, a 

screenshot of the review screen was taken using the program GIMP [Figure 2.4]. 

 
Figure 2.3: A photo of the 7.5cm cylindrical source positioned prior to CTC. 



 

 

Figure 2.4: Screenshot of 

graph on the left is a representation of the offset values for the individual detector 

elements within a module. The

measured for all individual detector elements.

2.3 Timing Resolution

The timing resolution of a

location of an annihilation event to a

16 

: Screenshot of part of the review screen after an iteration is completed.

left is a representation of the offset values for the individual detector 

elements within a module. The graph to the right is the average timing difference 

measured for all individual detector elements.  

Timing Resolution 

ution of a TOF PET scanner reflects its ability to confine the 

location of an annihilation event to a small segment. More directly, timing resolution is 

 
review screen after an iteration is completed. The 

left is a representation of the offset values for the individual detector 

average timing difference 

its ability to confine the 

timing resolution is 
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how precisely it can measure the arrival times of the two photons of a coincidence event. 

Timing resolution is measured as the variability in measured arrival time differences 

between detectors from a point or line source.  

2.3.1 List Mode Decode 

List mode data are recorded by selecting the ViP Record option at the D690 PET 

acquisition user interface. These list files contain a record of coincidence events, time 

markers, and physiological triggers that are written as a 6 byte structure with individual 

bit fields. In order to evaluate and analyze the data from the calibrations and line source 

measurements, the list mode data off the scanner’s computer had to be decoded to a 

format suitable for analysis. Using the Discovery PET/CT 600 and 690 Research Tools 

Manual section 7.4, code was written in C that checked the 2nd bit field to determine if it 

was a coincidence event [14].  If it was a coincidence event, the final 5 bit fields above 

were written out to a list. The end result is a list of coincidence events corresponding to 

any given acquisition. The list first gives the timing difference measured for a 

coincidence event. These integer values can range from -27 to 27 and represent timing 

bins corresponding to 89 ps. This is followed by the transaxial and axial detector 

numbers. The axial detector numbers range from 1 to 24 with the first ring of detectors 

being closest to the front of the system. The transaxial detector numbers range from 1-

576. The numbering convention for them is a bit more complicated. The 1st detector 
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module is centered around the y-axis. This means there is a block to the left of y-axis 

where the first 8 transaxial detector elements are for a ring. The next 568 detector 

elements for a ring wrap around in a clockwise fashion and are numbered accordingly.  

The research manual defines the detectors in coincidence as the “high” detector and 

“low” detector. “High” refers to the detector element with the higher transaxial ID 

number. 

Table 2.2: Details of the 6 byte structure associated with a coincidence event 

Data Type Name of Bit Field & Bit Allocation Description of Bit Field 

unsigned short soem:3 Start of Event Mark (“5”) 

unsigned short coinc:1 Is a Coincidence (“1”) 

unsigned short nomCoinc:1 Type of Coincidence (“1”) 

unsigned short prompt:1 Prompt/Delay Coinc. 

signed short deltaTime:10 TOF ‘signed’ delta time 

unsigned short hiXtalAxialID:6 High Crystal Axial Id ZH 

unsigned short hiXtalTransAxID:10 High Crystal Transaxial Id XH 

unsigned short loXtalAxialID:6 Low Crystal Axial Id ZH 

unsigned short loXtalTransAxID:10 Low Crystal Transaxial Id XH 
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2.3.2 Measuring Timing Resolution: Part 1 

In order to measure the timing resolution of the system, one simply needs to 

histogram the measured timing difference from the scanner when the line source is 

placed at the center.  In this specific situation, the expected timing difference seen from 

any given detector should be zero. The timing difference with an off-axis source in any 

given direction will, in general, not be zero. Thus, the specific detector locations relative 

to the source need to be taken into account. Before calculating the expected timing 

difference for each event, a filter was used to eliminate randoms.  The filter took into 

account the locations of the first detector and the source.  Using these two sets of 

coordinates, it generated a line in the Cartesian coordinate system, which pointed to the 

second detector.  A true coincidence event occurred if the line was within one detector 

on either side of the intended second detector.  Events that did not meet this criterion 

were deemed randoms. From this filtered list of true coincidence events, the expected 

timing difference was calculated using the distance formula (2.1) and the velocity 

equation (2.2).  ∆x and ∆y correspond to the difference between the x and y locations of 

the detector element and the source location. The velocity equation can be rearranged in 

a way giving the time, t, it takes for the annihilation photons to arrive at the detectors.  

