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Abstract 

Positron emission tomography (PET) studies acquired in list mode offer the opportunity to provide 
a cine loop showing the dynamics of 18F- PET uptake, giving a visualization of regional bone 
remodeling. The focus of this report is a group of patients treated with Taylor spatial frames (TSF). 
The studies were acquired for a period of 45 minutes and saved in list mode. The list was decoded 
and subsequently segmented into time intervals of one minute each. For each time interval a 
sinogram was generated from which volumes of one minute each were reconstructed. Slices 
projected from these volumes could then be displayed as a dynamic loop superimposed on the 
corresponding computed tomography (CT) slice in order to visualize the 18F- uptake insitu. It was 
indicated that this technique has the potential of becoming an additional technique to that of using 
static volumes and SUV values only. 

As the list mode data was decoded it also offered a method to evaluate the potential decrease in 
injected activity by eliminating every Nth event from the list before reconstructing the 45 minute 
volume. This was done and the indication was that the injected activity and hence the effective dose 
to the patient can be decreased. However, in this work, this was not proven clinically. 

The open source STIR software was used to reconstruct volumes from sinograms to enable an 
unlimited access to reconstructing volumes without disturbing the daily routine at the clinic. The 
data was acquired on a clinical Siemens Medical Solutions Biograph 64 TruePoint TrueV, PET/CT 
scanner situated at the Nuclear Medicine Department at the Karolinska University Hospital in 
Solna. This scanner was not supported by the STIR software, hence the data collected by the 
Siemens PET/CT scanner was translated so that 3D reconstructions could be computed using the 
STIR tools. The reconstructions made in STIR resulted in volumes of sufficient visual quality, but 
not as good as those reconstructed by the scanner itself. Further optimization in STIR was left for 
future work.  

According to the physicians who treat these patients, dynamic visualization was of sufficient 
interest to continue to develop and optimize this method. The cine loops that were presented to the 
physicians were made from JPEG slices produced from the one minute volumes and put together as 
GIF files. It was also possible to vary the reconstruction time (from uniformly one minute) as well as 
the presentation rate in the cine loop, but this was left for future work. Ultimately, the cine loop will 
be implemented in the locally developed software tool. 
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Sammanfattning 

Positronemissionstomografi (PET) studier som förvärvats i list mode erbjuder möjligheten att göra 
film slingor som visar dynamiken i 18F- PET upptag. Detta förväntas ge en dynamisk visualisering 
av var ben nybildas. Fokus i denna rapport är en grupp patienter som behandlats med Taylor spatial 
frames (TSF). Bilderna i studien förvärvades under en period av 45 minuter och sparades i list 
mode. List mode data avkodades och delades därefter upp i tidsintervaller på en minut vardera. För 
varje tidsintervall rekonstruerades ett sinogram för vilka bilder av volymen rekonstruerades. Skivor 
från dessa volymer kan sedan visas som en dynamisk slinga ovanpå motsvarande datortomografi 
(CT) skiva för att visualisera 18F- upptaget in situ. Denna teknik visade sig ha potential att bli en 
ytterligare teknik utöver de statiska volymer och SUV-värden som redan finns tillgängliga. 

Eftersom listmode data avkodats erbjuds också en metod för att utvärdera en potentiell 
minskning av den injicerade aktivitet genom att eliminera varje N: te händelse från listan innan 
volymen på 45 minuter rekonstrueras. Detta utfördes och det visade sig att den injicerade 
aktiviteten och därmed den effektiva dosen till patienten potentiellt kan minskas men i detta arbete 
har detta inte bevisats kliniskt. 

Mjukvaran STIR, som är tillgängligt för allmänheten, användes för att rekonstruera volymer 
från sinogram för att möjliggöra en obegränsad tillgång till att rekonstruera volymer utan att störa 
den dagliga rutinen på kliniken. Data förvärvades i en klinisk Siemens Medical Solutions Biograph 
64 TruePoint TrueV, PET/CT-skanner som är placerad vid nuklearmedicinska avdelningen vid 
Karolinska Universitetssjukhuset i Solna. Skannern var inte kompatibel med STIR mjukvaran. 
Därför översattes det data som samlats in av Siemens PET/CT-skannern så att 3D-rekonstruktioner 
kan beräknas med hjälp av verktygen i STIR. De rekonstruktioner som gjorts i STIR gav upphov till 
volymer av tillräcklig visuell kvalitet för denna studie, men var inte lika bra som de som 
rekonstrueras genom själva skannern. Ytterligare optimering i STIR lämnades för framtida arbete. 

Enligt de läkare som behandlar dessa patienter var en dynamisk visualisering av tillräckligt 
intresse att fortsätta utveckla och optimera den här metoden. Film slingor som presenterades för 
läkarna gjordes från JPEG bilder tagna från skivor av volymer på en minut vardera som producerats 
och sattes ihop som GIF-filer. Det var också möjligt att variera återuppbyggnadstiden (från jämnt en 
minut) samt presentationshastigheten i film slingan, men detta lämnades till framtida arbetet. I 
slutändan kommer film slingan implementeras i ett lokalt utvecklat verktyg. 
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1 Introduction 

Positron Emission Tomography (PET) utilizes a radioactive nuclide that decays by emitting a β+, i.e., 
a positron. Positrons are the anti-particles to electrons. Positrons and electrons interact by an 
annihilation mechanism which gives rise to two 511 keV photons. These two photons are produced 
at the same time and location. They travel in opposite directions in their frame of reference and are 
detected as coincidences by detector crystals positioned opposite to each other. True coincidences 
may be confused with other events, such as uncorrelated decays or Compton scatter; for more 
information see [1]. Different pharmaceuticals combined with positron emitting radionuclides are 
used depending on the biological function of interest. To determine areas of bone remodeling a salt 
in the form of Na18F- is used, as 18F- is rapidly taken up in bone, in particular in remodeling bone [2]. 
The Na is rapidly separated physiologically from the 18F-, which is a bone seeker. 

The patients considered in this project were being treated with a Taylor Spatial Frame 
(TSF)*[3]. A TSF is often used to treat complicated fractures or deformations of the limbs. In this 
study, only the tibia and fibula were considered. During treatment the six struts of the TSF are 
adjusted according to a patient specific schedule in order to achieve both translational and 
rotational movements of the bones. This therapy takes approximately 12 months and is very painful 
and time consuming for the patients. Today the therapy process is traditionally monitored by a 
series of X-rays and Computed Tomography (CT) scans. The addition of dynamic and static PET 
scans is new to this. PET scans with 18F-, superimposed on CT scans, have been shown to be a useful 
way to evaluate the healing process [4]. Serial PET scans are matched using a landmark registration 
method to spatially orientate the scans and thus help determine where the bone remodeling is 
occurring [5]. With this 18F- PET technique it is possible to visualize where-remodeling is occurring 
and the rate at which this is occurring, to help determine if the patient is responding to the 
treatment as expected and when the TSF can be safely removed [4]. 

All of the data used in this technical report has been collected from a clinical PET/CT scanner 
(Biograph 64 TruePoint/TrueV, Siemens Medical Solutions, Erlangen, Germany) at the Nuclear 
Medicine Department at the Karolinska University Hospital Solna using a protocol described in [5]. 
In the remainder of this report this particular PET/CT scanner is referred to as the Siemens 
scanner. The events collected by the PET camera of this Siemens scanner in the optional dynamic 
portion of an acquisition are stored in a list. This mode of data collection is called “list mode”. This 
list consists of all coincidence events, time markers, delayed events, and additional information. The 
dynamic acquisition starts at the same time as a bolus injection of Na18F. In this project, the 
[dynamic] acquisition time was 45 minutes. The patient procedures are described in Section 2.9. 
The data is saved in a file from which sinograms can subsequently be constructed at selected points 
in time. After the data is collected the dynamic lists as well as the reconstructed PET and CT 
volumes are archived on a Hermes Medical Solutions (HERMES) system (Nuclear Diagnostics AB, 
Stockholm, Sweden). The HERMES system can read, process, store, and display images from 
several different manufacturers as well as serve as an archiving system. However, only the archiving 
function of the HERMES was used in this study. 

To reconstruct volumes from list mode data the Software for Tomographic Image 
Reconstruction (STIR), described in Chapter 4, was chosen as it contains a number of tools for list 
mode data and offers several different reconstruction methods from which to choose. Unfortunately, 
neither the Siemens scanner nor the HERMES system produce list mode data that can be directly 
processed by STIR, therefore the format of the list mode data from this scanner was studied. This 
format had to be understood in order to transform the file so that the STIR reconstruction tools can 
be used. The programs that STIR uses for reconstruction and test simulations were studied to gain 

                                                            
* The patient data being used in this technical report came from a set of patient who had a TSF applied to the 
tibia. These patients were part of an approved study (Regional Ethics Committee Dnr. 2012/1049-31/1). 
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an understanding of how the data must be presented to STIR for their existing tools to process the 
data properly, i.e., to generate correctly reconstructed volumes. 

The CT data from the Siemens scanner is used to perform attenuation correction of the PET 
data, but this is not available in STIR. The CT and PET volumes are acquired serially in the same 
system without moving the patient; therefore the volumes are generally well registered. As a result 
the PET data can be shown superimposed on the CT. When there has been movement of the patient 
between the CT and PET scans the volumes can be registered using a software tool developed for 
research use at NYU and KI with collaborators from KTH and the University of Utah [6–8]. 
Moreover, this same software can be used to register studies acquired at different times, so that 
changes in the patient’s 18F- uptake can be followed over the course of the patient’s treatment. 

If dynamic visualization turns out to offer an improved tool, then a study should be made to 
determine the optimal time point for each segment of the list mode data. The expectation of the 
segmentation of the list mode data is to reconstruct volumes of good quality and such that the 
number of segments produces a smooth loop that seems to be a natural means of viewing this data. 

1.1 Background 

Currently a bolus injection of 2 MBq per kilogram of the patient’s body weight is used. There is a 
suspicion that this amount of activity is unnecessary. For this reason, an expected benefit of 
dynamic visualizations of the distribution of the uptake of 18F- in the bone is a possible decrease in 
the injected activity and hence a reduced distributed effective radiation dose to the patients. This is 
of great importance for patients being treated with a TSF frame, as the treatment is long and the 
recurring PET scans expose the patient to a relatively high effective radiation dose, see Table 7-1. 
Moreover, reducing the injected activity and thus the effective radiation dose per study, could allow 
more studies to be performed. This coupled with the cine loops could help the physician to 
determine with better precision where the bone remodeling is occurring without relying on 
standardized uptake values (SUV). However, to do this it is necessary to understand the change in 
the signal to noise ratio due to a reduction in the number of true coincidences that will result from a 
lower injected activity. By reconstructing images from the list with randomly removed events we can 
study the image quality that would result from lower injected activities. 