 � !∆�	 
 ∆"	 � !#�	 $ ��%	 
 #"	 $ "�%	   (2.1) 

& � �
� ' � � �

(      (2.2) 
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  ∆� � #�)*+,-�./0%
�       (2.3) 

The expected timing difference, as shown in equation (2.3), is then the difference of the 

high detector path length minus the low detector path length divided by the speed of 

light. In our initial work, the axial dependence was not taken into account. However, a 

simple adjustment was subsequently implemented [Figure 2.5]. It is an approximation, 

but it uses the geometry of the system to account for change in path lengths when the 

detectors are in different rings.  Knowing the difference in detector rings, one can divide 

this distance by two and use the radius of the ring to find the angle 1 in Figure 2.5, using 

the equation (2.4). 

  1 � tan-�#	56
7 %     (2.4)  
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Figure 2.5: Diagram illustrating the geometry of the correction.  Theta is independent  

of the x-y location. For visualization purposes, the axial scale is exaggerated. 

With the angle 1 determined, one can find the factor, CL, using equation (2.5), which is 

needed to modify the path lengths in order to account for difference in the axial 

direction.   

89 � sin 1     (2.5) 

This factor does not depend on the x and y source location.   This factor can simply be 

added to equation (2.3) to yield the expected timing difference equation (2.6), where dhigh 

and dlow are the path lengths of the annihilation photons, CL is the axial factor to augment 
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the path lengths, and c is the speed of light. The minimum and maximum values of CL 

are 0.9831 and 1.0, respectively. 

∆� � #�)*+,-�./0%
<=5�      (2.6) 

 Finally, the expected timing difference for an event is added to the measured 

timing difference in the list. These are then put into a histogram, which yields a 

Gaussian-shaped curve as seen in Figure 2.6.  The full width at half-maximum (FWHM) 

of this curve is the timing resolution of the system.  There were two ways in which the 

FWHM of this curve was measured. The first method simply treated the curve as 

Gaussian and made a fit corresponding to equation (2.7), where a describes the curve’s 

peak, b is the position of the center of the peak, and > controls the width of the curve. 

The FWHM of a Gaussian curve can be approximated by equation (2.8). 

�#�% � ?@-#ABC%D
DED      (2.7) 

FGHI � 2.35482>     (2.8) 

The second method (NEMA method) took the maximum point of the histogram as well 

as the points falling on either side of it and fitted a 2nd degree polynomial according to 

those points. After taking half the maximum value of this parabola, the points were 

found that lie on either side of the half max value on both sides of the maximum point. 



 

 

A linear interpolation was then 

where the actual half max

Figure 2.6: Timing difference variability histogram

the first method described.

taken at x=y=0 for the RPS 1

the difference in what the computer measured for the tim

should have been measured. 

2.3.3 Measuring Timing Resolution

Since the timing calibrations were iterative

and we desired to measure the resulting timing resolution at eac

straightforward approach of performing resolution measurements for each calibration 

iteration would have resulted in a large number of acquisitions and 

data. In order to expedite the process of measuring the timing reso
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ar interpolation was then performed between these points to find the 

the actual half max values occur [15]. 

: Timing difference variability histogram and FWHM measurement using 

the first method described. This is an example of the timing resolution measurement 

for the RPS 1st iteration. The counts in each 89 ps timing bin represent 

the difference in what the computer measured for the timing difference and what 

should have been measured.  

Timing Resolution: Part 2 (Modifying List D

Since the timing calibrations were iterative (some involving up to 20 iterations)

and we desired to measure the resulting timing resolution at each iteration, the 

straightforward approach of performing resolution measurements for each calibration 

iteration would have resulted in a large number of acquisitions and high 

In order to expedite the process of measuring the timing resolution of the system 

between these points to find the x location, 

 
and FWHM measurement using 

timing resolution measurement 

The counts in each 89 ps timing bin represent 

ing difference and what 

Modifying List Data) 

e involving up to 20 iterations) 

h iteration, the 

straightforward approach of performing resolution measurements for each calibration 

high volume of list 

lution of the system 
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with different calibration files in place, a couple of steps were initiated. The first step 

involved using the CTC scanning process to acquire the list mode data. In this mode, we 

were able to bypass having to enter any patient data or having to deal with any of the 

CT protocols for a typical scan.  This allowed for much quicker data acquisition. The 

important difference this made in the list mode data is that the coincidence timing 

window increased from 4.9 ns to 22.9 ns during the calibration mode. The timing 

difference measurement can now be an integer value from -128 to 128, but each timing 

bin still represents 89 ps. Once the line source was put in the holding apparatus at its 

known (x,y) location, the calibration file corresponding to a known iteration was 

measured. This was done for the default calibration files as well as multiple iterations in 

between the first and last iteration. It was also completed for multiple locations within 

the bore. Instead of measuring the timing resolution with each calibration file in place, 

the timing difference measured by the scanner could be modified according to the 

change from one iteration to the next for any individual detector’s timing offset value. If 

the measured timing difference from the scanner is ∆�OP�, then equation (2.9) will modify 

it according to the change in calibration files, where ∆� is the difference between the old 

calibration detector offset and the new calibration detector offset. 

∆�
�Q � ∆�OP� 
 #∆�RS�R $ ∆�POQ%    (2.9) 
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The high and low signifies the high and low detector nomenclature used earlier. Finally, 

equation (2.9) yields the timing difference the scanner would have measured if the new 

calibration file had been in place. This new timing difference replaces the old timing 

difference in the coincidence list and is then put through the same steps of measuring 

the timing resolution as before.  
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3 Results 

3.1 CTC and Timing Resolution 

The coincidence count rates when performing the CTC with the 10C, 7.5C, and 

RPS were 240-280 kilo counts per second (kcps), 170-210 kcps, and 280 kcps. The initial 

analysis on the CTC results was done by looking at the review screens after each 

iteration. The CTC time difference map and the histogram of the ∆T values for all 

individual crystals give a good indication of convergence. When the standard deviation 

of the ∆T histogram was +/- 1 of ~0 (in 89 ps bins) and the CTC timing difference map 

looked fairly uniform, convergence was assumed. Additional iterations were still 

performed for further analysis for the 10C and 7.5C CTC. Initially, the convergence was 

assumed to be the 8th, 12th, and 1st iteration for the 10C, 7.5C and RPS respectively. The 

final offsets from the initial values of 1000 were 1000 +/- [31.77, 31.85,  32.15] for the 10C, 

7.5C and RPS CTCs.   

Starting from the default (1000) values, timing resolution of the system improved 

as more iterations were done. Table 3.1 shows the timing resolution of individual 

detectors, groups of detectors, and for the whole system. It also includes the system 

timing resolution measured at multiple points within the bore. The timing resolutions 

correspond to the 3rd 8 minute iteration of the RPS and the final (17th) 1 minute iteration 
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done with the 10C source.  As more detectors are taken into account while measuring 

timing resolution, the timing resolution gets worse.  

Table 3.1: Evaluation of timing resolution of pairs of detectors, groups of detectors, 

and the entire system.  µ is the center of the peak and the timing resolution is the 

FWHM of the Gaussian distribution. 