A CT scan is [also] acquired for each PET acquisition both for attenuation correction and to 
superimpose selected slices for anatomical localization. As the CT scan is distributing its radiation 
dose to the lower leg, [9], the effective dose is low in comparison to the PET acquisition. This occurs 
because Na18F- is injected and hence gives an internal effective dose to radiation sensitive organs. In 
order for the physician to monitor the healing process and to be sure that it is safe to remove the 
frame many imaging procedures (X-ray, CT, PET/CT) are executed repeatedly. 

It is important to know with high precision where and if bone remodeling is occurring. For 
example, if the tibia and fibula are not healing in a comparable fashion, then it is sometimes 
necessary to cut the more rapidly healing bone or both; or if the patient is not responding to the 
treatment (i.e., the bone is not healing), further bone graphs or stimulation treatment might be 
applied. With dynamic visualization, the uptake of the 18F- can be followed and this dynamic uptake 
is expected to be used in the evaluation of the healing process. This is in contrast to the current 
method of attempting to estimate the patient’s status based upon SUVs computed over volumes of 
interest drawn on static PET studies acquired on different days. This SUV method is difficult to 
standardize and is not perfectly reliable [10]. 
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1.1.1 Dynamical visualization of Na18F- PET for Patients treated with TSF 

Currently –two or more PET/CT scans are acquired on different dates (usually six weeks apart) for 
each patient. A software tool, such as that mentioned above, can be used to register the volumes. 
These are presented to the physician who is treating the patient. For diagnostic purposes the 
physician requires studies that accurately show where the bone is remodeling. The amount of 
remodeling is now determined by the use of SUVs.  

The idea in this work was to develop software to present the PET data as a series of slices in cine 
mode superimposed on the corresponding CT slice. This series of slices is based on PET data saved 
in list mode that is divided into time intervals and reconstructed into volumes. These time intervals 
can be a fixed number of minutes or any time interval. The intervals could be longer in the later 
parts of an acquisition, as the half-life of the radioactive isotope gives rise to a decreased rate of 
events with time. 

The Siemens list mode data has time markers that appear every millisecond and thus the time 
resolution is a millisecond. Once the list mode was decoded it was possible to decide which events 
and time interval to include or remove, therefore it was possible to simulate a dynamic acquisition 
that would be acquired with a lower activity of Na18F- (i.e., less than the current 2 Mq/kg body 
weight). Reducing the injected activity is desirable, both because it can permit more PET scans to be 
done over the course of the patient’s treatment and because it may make it possible to apply this 
technique to younger patients who are being treated with a TSF in the future. It is also beneficial for 
the staff that takes care of the patients during the PET acquisition. How much the injected activity 
can be reduced was the next step to be studied once it was understood how to construct a dynamic 
loop of sufficient image quality. The idea was to use STIR for this reconstruction. 

1.2 Purpose 

Physicians who treat patients with a TSF are interested in determining with high precision where 
and at what rate the bone is remodeling. The thought behind this study was that a dynamic 
visualization of the uptake of the 18F- could be a helpful tool [for the physician] as a dynamic 
technique could be used to visualize the spatial and temporal uptake of the 18F-. This would avoid 
the need to rely on (frequently unreliable) SUVs to diagnose the patient’s condition. 

As the data was acquired in list mode, it was possible to simulate decreased injected activity by 
removing different fractions of the events in the list (once the structure of the list mode data is fully 
understood). Subsequently this reduced list can be framed into time intervals (of the user’s choice) 
to make a smooth cine loop – hopefully with sufficient image quality for the physicians to use in 
their assessment of their patient’s condition. This dynamic visualization is expected to allow a 
reduction in the injected activity to patient, hopefully sufficiently so that it will be possible to use 
this technique on children in the future. 

The purpose of using STIR to reconstruct volumes from data acquired by the Siemens scanner, 
rather than using the Siemens workstation was to avoid disturbing the clinical activities. This is 
necessary because the reconstructions are quite time consuming and we anticipated the need to 
perform many different reconstructions when simulating different injected activities. A side effect of 
this effort will be that it was possible to document how to make the data from this Siemens scanner 
compatible with the STIR software; hence others will also be able to use this open source software to 
do reconstructions of data from such a scanner. Although this project is scanner specific, a lot of 
what has been learned about list mode data and the translation of the header data from the 
scanner’s output to STIR headers gives clues about how data from similar scanners can be adapted 
for use with STIR.  
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1.3 Goals 

The overall goal of this project was to reconstruct a suitable cine loop from the list mode data of 
patients treated with a TSF frame. This has been divided into the following sub-goals: 

1. Study how the STIR software reads sinograms to enable creation of sinograms from the 
Siemens list mode data so that they can be put into the STIR reconstruction tools. 

2. Understand the list mode format produced by the Siemens PET scanner, so that 
sinograms can be correctly constructed and processed by STIR. 

3. Cut the list mode data into 1 minute segments (or any arbitrary segments, but one 
minute was used in this project) and make cine loops [and] to display [these loops] 
superimposed on the CT. 

4. Study the possibility of reducing the injected activity by reconstructing volumes that 
simulate reduced injected activity by excluding events from the acquired list. 

5. Show the cine loop with one minute segments to physicians for a qualitative opinion of 
its value. 

These sub-goals lead to the following steps in the project: 

1. Perform a phantom experiment to collect a list that can be used to reconstruct volumes 
with a geometrically simple and well known structure such as the NEMA phantom and 
the syringe. 

2. Understand the structure of list mode data produced by the Siemens scanner by 
studying the statistics of the different data tags. 

3. Create a program that takes the Siemens list mode data and produces a sinogram that 
STIR can use for reconstruction. 

4. Translate the header information embedded in the Digital Imaging and 
Communications in Medicine (DICOM) files that the Siemens scanner produces into 
STIR headers. 

5. Test this by reconstructing an image of the NEMA phantom and a syringe. These 
objects were selected because it was easy to recognize when the reconstruction was 
correct. 

6. Divide the lists acquired from actual patients into time intervals of one minute and 
construct sinograms for each interval and then reconstruct these sinograms into 
volumes using STIR. 

7. Compare reconstructions of the same patient’s list mode data using the Siemens 
workstation.  

8. Superimpose the cine loops of the patient’s data on top of the corresponding CT. 

9. Evaluate a series of simulations of decreased injected activity with different fractions of 
the original events in order to study the impact of a decrease in injected activity. 

1.4 Research Methodology 

The project applied a design science methodology in that an iterative research method was applied 
to produce a series of artefacts (embodied in algorithms and realized by software). The reduced 
injected activity was tested by producing volumes of simulated decreased injected activity. This 
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research also makes a previous unsupported image format into a potentially supported image 
format for STIR. 

The research is quantitative in that the list mode data is used to produce sinograms that are 
subsequently reconstructed into volumes. There is also a qualitative aspect to this research as the 
volumes were viewed by the physicians treating these patients in such a way that they would be able 
to perceive the spatio-temporal dynamics of the 18F- uptake. 

If dynamic visualization turns out to be a good alternative or complement to the static imaging 
technique, then a future research project should be conducted to further optimize the dynamic 
visualization. Different solutions could be developed and evaluated in discussion with those 
physicians who are to interpret the cine loop for diagnostic purposes. STIR provides various 
reconstruction methods from which to choose and new reconstruction methods are continuously 
being developed. 

Dividing the list into different time intervals can be done in many different ways. The decrease 
in coincidences with time due to the half-life of the radionuclide could be taken into account when 
selecting [these] time intervals by segmenting the list based upon the number of detected events 
rather than based on time intervals, which might ensure stable image quality throughout the entire 
cine loop. The number of segments and a better procedure to form them can be optimized by taking 
into account the resulting image quality or physiological phenomenon. The number of images in the 
final cine loop must be sufficient for the visualization to be perceived (by the human eye) as 
dynamic. 

The actual reduction of effective dose to the patient must be thoroughly studied and this work 
lies outside the scope of this project. However, the results here should give some indication of how 
much of a reduction of injected activity might be possible, while still retaining sufficient image 
quality.  

This project gives a description of how to enable STIR to be used for data from the Siemens 
scanner and gives a foundation to enable similar processing for other (similar) scanners. The 
decoding of the list mode data structure ought to be of help when decoding list mode data from 
other scanners as well by following the steps and ideas described in this report. Scanners with time 
of flight (TOF) or Point Spread Function (PSF) have shown that a decrease in injected activity is 
possible, hence continuing the work presented here by producing a cine loop from data acquired by 
such a scanner is of interest [11]. 

1.5 Introducing 18F- 

PET bone scanning commonly uses the radionuclide 18F-. This radionuclide is produced in a 
cyclotron. Its half-life is approximately 110 minutes and the patient can go home after the scanning 
is completed. The maximum energy of the emitted positron is 633.5 keV*.  

Bone scintigraphy using positron emitting 18F- fluoride was introduced in 1962 by M. Blau, W. 
Nagler, and M.A. Bender. Dworkin, et al. showed that 18F- is rapidly taken up by remodeling bone as 
compared to other bone [12]. This gives rise to a signal to background ratio that is sufficiently large 
to use SUVs in conjunction with static PET imaging. Today, 18F- is widely used in PET/CT for bone 
studies and the Society of Nuclear Medicine has written guidelines for its use [13]. 

The Na18F- solution that is used in the acquisitions of the data sets used in this project was made 
in a laboratory located at the Karolinska Solna hospital. The 18F- radionuclide is produced in a 
cyclotron situated in the basement of the hospital. Before the solution is distributed to the patients it 

                                                            
* Data from http://ie.lbl.gov/toi 
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must be quality controlled and approved. The activity injected into the patient is 2 MBq per 
kilogram of body weight. Thus, if a patient weights 65-kg the amount of injected activity is 130 MBq. 

1.6 Structure of this technical report 

Chapter 2 presents relevant background information about the imaging techniques for PET/CT and 
some expected beneficial outcomes of the work. Some earlier works that are relevant for this project 
are also shortly presented in this chapter. Chapter 3 gives a description of the Siemens Biograph 64 
True Point True V scanner hardware, parameters, and list mode. In Chapter 4 the STIR software is 
presented, both the structure and how it is used. Chapter 5 presents the methodology and methods 
used to solve the problem of STIR and Siemens not being compatible with each other. In Chapter 6, 
the experiment and tests are described. The results and the validity of these results are presented in 
Chapter 7. Finally conclusions, limitations, and future work are discussed in Chapter 8. 
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2.2 PET/CT bone scan acquisition protocol 

In the PET/CT bone acquisition protocol [used in these studies], a high dose CT and an attenuation 
correction CT were acquired immediately before the PET study. The attenuation correction CT was 
used as an attenuation map for the PET volumes and for orientation when the PET study is 
superimposed on the CT. Two examples of a selected slice from the PET volume superimposed on 
corresponding CT slice are presented in Figure 2-1. The two patients are patient 11 and 18 and they 
are further discussed in Section 5.4.1. The CT and PET volumes are acquired with the patient in a 
single position, thus the bed is not moved during the course of the data collection.   

Table 2-1 summarizes the acquisition and reconstruction parameters for the static PET and CT 
volumes. Details of the acquisition protocol are given in [5].  

Table 2-1: PET and CT Acquisition and Reconstruction Parameters 

   Resolution Pixel Size (mm) 

Modality Parameters 
Reconstructio
n 

X Y Z X Y Z 

PET 

Static five 
minute scan 
sixty minutes 
after injection 
and 30 minute 
and 45 minute 
static scans 
reconstructed 
from the 
dynamic list 

OSEM2D 
4 iterations 
8 subsets 
Gaussian 
Filter 5 mm 

168 168 74 4.07 4.07 3.00 

CT 

120/140 kVp, 
50/60 mAs  
0.5/1.0 second 
per revolution  

1.0 pitch 

Attenuation 
Correction 

512 512 74 1.37 1.37 3.00 

 Diagnostic 
512 512 277/737 0.98 0.98 0.80/0.30 

2.3 PET list mode  

When the β+, i.e., a positron, interacts with an electron there is an annihilation that produces a pair 
of 511 keV photons, emitted roughly 180 degrees apart. When these photons are detected within a 
short period of time (the coincidence time) by two detectors, a line of response (LOR) is generated. 
The coordinates of this LOR are in terms of an angle and a radial distance from the center of the 
detectors to the LOR [14]. The angle is determined in relation to the Cartesian coordinates of the 
PET scanner’s array of detectors. Figure 2-2 shows a 2D example of a LOR with a single ring of 
detectors. The coordinates of the LOR are r and θ. In list mode, each coincidence event is recorded 
individually. 
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Figure 2-2: Example of a LOR (in 2D) – this simplified diagram leaves out all of the details of the detectors. 

Time of Flight (TOF) information would limit the LOR to a chord whose length would be 
proportional to the time resolution of the coincidence detectors. Unfortunately, this model of 
Siemens PET scanner does not support TOF. 

In addition to the LOR data, the list also has time markers that indicate the time since the start 
of the list mode acquisition. In this particular PET scanner, the markers have a granularity of one 
millisecond. 

There are different types of events, those called “prompt events”, come from coincidences, while 
those called “delayed events” are not as simultaneous as the prompt events. Delayed events might 
come from an event where one photon is Compton scattered before it is absorbed in a detector 
crystal [15]. In addition, some “prompt events” are actually due to two different events in which one 
photon from each event is detected by a pair of detectors, while the other two photons escape 
without detection. 

Because the PET scanner consists of multiple rings of detectors, it is possible to have 
coincidence events between pairs of detectors, where the detectors are in different rings. These 
oblique events are organized in terms of pairs that go across adjacent rings of detectors and those 
that go between a pair of rings that are farther apart. 

2.4 PET reconstruction as static volumes 

Reconstructed static PET volumes can be acquired in list mode or in frame mode. In frame mode 
the data represents the number of coincidences detected at each point within a particular bed 
position in the particular time interval. This data is output as a sinogram. A volume is reconstructed 
from this sinogram using one of the many different reconstruction algorithms. While frame mode 
saves a lot of storage space, it lacks any information about when the events occurred. 

Because list mode data records all of the individual events and has time markers, this data can 
be post processed to produce static frames of any chosen portion of the list and these frames can 
utilize data from any chosen duration. While list mode acquisition allows great flexibility in post 
processing the data, it comes at the cost of greatly increased storage for the list. 

The PET event data can be used to reconstruct either 3D or 2D volumes. In the case of 2D 
reconstructions, there are no sinograms based upon coincidences between oblique planes. Instead, 

r θ
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the 2D volumes are reconstructed considering only coincidences that are detected in transaxial 
planes. For 3D PET volumes, in addition to the transaxial data the data from several oblique planes 
are utilized [14]. The number of oblique planes depends on the number of detector rings and the 
obliqueness of the planes used in the reconstruction. The more tilted an oblique plane is, the smaller 
the sinogram. Generally, there is a gain in spatial resolution within a plane in a 2D reconstruction, 
while a 3D reconstruction offers a gain in sensitivity. 

Tomographic reconstruction can be done by filtered back projection (FBP) or using iterative 
methods. The back projection methods give rise to unwanted artefacts. These artefacts can be 
filtered away, but important information might be lost due to this filtering. Iterative reconstruction 
methods do not give rise to the same artefacts as FBP, but the amount of noise increases with the 
number of iterations and this noise needs to be filtered out in order to produce nice looking images. 
A commonly used filter (often used as a default) is a Gaussian filter of 5 mm that makes the image 
look smoother, to which many physicians are accustomed. Due to the increase of noise with the 
number of iterations, methods have been developed to divide the image into subsets that are 
separately processed in the iterations. 

2.5 Interfile format 

Volumes in Interfile format can be either two files (a header (editable ASCII) file and a binary data 
file) or the binary data can follow the Interfile header information. STIR uses Interfile format 
header files for many different purposes; hence, it is very useful to cover some of the details of this 
file format. This section will give a very short introduction to the Interfile header file format; further 
details can be found in [16]. 

A header file in Interfile format consists of a series of keys and values separated by the string 
“:=” and ending with a newline. Both keys and values are written as ASCII strings. Therefore, this 
format is very easy for humans to read (unlike the binary encoded DICOM format) and is quite 
flexible. 

The first line of an Interfile format file is: 

!INTERFILE := 

Lines that begin with a “;” are comments, designed to be read by humans. Lines beginning with 
a “!” are designed to provide meta-data, for example: 

!GENERAL DATA := 
!data offset in bytes := 0 
… 
!GENERAL IMAGE DATA := 
!type of data := PET 
!originating system := 1094 

The list and sinogram files that are produced in the Siemens scanner encode the acquisition 
information differently from what STIR expects. The Siemens files also contain additional 
information about the position of the patient and the injected radionuclide. 

2.6 QSH file header format 

The locally developed image processing tool that is used by the orthopaedic surgeons uses QSH 
formatted files. Details about this software and how to use its various tools can be found in its user 
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Dynamic visualization has been done before, for example to correct for rhythmic motions such 
as in cardiac and respiratory studies by using gating techniques to determine the recurring motion 
pattern. The earlier work that resulted in the procedures used to acquire static volumes to exploit 
the benefits of the Na18F- and CT data are also mentioned in this section. 

2.8.1  Benefits of Na18F- in studies of fractures and Bone Deformities 

18F- has been shown to have a number of important qualities when imaging fractures and bone 
deformities. 18F- is more likely to be taken up by remodeling bone than other bone [19]. Additionally, 
PET imaging using 18F- has been shown to be more efficient than SPECT using a 99mTc labelled 
tracer [20]. The difference in 18F- uptake is sufficient to derive SUVs when using PET techniques. 
Moreover, the 18F- radionuclide is commonly used in PET imaging and it is relatively inexpensive 
and easy to produce. 

2.8.2  Earlier work in Dynamic PET Visualization  

Dynamic PET visualizations are possible when the data is acquired as list mode data. Dynamic 
visualizations have been developed for cardiac and respiratory gating corrections [21]. In these 
modalities events at corresponding points in time in a breathing cycle or the repetitive heart-beat 
cycle are collected and reconstructed into volumes, resulting in less motion artefacts. This is done 
with gating and supervising the rhythm of the motion. Subsequently, the list mode events are 
divided into parts and several volumes are reconstructed and shown as a cine loop. 

2.8.3  Ernesto Fumero’s Thesis and Morena Galera’s toolbox for List Mode 

Ernesto Fumero presents information about the Siemens scanner in his thesis [22]. His thesis 
project simulated the Biograph 64 PET/CT True Point scanner and reconstructed images of a point 
source using STIR. His thesis contains some information about STIR reconstructions and how to 
make a header file from the Siemens scanner data that STIR can read. In his conclusions he 
mentions that the geometric data used in the header was not confirmed by Siemens. He concluded 
that the use of STIR for his thesis project was a correct decision.  

Amalia Moreno Galera’s thesis [14] gives a description of the general structure of list mode data 
from a detected event to the list mode data from which sinograms can be constructed. Together with 
Ernesto’s thesis an understanding of the Siemens scanner and a general understanding of list mode 
data was gained. 

2.9 Procedures to Monitor Patients Being Treated with a TSF 

The healing process of patients treated with TSF frames is monitored with repeated X-rays and CT 
scans taken several times over the course of the patient’s treatment. By using landmarks a physician 
can determine how and where the healing process was proceeding and whether it is successful or 
not. Today 18F- PET imaging has been shown to be an important complement to CT scans as 18F- is 
rapidly taken up by remodeling bone [4]. 

Patients in this study have severe fractures or deformities in the lower leg that requires extra 
help to heal properly. This is sometimes due to former fractures that have been healing in a faulty 
manner or the patient suffers from some congenital anomaly. The TSF is attached to the bone by an 
operation while the patient is under general anesthesia. During this operation fluoroscopy is used to 
ensure that nerves and vessels are not harmed. A CT volume is acquired post operation, typically 
within a week to have a clear image of the bone and the TSF. The first PET scan acquisition is done 
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This chapter also introduced some features of the STIR software and the Interfile and QSH file 
formats were shortly described.  
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3 Siemens Biograph 64 True Point True V PET/CT scanner 

A Biograph 64 TruePoint TrueV (Siemens Medical Solutions, Erlangen, Germany) that is capable of 
saving data in list mode was used in this project. Unfortunately, this list mode format was not (yet) 
supported by STIR. Additionally, the structure of the list mode data was initially not completely 
known. It was necessary to understand the details of this file format in order to be able to manipulate 
this data with the STIR tools and to divide the list into time intervals for the cine loop. 