 µ(ps) Timing 

Resolution 

(ps) 

µ(ps) Timing 

Resolution 

(ps) 

RPS (3rd Iteration) 

- 

10C (17th Iteration) 

- 

Detectors: 556&267 (opposing 

detectors) 
29.5 567 36.7 556 

Detectors: [546-556]&[257-267] 

(small opposing set of detectors) 
-26.4 569 -65.6 571 

Detectors: [516-556]&[227-267] 

(large opposing set of detectors) 
6.3 569 -77.4 572 

Whole System: Source at (x,y)= (0,0) -64.9 583 -57.6 583 

Whole System: Source at 

(x,y)=(0,10) 
-32.9 589 -25.4 601 

Whole System: Source at 

(x,y)=(0,20) 
-41.1 588 -35.7 638 

Whole System: Source at 

(x,y)=(25,0) 
-47.8 587 -118 595 

Whole System: Source at 

(x,y)=(30,0) 
-64.4 586 -143.7 600 

Whole System -51.2 587 -85 606 

 

 

The PET detector system is described by Figure 3.1.  The ∆T average for a block is 

found from the difference of one calibration file to the next, corresponding to the specific 

iteration. The difference of the first 54 values corresponds to the first block and the next 

54 corresponds to the second block. Once 8 blocks have been calculated, the next set of 



 

 

numbers corresponds to the first block in the 

block ∆T average for all detector blocks.  Progressing through the CTC process 

there is less change (∆T average

Figure 3.3 shows 

average ∆T for a block up to 1.5 timing bins (

Figure 3.1: PET detector system as if it were cut and unfolded.
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numbers corresponds to the first block in the 2nd detector module. Figure 

T average for all detector blocks.  Progressing through the CTC process 

T average decreases) as the number of iterations increases. 

 that a follow-up iteration by the RPS caused a change

for a block up to 1.5 timing bins (134 ps).  

PET detector system as if it were cut and unfolded.

Figure 3.2 shows the 

T average for all detector blocks.  Progressing through the CTC process shows 

decreases) as the number of iterations increases.  

up iteration by the RPS caused a change in the 

 
PET detector system as if it were cut and unfolded. 



 

 

Figure 3.2: The graph on the left is the 

like Figure 3.1.  On the right is the 
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The graph on the left is the ∆T value for each detector element grouped 

.  On the right is the average ∆T value for all detector blocks.

∆T value for each detector element grouped 

∆T value for all detector blocks. 



 

 

Figure 3.3: Block averages for the final two iter

following up by an iteration of the RPS.

 Table 3.2 and Figure 

the different sources. Table 3

propagated at various points in the bore. It also provides the

for 3 different iterations f

timing resolution of the system without any calibration in place. As mentioned earlier

the timing resolution and average timing difference was measured using two methods: 

Gaussian fit and NEMA meth

30 

Block averages for the final two iterations of the 10C and 7.5

following up by an iteration of the RPS. 

  

and Figure 3.4 culminate the evaluation of the timing calibration using 

the different sources. Table 3.2 shows the system timing resolution measured

at various points in the bore. It also provides the average timing difference 

for 3 different iterations for all three sources. The very top column is the measured 

timing resolution of the system without any calibration in place. As mentioned earlier

the timing resolution and average timing difference was measured using two methods: 

fit and NEMA method. The Gaussian fit and NEMA method matched very 

 
and 7.5C CTC 

culminate the evaluation of the timing calibration using 

resolution measured and 

average timing difference 

or all three sources. The very top column is the measured 

timing resolution of the system without any calibration in place. As mentioned earlier, 

the timing resolution and average timing difference was measured using two methods: 

fit and NEMA method matched very 
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well with each other in nearly all cases as can be seen from Table 3.2. The timing 

resolution percent difference was generally under 1% with the exception of 1st iteration 

of the 10C and 7.5C source probably reflecting non-Gaussian shape. However, the 1st 

iteration timing resolution percent difference corresponding to the 10C source was still 

under 7% while the 7C source timing resolution percent difference remained a 

significant outlier.  Another important thing to note from Table 3.2 is that the directly 

measured timing resolution and the propagated timing resolution had good agreement. 