This chapter describes the structure of the scanner itself and explains the data produced by the 
Siemens scanner.The scanner has four rings that give rise to seven segments: one direct and six 
oblique. The physical structure of the scanner is further discussed in Section 3.1. The data files that are 
produced by this scanner for each acquisition are either DICOM or PTD files with the header 
information and data embedded in the same binary file. While DICOM is a widely used format, PTD is 
a Siemens specific format. With exception of the NEMA phantom, all the files used in this report were 
in DICOM format. The (binary) header contains data about the injected activity and which isotope was 
used. It also contains information about the image reconstruction algorithm that was used and the 
geometry of the scanner. The data and header file are discussed further in Section 3.2. The list consists 
of 32 bit binary words. There are time markers and prompts and delay markers in the list mode file. 
For each prompt and delay the coordinates of the LOR are given in the 32 bit word format. Details of 
the list mode file are discussed and explained further in Section 3.3. 

3.1 The Structure of the Siemens Scanner 

The Siemens scanner consists of both a PET scanner and a CT scanner. This combined instrument 
enables good CT/PET volume registration. The PET scanner contains four rings. Each ring consists of 
48 detector blocks and each detector block contains 169 Lutetium Oxyorthosilicate (LSO) crystals 
arranged as a 13x13 matrix. Between the detector blocks there are gaps of the same dimensions as the 
crystals. These gaps give rise to the diamond pattern apparent in the acquired sinograms (such as 
shown in Figure 2-4). Each block is coupled to 4 photo multiplier tubes. The crystals themselves are 
radioactive due to the lutetium isotope 176Lu that comprises 2.6 % of lutetium. This radioactive isotope 
has a half-live of 37.8 years and emits γ and β-, but their energy (86 to 182 keV [23]) is outside the 
energy window (435 to 650 keV) of the PET acquisition [24]. 

The data in Table 3-1 was taken from the Siemens headers and Lee, et al.[11]. The detectors of the 
Siemens scanner are structured into blocks and buckets. The 4 rings are ordered in 48 buckets, each 
bucket contains 1 block in the tangential direction and 4 blocks in the axial direction. Each block 
contains 13x13 LSO detector crystals. 
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Table 3-1: Some characteristics of the Siemens Biograph 64, True Point, True V from [11] and the DICOM 
header information. 

Characteristics Value 

Detector material LSO 
Number of detector rings 52 (13x4) 
Image planes per bed 109 
Number of crystals per ring 624 (13x48) 
Crystal size (mm3) 4x4x20 
Face of crystal block (mm2) 52x2 (13x4) 
Detector elements per block  169 (13x13) 
Number of detector blocks 192 (48x4) 
Patient port diameter (cm) 70 
Axial FOV (cm) 216 
Transaxial FOV (cm)  60.5 
Plan spacing 2.0 
Coincidence time window (ns) 4.5 
Energy window (keV) 435-650 

3.2 The Data and embedded Header files produced by the Siemens Scanner 
for a List Mode acquisition 

The list mode files extracted from the Siemens scanner consist of data files containing all of the 
image/event data as well as containing binary encoded header information. The header portion of the 
file contains information about the scanner and the acquisition. The DICOM (and PTD) header 
portion included an Interfile format header information file. The list mode header is very short. 
However, much more specific information is the header portion of the sinogram which also includes a 
Interfile section. 

An example (patient 12) of an Interfile header stored inside a DICOM sinogram file is presented 
below. The first part states the name of the data file it requires and that the acquisition was saved in 
list mode. 

!INTERFILE:= 
%comment:=Created from listmode data 
!originating system:=1094 
%SMS-MI header name space:=sinogram subheader 
%SMS-MI version number:=2.0 
 
!GENERAL DATA:= 
%listmode header 
file:=D:\scratch\_JM_222947_2066_2291889199.00000004\tmpdata\listmode1.mhdr 
%listmode data file:=\\PETCTRECON\PETDATA\data-4.0.23101010 
!name of data file:=\\PETCTRECON\PETDATA\Replay\4.0.22894770-
_JM_222947_2066_2291889199.00000004-3.s 

The next part of this Interfile header gives some general data (see the listing below), such as the 
time and date of the acquisition and which isotope was used along with its activity and its half-life. 
The data file is in little-endian order, with signed integers, 2 bytes per pixel. This portion of the header 
also contains the patient orientation, bed position, and the matrix coordinates. The matrix coordinates 
are 336, 336, and 559 (559 is the sum of 109+97+97+75+75+53+53). The last is the number of direct 
and oblique sinograms. Additional information is given – including the pixel size and that the number 
of detector crystal rings is 55. There are actually 52 rings of detector crystals (13x4=52), but there are 
three gaps between the rings (of the same dimensions as crystal modules): these counts as rings. The 
axial compression factor tells us that the maximum number of sinograms that can be compressed in 
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each segment is 11 and that the maximum difference between the detector’s crystal rings is 38. As 
stated in Table 3-1, the energy window spans from 435 to 650 keV. 

!GENERAL IMAGE DATA:= 
%study date (yyyy:mm:dd):=2014:01:30 
%study time (hh:mm:ss GMT+00:00):=07:47:36 
isotope name:=F-18 
isotope gamma halflife (sec):=6586.2 
isotope branching factor:=0.97 
radiopharmaceutical:=Flouride 
%tracer injection date (yyyy:mm:dd):=2014:01:30 
%tracer injection time (hh:mm:ss GMT+00:00):=07:40:00 
tracer activity at time of injection (Bq):=1.96e+008 
injected volume (ml):=0.0 
image data byte order:=LITTLEENDIAN 
%patient orientation:=HFS 
!PET data type:=emission 
data format:=sinogram 
number format:=signed integer 
!number of bytes per pixel:=2 
number of dimensions:=3 
matrix axis label[1]:=x 
matrix axis label[2]:=y 
matrix axis label[3]:=z 
matrix size[1]:=336 
matrix size[2]:=336 
matrix size[3]:=559 
scale factor (mm/pixel) [1]:=2.005 
scale factor (mm/pixel) [2]:=1 
scale factor (mm/pixel) [3]:=2.027 
horizontal bed translation:=stepped 
start horizontal bed position (mm):=-2437 
end horizontal bed position (mm):=-2437 
start vertical bed position (mm):=160 
%axial compression:=11 
%maximum ring difference:=38 
number of rings:=55 
%number of TOF time bins:=1 
%number of segments:=7 
%segment table:={109,97,97,75,75,53,53} 
%total number of sinograms:=559 
number of energy windows:=1 
%energy window lower level (keV) [1]:=435 
%energy window upper level (keV) [1]:=650 
gantry tilt angle (degrees):=0.0 
number of scan data types:=1 
scan data type description[1]:=net trues 
data offset in bytes[1]:=0 

The next part contains some information about the image data, such as the number of prompts, 
random events, and the resulting net true coincidences. The duration time as stated in this specific 
image’s Interfile is 60 seconds and the timing tags duration is given 60000 (in milliseconds), which 
implies that there is a time tag each millisecond. The header ends with a long list of bucket singles 
rates and the total singles rate for all 48 buckets. 
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!IMAGE DATA DESCRIPTION:= 
!total number of data sets:=1 
total prompts:=4158435 
%total randoms:=773957 
%total net trues:=3384478 
!image duration (sec):=60 
!image relative start time (sec):=180 
%image duration from timing tags:=240000 
%GIM loss fraction:=0.999949 
%PDR loss fraction:=1 
 
%DETECTOR BLOCK SINGLES:= 
%number of buckets:=48 
%total uncorrected singles rate:=3768868 
%bucket singles rate[1]:=72899 
%bucket singles rate[2]:=69018 
%bucket singles rate[3]:=62888 
%bucket singles rate[4]:=53859 
%bucket singles rate[5]:=57693 
%bucket singles rate[6]:=52834 
%bucket singles rate[7]:=53295 
%bucket singles rate[8]:=56091 
%bucket singles rate[9]:=65454 
%bucket singles rate[10]:=71726 
%bucket singles rate[11]:=78052 
%bucket singles rate[12]:=78297 
%bucket singles rate[13]:=97398 
%bucket singles rate[14]:=93300 
%bucket singles rate[15]:=78997 
%bucket singles rate[16]:=67621 
%bucket singles rate[17]:=75696 
%bucket singles rate[18]:=71001 
%bucket singles rate[19]:=71844 
%bucket singles rate[20]:=75500 
%bucket singles rate[21]:=84210 
%bucket singles rate[22]:=89479 
%bucket singles rate[23]:=95044 
%bucket singles rate[24]:=101664 
%bucket singles rate[25]:=102146 
%bucket singles rate[26]:=97886 
%bucket singles rate[27]:=82288 
%bucket singles rate[28]:=71941 
%bucket singles rate[29]:=77968 
%bucket singles rate[30]:=74388 
%bucket singles rate[31]:=76982 
%bucket singles rate[32]:=77817 
%bucket singles rate[33]:=85964 
%bucket singles rate[34]:=89929 
%bucket singles rate[35]:=95911 
%bucket singles rate[36]:=104404 
%bucket singles rate[37]:=94804 
%bucket singles rate[38]:=90891 
%bucket singles rate[39]:=77420 
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%bucket singles rate[40]:=65746 
%bucket singles rate[41]:=72867 
%bucket singles rate[42]:=70257 
%bucket singles rate[43]:=71947 
%bucket singles rate[44]:=73231 
%bucket singles rate[45]:=78796 
%bucket singles rate[46]:=81276 
%bucket singles rate[47]:=85536 
%bucket singles rate[48]:=94613 

The example file presented below comes from the binary portion of the header information contained 
in the acquisition of patient 12. The first part of the header information explains that the patient is an 
adult and that the patient is in the supine position and the head is into the scanner. The acquisition is 
a PET/CT scan of the lower leg. Note that the personally identifiable data has been replaced by Xs, 
such as the value of the Ident Field xxxxxxxxxx. This file contains 5.5 kB data.  