The percent difference was under 2% with the exception of the outlier corresponding to 

the 1st iteration of the 7.5C source. Figure 3.4 represents the system timing resolution as a 

function of the number of iterations for a CTC. The RPS converges to its timing 

resolution after the 1st iteration. The 10C and 7.5C sources converged after the 10th and 

13th iteration respectively [Figure 3.5]. The corresponding timing differences and timing 

resolution can be seen highlighted in Table 3.2.  For the cylindrical sources, the timing 

resolution improved by almost a full timing bin from the 6th iteration to the final 

iteration. This corresponds to an average improvement of ~6 ps per iteration for both 

cylindrical sources. The RPS iteration for the 10C and 7.5C source shows the 

improvement in system timing resolution made by following the final cylindrical source 

CTC by a RPS CTC. 

   



 

32 

 

Table 3.2: System Timing Resolution (STR): Propagated (prop) and Measured 

(meas) 

Source Iterati-

on 

µ(ps) 

Gauss-

ian Fit  

(prop) 

STR 

(ps) 

Gauss-

ian Fit 

(prop) 

µ(ps) 

NEMA  

(prop) 

STR 

(ps) 

NEMA 

(prop) 

µ(ps) 

Gauss-

ian Fit 

(meas) 

STR 

(ps) 

Gauss-

ian Fit 

(meas) 

µ (ps) 

NEMA 

(meas) 

STR 

(ps) 

NEMA 

(meas) 

 0 - - - - 5680 6812 6200 6903 

10C 1 -1264 2040 -1400 1930 -1260 2064 -1391 1929 

10C 8 -44 647 -63 648 -11 650 -34 650 

10C 10 -66 633 -63 631 - - - - 

10C 15 -87 610 -63 608 - - - - 

10C 17 -85 606 -63 604 -70 606 -62 604 

10C RPS -46 587 -63 584 - - - - 

7.5C 1 2544 2747 2683 2060 2843 3376 3004 2093 

7.5C 8 -301 628 -254 623 -248 617 -230 617 

7.5C 13 -77 618 -76 615 - - - - 

7.5C 15 -96 610 -76 607 - - - - 

7.5C 20 -97 603 -76 599 -32 599 2 597 

7.5C RPS -52 587 -76 582 - - - - 

RPS 1 -57 588 -76 586 -45 585 -35 582 

RPS 2 -50 588 -76 585 -42 583 -38 581 

RPS 3 -51 587 -76 584 -59 585 -66 582 

 



 

 

Figure 3.4: Timing Resolution as a function of the number of iterations performed

The lower graph is an inset zoom

improvements in timing resolution as more iterations are done as seen by the lower 
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Resolution as a function of the number of iterations performed

The lower graph is an inset zoom-in of the top graph. There are still slight 

improvements in timing resolution as more iterations are done as seen by the lower 

graph. 

 
Resolution as a function of the number of iterations performed. 

in of the top graph. There are still slight 

improvements in timing resolution as more iterations are done as seen by the lower 



 

 

Figure 3.5: Measured Average Timing Difference as a function 
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Measured Average Timing Difference as a function 

of iterations performed. 

 

 
Measured Average Timing Difference as a function of the number 
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4 Discussion 

4.1 CTC and Timing Resolution 

When comparing the RPS CTC to the cylindrical source CTC, two factors need to 

be taken into account. The first of which is that the algorithm the D690 operates under 

may not be optimized for a central cylindrical phantom. Table 3.1 and 3.2 indicate that 

although the timing resolution of the system is comparable for the final iterations of the 

overall system for the different sources, they do differ by 16 to 19 ps between the 7.5C 

and 10C sources. This corresponds to a multiplicative reduction in noise for a 

reconstructed image, f factor (equation 1.3), of 3.85, 3.87, and 3.98 for the 10C, 7.5C, and 

RPS final iterations, assuming a body diameter of 35 cm. Another indication that the 

current algorithm used is not optimized for cylindrical sources is that Figure 3.3 shows 

that a follow-up iteration done with the RPS after the final iterations with the cylindrical 

sources wants to make a change in the individual detectors. The maximum block 

average change was 1.1 timing bin for the 7.5C and 1.5 timing bin for the 10C. Although 

this change is not substantial, these small adjustments had enough of an impact to bring 

the overall system timing resolution to that of the RPS, 587 ps. This final timing 

resolution is within 8% of the value measured in performance testing of the D690 [1]. 