 

MlScanProtocolAttributes_Begin:    138 
ActiveEntry:      0 
AEC_SlopeObese:      0.33 
AEC_SlopeSmall:      0.50 
AutoReferenceLinesMode:   MlAutoReferenceLinesModeOff 
BedIndexPosition:     0 
BodySizeOld:      MlAdult 
BreathHold:      18.000 
BreathingDefault:  15.000 
Cardiac:     0 
CustomProtocol:      1 
DefPatPos:      MlFaceUpHeadFirst 
Ident:       xxxxxxxxxx 
Partial:       1 
PatientID:      "xxxxxxxxx" 
PatientName:     "xxxx, xxxxxx" 
PatientPosition:     MlPositionUndefined 
PreCond4Displ:     8453119 
ProtocolName:      "PETCT_Underben" 
Region:     MlSpecials 
Service:       0 
StudyDescription:     "Specials^PETCT_Underben (Adult)" 
StudyID:       "xxxxxxxxx" 
TotalmAs:       969 
TotalNoOfScans:      2 
CursorPos:    0 
MlScanProtocolAttributes_End:    138 
PROTOCOL_ENTRY_NO:     1 
MlOtherModalityEntry_Begin: 138 
ModalityEntryType:     "PET_WholeBody" 
Version:       -1 
ActivityID:      "" 
AutoRange:      MlAutoRangeNone 
EntrySelected:      1 
MapProtocolEntryUID:    10 
PatientPositionFoR:     MlFaceUpHeadFirst 
ProtocolEntryUID:     26 
Visible:       1 
ModeEntryUID:      27 
OtherModalityEntryAttributes_Begin: 
OtherModalityEntryAttributes_End: 
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MlModeScanNotNULL: 
MlModeScan_Begin:     1 
ModalityScanType:     "Static_MultiBed" 
Version:       1 
SeriesLoid:      "" 
AutoLoad:       1 
BeginPos:       0.000 
Contrast:       0 
FrameOfReferenceUID:    "1.3.12.2.1107.5.1.4.1001.30000014013005520195300000105" 
RangeName:      "PET 45 minuter" 
RangeStart:      MlRangeStartConsole 
RawDataLoid:      "" 
ScanNumber:      2 
ScanState:      MlStateScanned 
ScanTime:      2700.000 
StartDelay:      2.000 
TopoLoid:      "" 
VertPos:       160.0 

The header information continues with the pharmaceutical (Flouride) and the energy window 
(435 to 650). The injected activity was 196 MBq. The duration of the acquisition was 45 minutes and 
there is also information about the position of the bed. 

OtherModalityModeScanAttributes_Begin: 
LLD:        435 
ULD:        650 
Isotope:       F-18 
Pharmaceutical:   Flouride 
InjectionDate:      yyyymmdd 
InjectionTime:      084000.000000 
InjectedDose:      196(PtMegaBequerels) 
NumberOfBeds:   1 
BedDuration:      45(PtMinutes) 
VertPos:       160 
BeginPos:          -1618 
EndPos:       -1618 
BedStep:       149.998 
TableDirectionPatient: MlCaudocranial 
XOffset:       -1.09722 
YOffset:       2.00814 
ZOffset:       818.831 
SinogramLoidList:     4.0.22894770 
SinogramDicomUIDList:    1.3.12.2.1107.5.1.4.1001.30000014013006013537500000007 
NormLoid:       4.0.22894750 
NormDicomUID:          1.3.12.2.1107.5.1.4.1001.30000014013006013537500000004 

Following this information tells us the acquisition is in list mode with 32 bits per word and the 
gantry model is 1094 (this corresponds to a Biograph 64, True Point, True V scanner). Information is 
also given about the size of the patient. The SinogramDicomUIDList line calls for the data file and 
the size of this file gives the information if this is a sinogram from a static scan or a list mode 
acquisition. In this case the size of the file 
1.3.12.2.1107.5.1.4.1001.30000014013006013537500000007 is 1.0 GB, which implies that this 
data file is from a list mode acquisition. The sinogram is of the size 126.2 MB which is equal to 559 x 
336 x 336 x 2. This is the number of planes in the three spatial directions multiplied and by 2 as the 
number format is signed integer, 2 bytes per pixel. The line NormDicomUID calls for the file 
1.3.12.2.1107.5.1.4.1001.30000014013006013537500000004 that is a PET normalization 
header. 
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RebinnerLut:      0 
RebinnerMode:      PtListMode32 
HistogramMode:      PtTrues 
GantryModel:      1094 
PostProcessing:     
StartMode:    PtManual 
SourceType:      PtPatient 
Volume:       31400 
DefaultPlan:    1 
PostProcessingType:  0 
CrossCalibrationFactor:  1 
PhantomRadius:   10 
NumberOfBedsCompleted:  1 
PhysioInputType:   PtPhysioNone 
OtherModalityModeScanAttributes_End: 
MlModeScan_End:      1 

Following this there is some information about the image reconstruction algorithm and its 
parameters. The algorithm that was used is OSEM, an iterative algorithm. The x-y matrix size is 168, 
the number of subsets is 8, and the number of iterations 4. We are also informed that a Gaussian filter 
has been applied. 

First_MlOtherModalityModeRecon_Is_NULL:  
No_Of_Valid_Recons:  1 
MlModeRecon_Begin:     3 
ModalityReconType:     "OSEM" 
Version:       3 
SeriesLoid:      "" 
AutoRecon:      1 
FailedReason:      "" 
ModeReconJMUID:      "" 
ModeReconUID:      28 
NoOfImages:      1 
NoOfImagesEntryDone:     0 
ReconSelected:      1 
ReconState:      MlReconStateInactive 
ReconStateJM:      MlReconStateJMCreated 
ReconTaskNumber:     1 
OtherModalityModeReconAttributes_Begin: 
CTAttenCorrModeList:     (1,1) 
CTAttenCorrDicomUIDList:      
OutputImageType:   PtNoRecon 
ReconMethod: PtIterative 
SinogramRebinMethod:  PtFORE 
ImageSize:    168 
Subsets:    8 
Iterations:    4 
Zoom:     1 
FilterFWHM:    5 
ScatterCorrect:   1 
Trim:       1 
XYFilterType:   PtGaussian 
ZFilterType:    PtGaussian 
SinogramLoidList:     
ACFLoidList:     
BedLoidList:     
Normalize:      1 
NormLoid:       9.0.1726956 
PostProcessing:  
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SegmentCT:      1 
MatchCTSliceLocation:  1 
AutoTransfer:   0 
Transfer1:    Hermes 
Transfer2:    NMLEO3 
Transfer3:    PACS 
ScatterScale:   3.14 
SeriesDescription:     PET Listmode 45 min 
BedBegin:       -1 
BedEnd:       -1 
XOffset:       0 
YOffset:       0 
PostProcessingType:     0 
MaxSinoRebinBins:         336 
SaveIntermediateData:  0 
BodyPartExamined:  
FilterOrder:        3 
ImageComments:     
OtherModalityModeReconAttributes_End: 
MlModeRecon_End:     3 
MlOtherModalityEntry_End:    138 
MlScanProtocol_End:     138 
 

The final part of the header portion of the file (shown above) tells that the data was 
transferred to Hermes, PACS, and NMLEO3, along with some additional information. The 
line SeriesDescription also gives the information that it is a 45 minute PET list mode 
acquisition.  

3.3 Siemens List Mode 

The Siemens scanner used in the clinic is capable of saving its data in list mode, but as noted earlier 
this list mode format is not (yet) supported by STIR. Additionally, the structure of the list mode data 
was initially not completely known. Therefore, in order to manipulate this data with the STIR tools, 
the structure of this list data had to be understood. 

The list mode data collected in the Siemens scanner is stored in a file that either begins (DICOM 
format) or ends (PTD format) with an embedded DICOM 3 Part 10 header. This header was 
recognized because it consists of 128 bytes of (usually) zero bytes followed by the string “DICM”. 
Within this DICOM header is an Interfile header.  

The Siemens list mode file format is described in their document “Guideline to the PETLINK™ 
Proposal”, Revision J1, 26-Mar-2013 [25]. The lists that have been examined all used the 32 bit format 
(as identified by the value of the key “%SMS-MI header name space” in the Interfile header). This 
format distinguishes the different types of data stored as 32 bit quantities based upon the upper bits of 
each 32 bit word. Table 3-2 shows the mapping of the high order 4 bits to a specific type of data. 
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Table 3-2: PETLINK32 high order 4 bits and the record type 

0, 1, 2, and 3 Prompt event packet  

4, 5, 6, and 7 Delay event packet 

8 and 9: TAG_1: Elapsed Time Marker 

0xA and 0xB TAG_1: Dead Time Tracking 

0xC and 0xD TAG_2: Gantry Motions and Positions 

0xE TAG_3: Patient Monitoring Gating: Physiological    
Head Tracking 

0xF TAG_4: Control or Acquisition Parameters 

 

The file 1.3.12.2.1107.5.1.4.1001.30000014013006013537500000004 below is the header file in 
the list for patient 12. This file contains information that is important to translate the correct 
parameters to the STIR headers for reconstructions from data acquired by the Siemens scanner. This 
header says that the file was acquired on a Siemens type 1094 system (i.e., a Biograph 64, True Point, 
True V) and that this file was produced from a list mode acquisition. The header also gives that the 
data file is in little-endian (written in the header in all upper case without a hyphen) byte order, in 
floating point format that consists of normalized data. Little-endian order means that the least 
significant byte is first, while the most significant byte of a number is last. The calibration acquisition 
was 7200 seconds in duration and the isotope used for calibration was Ge-68. The number of random 
and prompt events is also given and the number of buckets is 12. In the end there is some information 
about the geometry of the scanner (used later in the STIR header). 

!INTERFILE:= 
%comment:=Created from listmode data 
!originating system:=1094 
%SMS-MI header name space:=sinogram subheader 
%SMS-MI version number:=2.0 
!GENERAL DATA:= 
%listmode header comment:=CPS ECAT8 sinogram common attributes  
!originating system:=1094  
%SMS-MI header name space:=normalization header  
%SMS-MI version number:=0.1  
!GENERAL DATA:=  
data description:=PET scanner normalization Coefficients  
!name of data file:=norm3d.n  
%expiration date (yyyy:mm:dd):=2099:01:01  
%expiration time (hh:mm:ss GMT-05:00):=12:00:00   
!GENERAL IMAGE DATA:=  
%study date (yyyy:mm:dd):=2015:03:13  
%study time (hh:mm:ss GMT+00:00):=05:48:43  
image data byte order:=LITTLEENDIAN  
!PET data type:=normalization  
%data format:=sinogram - expandable from norm components  
number format:=float  
number of bytes per pixel:=4   
%RAW NORMALIZATION SCANS DESCRIPTION:=  
%number of normalization scans:=2  
%normalization scan[1]:=geometric profile scan  
%normalization scan[2]:=axial profile scan  
isotope name[1]:=Ge-68  
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isotope name[2]:=Ge-68  
radiopharmaceutical[1]:=PHARM_TEST  
radiopharmaceutical[2]:=PHARM_TEST  
total prompts[1]:=0  
total prompts[2]:=606438670  
%total randoms[1]:=0  
%total randoms[2]:=239382307  
image duration (sec) [1]:=0  
image duration (sec) [2]:=7200  
%number of buckets:=12  
%total uncorrected singles rate[1]:=0  
%total uncorrected singles rate[2]:=0  
%NORMALIZATION COMPONENTS DESCRIPTION:=  
%number of normalization components:=7  
%normalization component[1]:=geometric effects  
%normalization component[2]:=crystal interference  
%normalization component[3]:=crystal efficiencies  
%normalization component[4]:=axial effects  
%normalization component[5]:=paralyzing ring DT parameters  
%normalization component[6]:=non-paralyzing ring DT parameters  
%normalization component[7]:=TX crystal DT parameter  
data offset in bytes[1]:=0  
data offset in bytes[2]:=146496  
data offset in bytes[3]:=165312  
data offset in bytes[4]:=313152  
data offset in bytes[5]:=315388  
data offset in bytes[6]:=315608  
data offset in bytes[7]:=315828  
number of dimensions[1]:=2  
number of dimensions[2]:=2  
number of dimensions[3]:=2  
number of dimensions[4]:=1  
number of dimensions[5]:=1  
number of dimensions[6]:=1  
number of dimensions[7]:=1  
%matrix size[1]:={336,109}  
%matrix size[2]:={14,336}  
%matrix size[3]:={672,55}  
%matrix size[4]:={559}  
%matrix size[5]:={55}  
%matrix size[6]:={55}  
%matrix size[7]:={14}  
%matrix axis label[1]:={sinogram projection bins,sinogram planes}  
%matrix axis label[2]:={crystal number,sinogram projection bins}  
%matrix axis label[3]:={crystal number,ring number}  
%matrix axis label[4]:={plane number}  
%matrix axis label[5]:={ring number}  
%matrix axis label[6]:={ring number}  
%matrix axis label[7]:={crystal number}  
%matrix axis unit[1]:={mm/pixel,mm/pixel}  
%matrix axis unit[2]:={mm/pixel,mm/pixel}  
%matrix axis unit[3]:={mm/pixel,mm/pixel}  
%matrix axis unit[4]:={mm/pixel}  
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%matrix axis unit[5]:={mm/pixel}  
%matrix axis unit[6]:={mm/pixel}  
%matrix axis unit[7]:={mm/pixel}  
%scale factor[1]:={2.005,2.027}  
%scale factor[2]:={2.005,2.005}  
%scale factor[3]:={2.005,4.054}  
%scale factor[4]:={2.027}  
%scale factor[5]:={4.054}  
%scale factor[6]:={4.054}  
%scale factor[7]:={2.027}  
%axial compression:=11  
%maximum ring difference:=38  
number of rings:=55  
number of energy windows:=1  
%energy window lower level (keV) [1]:=435  
%energy window upper level) (keV) [1]:=650   
%GLOBAL SCANNER CALIBRATION FACTOR:=  
%scanner quantification factor (Bq/ml):=3.2872e+007  
%calibration date (yyyy:mm:dd):=2015:03:13  
%calibration time (hh:mm:ss GMT+00:00):=05:48:43  

The order of the coordinates in Siemens list mode data was not known at this point. The low order 
30 bits in the 32 bit word contained information about the LOR. However, it provides this information 
simply as a bin number, rather than as an angle, radius, and segment. A bit of permutation testing 
revealed that the fastest running coordinate in the bin numbering is the radial coordinate followed by 
the angle and the last piece identifies the segment. When the list was decoded, one of us (GQM) wrote 
a program that parsed the Siemens list mode data (See Appendix A). The user tells the program how 
long a time interval into which the list is to be split, and then it emits sinograms for each of these 
intervals. Subsequently STIR can be used to reconstruct each of these sinograms into a volume. The 
program is called “parselist” and the user can choose to have the sinogram reconstructed using the 
direct segment or all of the segments. In order for STIR to read the resulting the sinogram, the file is 
renamed to have a “.s” extension and a corresponding STIR header, with an extension “.hs”, is written 
(details of this are explained in Section 4.3.). 
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4 STIR Version 3.0 

This chapter introduces Software for Tomographic Image Reconstruction (STIR). This reconstruction 
software was used to reconstruct volumes from sinograms. As provided the software has support for 
selected PET scanners (e.g., Discovery STE PET/CT scanner, General Electric Healthcare Systems, 
Waukesha, WI), but unfortunately it did not yet support the Siemens scanner. STIR contains tools to 
generate volumes, generate projection data and volumes, and reconstruct volumes from SPECT or 
PET scanners. In this chapter we discuss the tools that are used to reconstruct PET data. Section 4.1 
gives a general description of STIR. Section 4.2 explains the files and the file system that STIR uses. 
The different types of files that STIR uses and produces such as header, data, and parameter files are 
described in Section 4.3. In Section 4.4 some utility programs are described. Section 4.5 explains the 
procedure for reconstructing a volume in STIR starting from generating a sinogram to the final 
reconstructed volume. The recon test package was developed to test the tools of STIR (Section 4.6). 
The program CMake was used to compile STIR. STIR is built of C and C++ programs. CMake and the 
various C++ programs are discussed in the context of building and testing STIR. STIR also contains 
demos that can be used to study how STIR works (Section 4.7). 

4.1 STIR basics 

STIR is made available as open source software. The source can be downloaded from the STIR 
homepage (https://www.stir.sourceforge.net). The STIR software was chosen because it has many 
reconstruction methods and tools. Additionally, STIR also uses header files and supports several 
different manufacturers’ scanners. STIR contains some tools for processing list mode directly, but 
those were not used in this project. As it is an open source program, it was expected that it would be 
possible to reconstruct volumes from a scanner that was not (yet) supported.  

A new STIR user is advised to run tests to ensure that the downloaded STIR utilities function 
properly. The recon_test_package can be downloaded from the STIR home page. Familiarity with 
running different reconstructions in STIR can be gained by running the demo programs found in the 
STIR example/src folder. Further details of these are given in Section 4.6 and 4.7. 

4.2 STIR File System and Installation 

The file system and the different types of utilities and programs in STIR are executed by using a 
header parameter file, an Interfile format header, or both. This file is used by the utility or tool of 
interest as input. The header parameter files and the header Interfile files are easy to manipulate and 
the data file that is processed is identified in the header file. 

The source code of the tools is available for the user to manipulate. The people that developed 
STIR answer questions via the two STIR mailing lists. Additionally, anyone can become a STIR 
developer, as the tools are written in C and C++ with classes and hierarchies. Unfortunately, the whole 
package has a quite complicated structure. 

As mentioned earlier STIR also contains tools for SPECT. Additionally, there is an ECAT version 
of STIR whose files come with STIR 3.0, but has to be compiled separately. However, it requires a 
library that does not seem to be available any longer, therefore the ECAT files were not compiled. The 
STIR ECAT code supported older Siemens scanners and would most probably read Siemens data files 
correctly by default. However, since the missing library proved to be a difficulty this method of 
reading Siemens data was not used. 

Installing STIR begins with downloading the package from the homepage. The installation 
procedure is described in the STIR-UsersGuide. The Boost library is required. This library can be 
downloaded from https://www.boost.org. A C++ compiler is required. The “STIR-UsersGuide” 
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The four matrix axis labels in a STIR sinogram header are by default ordered so that the segments 
are the fourth axis, the views are the third axis, the axial coordinates are the second axis, and the 
tangential coordinates are the first axis. The Siemens scanner produces 7 segments, 336 views, 559 
axial coordinates ordered as {109, 97, 97, 75, 75, 53, 53} and the tangential coordinates range from 0 
to 335 (i.e., 336 different values). In the header file below the matrix axis label for the view and the 
axial coordinate must be swapped due to the structure of the sinogram data produced by the Siemens 
scanner. The remainder of the header contains scanner information as found in the Siemens DICOM 
files in the field containing the Interfile header. A header file in Interfile format suitable for STIR is 
shown below. The input data was produced by the program “parselist” that produces sinograms that 
are accepted by STIR as long as the header file is correct. The number format of the sinograms that 
“parselist” produces is little-endian, signed integers and 4 bytes per pixel.  