Table 3.1 also indicates that as the number of detectors involved in the timing 

resolution measurement increases, the timing resolution being measured also degrades. 
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There are a couple of factors that can be credited to this trend. One of which is that the 

algorithm used to calculate the timing resolution of the system relies heavily on 

knowing the exact location of the line source. If the line source is off by 1 cm, the 

resulting timing difference is 33 ps. This could cause the misplacement of counts in the 

timing histogram, broadening the Gaussian curve, and ultimately, resulting in a larger 

FWHM. The peak of the histograms should be at 0 ps since the expected timing 

differences were subtracted from the measured timing differences. Finally, Table 3.1 

shows that measuring the timing resolution off-axis results in a slightly higher timing 

resolution. This can also be attributed to the CTC process not being optimized for a 

centrally located source.   

Figure 3.4 implies that there is a point at which the timing resolution converges 

after a certain number of iterations for both sources. It also shows good agreement 

between the two processes by which the timing resolution was measured. There are a 

couple of things about the graph that may be a little misleading though. The RPS 

converged after the 1st iteration. However, it used an acquisition time of 8 minutes. After 

the 10th and 13th iterations, both the 10C and 7.5C converged. In the graph, it may appear 

that this happened earlier, but now the point of convergence is classified as the point 

when the average timing difference stopped oscillating as seen in Figure 3.5. There are 
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still slight improvements in timing resolution after the 10th and 13th iterations, but the 

differences are minimal from one iteration to the next.  

One of the more interesting things implicated by this work is the possibility for a 

new way to perform the CTC process. Table 3.2 showed that the measured timing 

resolution was in good agreement with the propagation method described in Section 

2.3.3. Beyond showing another way to measure the timing resolution, it brought to mind 

the idea of only needing one acquisition scan to perform multiple CTC iterations. After 

performing one iteration and calculating a new calibration (cal) file, the timing 

differences between the default cal file and new cal file can be used to modify the list 

mode data, alleviating the need for more data acquisitions. The algorithm used in the 

CTC process can be applied to the modified list mode data to generate a new calibration 

file, and the process can be repeated as many times as is necessary [Figure 4.1].  

Further work could be done to evaluate the significance between these 

techniques by scanning a phantom with different size sources placed at different 

locations off-axis. This would allow one to analyze the image quality visually and 

quantitatively to evaluate the clinical implications of the cylindrical sources in 

comparison to the RPS.  
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Figure 4.1: Diagram of the new CTC process.
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5 Conclusions 

 The results from this work showed a way to measure the timing resolution of the 

D690 by two different methods. The first relied on individual line source measurements 

within the bore. The second method showed that by measuring the change in timing 

calibration files, the list mode data could be modified as if an acquisition was done with 

the latest calibration file in place.  

 Trends in the data showed that the use of a centrally located source did bring 

opposing detectors into timing alignment with one another.  However, it also indicated 

that the current CTC algorithm used in the D690 is not optimized for the use of a 

centrally located source. The size (diameter) of the centrally located source also plays a 

role in bringing opposing detectors into agreement. As the diameter of the source 

increases, the fan angle that describes the number of detectors that can be in coincidence 

increases. This has a direct impact on measuring the timing resolution off-axis.   

 Finally, the ability to propagate the difference between calibration files in the list 

mode data allowed for the proposal of a new way to perform the CTC. After only one 

data acquisition, one can modify the list mode data according to the change in 

calibration files. The modified list mode data would be pipelined through the CTC 

algorithm to generate the new calibration file. The process can then be repeated as many 

times as is necessary to achieve acceptable results.  
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