!INTERFILE := 
!imaging modality := PT 
name of data file := image_data_file_name.s 
originating system := Userdefined 
!version of keys := STIR3.0 
!GENERAL DATA := 
!GENERAL IMAGE DATA := 
!type of data :=PET 
image data byte order :=LITTLEENDIAN 
!PET STUDY (General) := 
!PET data type := Emission 
applied corrections := {None} 
!number format := signed integer 
!number of bytes per pixel := 4 
number of dimensions := 4 
matrix axis label [4] := segment 
!matrix size [4] := 7 
matrix axis label [3] := axial coordinate 
!matrix size [3] := { 109,97,97,75,75,53,53} 
matrix axis label [2] := view 
!matrix size [2] := 336 
matrix axis label [1] := tangential coordinate 
!matrix size [1] := 336 
minimum ring difference per segment := { -5,-16,6,-27,17,-38,28} 
maximum ring difference per segment := { 5,-6,16,-17,27,-28,38} 
Scanner parameters:=  
Scanner type := Userdefined 
Number of rings := 56 
Number of detectors per ring:= 672 
Inner ring diameter (cm) := 85.52 
Average depth of interaction (cm) := 1 
Distance between rings (cm) := 0.4054 
Default bin size (cm):= 0.2005 
View offset (degrees) := 0 
Maximum number of non-arc-corrected bins := 0 
Default number of arc-corrected bins := 0 
Number of blocks per bucket in transaxial direction := 1 
Number of blocks per bucket in axial direction := 4 
Number of crystals per block in axial direction := 14 
Number of crystals per block in transaxial direction := 14 
Number of detector layers := 1 
Number of crystals per singles unit in axial direction := 14 
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Number of crystals per singles unit in transaxial direction := 14 
end scanner parameters:= 
effective central bin size (cm) := 0.204577 
number of time frames := 1 
!END OF INTERFILE := 

The scanner information that is used in the STIR header comes from the DICOM Interfile header 
which is extracted as described in Section 3.3. The relevant lines (with comments in red to the right) 
are: 

distance between rings (cm) := 0.4054 
gantry crystal radius (cm) := 42.76      this is half the Inner ring diameter := 85.52 cm 
bin size (cm) := 0.2005        interpreted to be the default bin size  

%singles scale factor := 8 
%total number of singles blocks := 48 
%axial compression := 11 

The axial compression gives the information that each segment collects events from 11 aligned 
crystals, which when translated to a STIR header gives the minimum ring different per segment {-5,-
16,6,-27,17,-38,28} and the maximum ring difference per segment 
{5,-6,15,-17,27,-28,38}. 

%maximum ring difference := 38   gives the -38 and 38 in the segment statement    above 
%number of projections := 336  the tangential coordinate 

%number of views := 336  

%number of segments := 7 
%segment table := {109, 97, 97, 75, 75, 53, 53}   the axial coordinate 
 

The DICOM Interfile header information given below is used to create the STIR Interfile format 
header. This header says that the number of detector crystal rings is 55, which is 4x13+3. This makes 
sense as in the z-axis there are 13 crystals in each of the four rings and there are three gaps between 
the four rings. STIR complains about this as 14 times 4 are 56 rather than 55; hence the number of 
rings is set to 56 in the STIR Interfile format header. In the DICOM Interfile header it is stated that 
the number of crystals is 14 in both z and the tangential direction, which is equal to 13+1. This means 
that the gap is counted as a crystal in the header, probably to keep the correct geometry; hence the 
number of crystals per bucket is set to 14 in both axial and tangential direction in the STIR header. 
The number of sinogram planes is 109, which is the number of direct sinograms. The plane number is 
559, which corresponds to the sum 109+97+97+75+75+53+53, i.e., the sum of all direct and oblique 
sinogram planes. 

%matrix size[1]:={336,109}  
 %matrix axis label[1]:={sinogram projection bins, sinogram planes} 
%matrix size[2]:={14,336}  
%matrix axis label[2]:={crystal number, sinogram projection bins}  
%matrix size[3]:={672,55}  
%matrix axis label[3]:={crystal number, ring number} 
%matrix size[4]:={559}  
 %matrix axis label[4]:={plane number} 
%matrix size[5]:={55}  
%matrix axis label[5]:={ring number} 
%matrix size[6]:={55}  
%matrix axis label[6]:={ring number} 
%matrix size[7]:={14}  
%matrix axis label[7]:={crystal number} 
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In STIR the data volume has two headers with the extensions “.ahv” and “.hv”. The “.ahv” file 
contains less information than the “.hv” file and the “.ahv” files are not expected to be present in 
future versions of STIR. Below is an example of an “.ahv” file for a reconstructed 3D image: 

!INTERFILE  := 
!name of data file := data_file_name.v 
!total number of images := 109  
!data offset in bytes := 0 
!imagedata byte order := LITTLEENDIAN 
!number format := short float 
!number of bytes per pixel := 4 
matrix axis label [1] := x 
!matrix size [1] := 336 
scaling factor (mm/pixel) [1] := 2.005 
matrix axis label [2] := y 
!matrix size [2] := 336 
scaling factor (mm/pixel) [2] := 2.005 
;Correct value is of keyword (commented out) 
;!slice thickness (pixels) := 1.01097 
;Value for Analyze 
!slice thickness (pixels) := 2.027 
!END OF INTERFILE := 
 

As specified above, the number of axial slices is 109, as this was the number of sinograms from which 
this 3D volume was reconstructed. The data in the volume file is little-endian floats with 4 bytes per 
pixel. This is the default data representation for voxels in STIR. Each image has two dimensions, with 
an x and y matrix size of 336 each. Additionally, the pixel size is 2.005 mm. The pixel slice thickness is 
2.027 mm, which is the distance between two consecutive slices of the 109 slices that are placed along 
the z axis. 

The “.hv” file is a bit longer and it differs from the “.ahv” file. It contains information about the three 
dimensions, such as the number of slices and the slice thickness is specified as the scaling factor for 
the z axis. Here is an example of such a file: 

!INTERFILE  := 
name of data file := data_file_name.v 
!GENERAL DATA := 
!GENERAL IMAGE DATA := 
!type of data := PET 
imagedata byte order := LITTLEENDIAN 
!PET STUDY (General) := 
!PET data type := Image 
process status := Reconstructed 
!number format := float 
!number of bytes per pixel := 4 
number of dimensions := 3 
matrix axis label [1] := x 
!matrix size [1] := 336 
scaling factor (mm/pixel) [1] := 2.005 
matrix axis label [2] := y 
!matrix size [2] := 336 
scaling factor (mm/pixel) [2] := 2.005 
matrix axis label [3] := z 
!matrix size [3] := 109 
scaling factor (mm/pixel) [3] := 2.027 
first pixel offset (mm) [1] := -336.84 
first pixel offset (mm) [2] := -336.84 
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first pixel offset (mm) [3] := 0 
number of time frames := 1 
!END OF INTERFILE := 

A “.v” data file contains volume information and a “.s” data file contains sinogram information. 
These data files are indicated in the STIR Interfile formatted files by the line with the key “name of 
data file”. 

While the STIR default data representation is floats with 4 bytes per pixel, STIR can read other 
kinds of data as well. For example, the data representation of an element in a sinogram produced from 
the Siemens list mode is a signed integer with 4 bytes per pixel. The data representation must be 
stated in the STIR projection data header in order for STIR to read this data correctly. 

The segments in the projection data from the Siemens list mode data are ordered in a different 
way than the STIR default. Therefore, the key “matrix axis label [3]” must be changed from 
view to axial coordinate and the value of the key “matrix label [2]” is changed from axial 
coordinate to view. The “!matrix size [3]” must be changed from 336 to { 109, 97, 97, 75, 
75, 53, 53} and the “!matrix size [2]” must be changed from { 109, 97, 97, 75, 75, 53, 
53} to 336 in order for STIR to read the simogram data files the correct way. This flexibility of STIR 
proved to validate STIR as a good choice for this project. 

The parameter files have the ending “.par” and they are quite similar to the Interfile format header 
files in that they are easy to manipulate without having to modify the data files or the programs that 
are executed with these parameter files. In the parameter files the input header file that corresponds 
to a data file and an output filename are usually stated. Several utilities such as generate_image, 
FBP2D, OSMAPOSL, and other tools are executed with a “.par” file. For example; a “.par” file to 
execute the generate_image tool contains information about a geometric object and the pixel size that 
generate_image will use to generate a volume template. For the OSMAPOSL reconstruction the “.par” 
file contains information about the matrix type, an image as a first guess, the number of subsets and 
sub-iterations, and information about the filter that is to be used for the reconstruction. The 
parameter file for an OSMAPOSL reconstruction can be long and complicated. In comparison, the 
FBP2D and FBP3D parameter files are simpler, as they contain information about the input header 
and the output name and not much more. Each tool that uses a parameter file can require different 
information depending on what the tool needs in order to execute. 

4.4 Useful STIR Utilities 

The STIR utilities that were used for this project are described in this section; they range from a utility 
to create a volume for simulating  data to a utility to process acquired data in order to reconstruct a 
volume. The creation of simulated data was useful in order to understand STIR and to have volumes 
that could be compared with acquired data (for example, to understand what the sinogram of a given 
object should look like). Volumes can be simulated of simple geometric objects, such as a syringe that 
can be approximated by a small cylinder or a NEMA phantom for which it may suffice to approximate 
it as a cylinder with six spheres of different radii. 

The generate_image tool creates a volume template. Rather than using volume data acquired 
from a scanner, such as the Siemens scanner, it is convenient to create a volume template of a simple 
geometric object that is to be studied. The generate_image tool is executed with a parameter file in 
which the geometry of the objects is stated. This is run by saying the following (where “>>” is the shell 
prompt): 

>> generate_image name_of_parameter_file.par 

The create_projdata_template utility creates an Interfile header that corresponds to a scanner 
chosen by the user along with an empty data file. When this utility is run, the user can either choose a 
scanner that is supported by STIR or can input the information about the chosen scanner by 
answering questions. The execution of this program is as follows: 
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>> create_projdata_template output_name_of_projdata_template.hs 

After typing the above command, the user is first given a list of scanners that are supported by 
STIR and if the scanner of interest is not in the list, then STIR asks the user many questions in order 
to build a header that corresponds to the desired scanner. The result is a header and an empty data file 
for which the header file calls. This utility was not used very much during this project because it was 
possible to directly write the header and make an empty data file for which this header file calls. The 
questions asked are the parameters that can be found in the STIR header file shown in Section 4.3. 

While STIR assumes that the data file is little-endian floats of 4 bytes per pixel, since the data in 
the list mode file from the Siemens scanner is signed integers of 4 bytes per pixel this data 
representation needed to be specifid in the STIR header file in order to process this data. However, the 
resulting data files produced by executing a STIR tool are always little-endian floats of 4 bytes per 
pixel. 

The Single Slice Re-Binning (SSRB) algorithm is implemented in a SSRB utility. This utility can 
be used to project the oblique sinogram segments into the direct segment and according to the STIR-
UsersGuide this occurs without data loss. SSRB is executed with the following command: 

>> SSRB output_file_name input_filename.hs nosegments n0combined segments 1 (1 if 
normalized and 0 if not) 

The number of segments in the Siemens scanner data is 7 and the number of combined segments 
is 1. It is not possible for SSRB to correctly combine seven segments into more than one segment. The 
argument “0” is used for data that is not normalized. If the sinogram data is normalized the final 
argument is “1”. 

The fwdtest utility is a forward projection tool that produces projection data and sinograms from 
a volume such that the generated volume is the result of executing the generate_image tool. To 
execute the fwdtest tool the command line looks something like the following: 

>> fwdtest output_file_name header_file.hs image_template.hv 

The fwdtest utility does not need a parameter file and it produces two files: one sinogram data file 
that is given the output name with the extension “.s” and the other file is the corresponding header file 
that is given the same output name with the extension “.hs”. The header file “.hs” can be used as an 
input file that contains information about the scanner that the sinogram data is modeled by and the 
data file “.s” it calls for can be or should be empty and can be written or produced by the STIR tool 
create_projdata_template. The volume template input is the simulated volume for which the 
sinogram data is made. 

The back_project utility back projects sinogram data into a volume. This tool uses no filtration; it 
simply computes the back projection and is executed as follows: 

>>back_project output_file_name projection_header_file.hs image_template.hv 

The back_project utility produces a template named by the output file name. The result is a 
template containing a data file that ends with “.v” and the two volume header files that end with “.ahv” 
and “.hv” (respectively). 

The FBP2D utility back projects and filters projection data for non-oblique slices. The filter 
reduces the impact of the streak artefacts that are unfiltered in the back_projection utility. This is a 
2D back projection, while the data that is acquired in the Siemens scanner is 3D. The SSRB utility can 
be used on the projection data from the Siemens scanner before FBP2D is used. To execute FBP2D a 
parameter (.par) file is used. This file contains the following information: 

FBP2DParameters := 

input file := sinogram_data_to_FBP2D.hs 

xy output image size (in pixels) := 336   (for the Siemens scanner) 
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zoom := 1 

output file name prefix := file_name_of_your_choice 

END := 

 

The command to execute FBP2D looks like the following: 

>> FBP2D  FBP2D_parameter_file.par 

The FBP3DRP utility is a FBP in 3D, where the “RP” stands for Re-Projection algorithm. This 
utility is executed in a manner similar to FBP2D with a parameter file. Inside the source code of the 
FBP3DRP utility one can see that the SSRB tool is executed. The parameter file to run the FBP3DRP 
utility might look like the following: 

   FBP3DRPparameters := 

   input file := sinogram_data_to_FBP3DRP.hs 

   xy output image size (in pixels) := 336       (for the Siemens scanner) 

   zoom := 1 

   output filename prefix := file_name_of_your_choice 

   END := 

The command to execute this utility is simple as it uses a parameter file that contains all necessary 
information; hence it looks like the following: 

>> FBP3DRP  FBP3DRP_parameter_file.par 

The sinogram data that is produced by the Siemens scanner is structured into seven segments. 
The direct segment is called segment 0 in STIR and consists of the 109 non-oblique segments from the 
Siemens scanner acquisition. The first oblique segments in STIR are called segments 1 and -1 and so 
on. All seven segments are called in STIR: 0, -1, 1, -2, 2, -3, 3. STIR has a segmentation tools to divide 
the data of a sinogram into its segments. 

The extract_segments utility extracts the segments of the sinogram data and produces templates 
that are presented as volume or sinogram views. The difference between these two views is due to the 
different orientations of the axial, coronal, and sagittal views. The sinogram and volume views are 
explained in the STIR-DevelopersGuide. This tool produces templates containing “.ahv”, “.hv”, and 
“.v” files for each segment. The extract_segments utility is run with a sinogram data header file as 
follows: 

>> extract_segments    projection_data_to_segmentate.hs 

The scanner data given in the “.hs” file is processed and the user is asked if the template is to be 
presented in a volume or sinogram view. 

There are many more utilities in STIR. A few examples are manip_projdata for sinogram data 
and manip_image for volume data that give the user several options to display the data and to 
manipulate the data in different ways, such as adding a constant or combining volumes (among other 
operations). There are also STIR utilities to scatter correct and to correct for motion. STIR has utilities 
to reconstruct from list mode, but as STIR does not support the Siemens list mode format these 
utilities were not used. Instead sinograms that could be read by STIR were produced from the list 
mode data outside of STIR. The tools that concerned SPECT were not relevant to this project. 
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4.5 The General procedure of reconstructing volumes in STIR 

The procedure to reconstruct volumes in STIR from data collected in a scanner or from making up 
geometric objects in STIR is explained in the follow steps: 

1. The first step is to construct a STIR Interfile format header that describes the geometry and 
structure parameters of the detector. This header also specifies the number of segments and 
the number of slices in each segment. The utility create_projdata_template creates such a 
header and an empty sinogram data file. It is also possible to write such a header following 
the STIR recipe for a sinogram  header. As the sinogram data file that is produced by the 
create_projdata_template is empty an empty sinogram file to use with the header can be 
made.  

2. The generate_image utility produces a template of a geometric object described in the 
parameter file. 

3. To generate a sinogram from the template the easiest utility to use is fwdtest. This utility is 
executed with the header file that is produced by the create_projdata template (or the one 
made) along with the header file of the volume template. 

4. From projection data or sinograms the next step is to reconstruct the volume. To reconstruct 
volumes that were produced from the generate_image tool in STIR the back_project utility 
will probably suffice. 

In this project, the acquired list mode data was reconstructed into sinogram data files that STIR 
can read outside of STIR, therefore the image reconstruction procedure is a bit shorter: 

1. Make a sinogram header that corresponds correctly to the Siemens scanner and put the 
name of the sinogram data file on the line that says: name of data file. The files have 
the endings “.hs” and “.s” (respectively) in STIR. 

2. The utility SSRB is used because STIR structures the data differntly compared to the 
Siemens scanner. This gives rise to a problematic interpretation of the data when STIR is 
reconstructing images acquired by the Siemens scanner. By running the SSRB utility 
reconstruction time was also shorter. The SSRB algorithm preserves the data and the 
resolution in the z axis, but the oblique data is projected into the corresponding direct 
axial positions according to the user manual. Sinogram data that contains 7 segments is 
re-binned into 1 segment by the SSRB utility.  

3. The last step is to run the preferred reconstruction algorithm. As has already been 
mentioned, STIR has several reconstruction methods from which to choose. The 
analytical algorithms are the back_project that does not use filters, FBP2D, and FB3DRP. 
FBP2D is relatively fast and simple to use, but gives rise to many streak artefacts, as does 
the FBP3DRP. However, FBP2D might be a good choice for a small object with less 
activity (such as the syringe experiment). In this project, the iterative reconstruction 
method OSMAPOSL is used for reconstructions of the data acquired from patients. This 
produces volumes from data acquired by the Siemens scanner of high quality, but not 
quite as good as the Siemens scanner itself. The OSMAPOSL algorithm is executed with a 
parameter file that contains a lot of information; therefore, this method is more 
complicated than the analytical reconstruction methods. 

How the different reconstruction methods and other STIR tools were used for this work will be 
further discussed in Chapters 5 and 6. This chapter is intended primarily as an introduction to STIR. 
In the STIR-UsersGuide additional utilities are described (but they were not used in this project). The 
STIR-DevelopersGuide gives further descriptions of the structure of STIR and how the data is 
organized internally inside the STIR functions. 
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!version of keys := STIR3.0 
!GENERAL DATA := 
!GENERAL IMAGE DATA := 
!type of data := PET 
imagedata byte order := LITTLEENDIAN 
!PET STUDY (General) := 
!PET data type := Emission 
applied corrections := {None} 
!number format := float 
!number of bytes per pixel := 4 
number of dimensions := 4 
matrix axis label [4] := segment 
!matrix size [4] := 3 
matrix axis label [3] := view 
!matrix size [3] := 280 
matrix axis label [2] := axial coordinate 
!matrix size [2] := { 22,47,22} 
matrix axis label [1] := tangential coordinate 
!matrix size [1] := 329 
minimum ring difference per segment := { -2,-1,2} 
maximum ring difference per segment := { -2,1,2} 
Scanner parameters:=  
Scanner type := GE Discovery STE 
Number of rings                          := 24 
Number of detectors per ring             := 560 
Inner ring diameter (cm)                 := 88.62 
Average depth of interaction (cm)        := 0.84 
Distance between rings (cm)              := 0.654 
Default bin size (cm)                    := 0.2397 
View offset (degrees)                    := -4.549 
Maximum number of non-arc-corrected bins := 329 
Default number of arc-corrected bins     := 293 
Number of blocks per bucket in transaxial direction         := 2 
Number of blocks per bucket in axial direction              := 4 
Number of crystals per block in axial direction             := 6 
Number of crystals per block in transaxial direction        := 8 
Number of detector layers                                   := 1 
Number of crystals per singles unit in axial direction      := 1 
Number of crystals per singles unit in transaxial direction := 1 
end scanner parameters:= 
effective central bin size (cm) := 0.25329 
number of time frames := 1 
!END OF INTERFILE := 

All the information from the number of rings to the effective central bin size is scanner specific 
and determines the geometry of the scanner and ultimately reflects the geometry and proportions of 
the reconstructed volume. The matrix information determines the coordinate information. The 
maximum and minimum ring difference gives STIR information about the segmentation of the 
acquired data. The data from GE Discovery STE scanner has three segments, for which the direct 
segment is detected in a direct ring or in the adjacent rings on both sides {-1, 0, 1}. This segment is 
called segment 0 in STIR. The oblique segments which come from detections that differ by two rings 
{-2, -2} is called the -1 segment and the other that differs by two rings {2, 2} is called the 1 segment. 
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File example 4-1: The generate_image.par file 

generate_image Parameters :=            The name of the file and that it is a parameter file 
output filename:=image       The name of the body of the output file 
X output image size (in pixels):=56    Pixel and voxel parameters 
Y output image size (in pixels):=56 
Z output image size (in pixels):=15 
X voxel size (in mm):= 2.05941 
Y voxel size (in mm):= 2.05941 
Z voxel size (in mm) :=3.125 
shape type:= ellipsoidal cylinder         The geometric parameters of the ellipsoidal cylinder 
Ellipsoidal Cylinder Parameters:=   
radius-x (in mm):=40 
radius-y (in mm):=20 
length-z (in mm):=50 
origin (in mm):={30,6,-0.5} 
END:= 
value :=1 
 
next shape :=                                       The geometric parameters of the small ellipsoid that is the second object. 
shape type:= ellipsoid            
Ellipsoid Parameters:= 
radius-x (in mm):=10 
radius-y (in mm):=10 
radius-z (in mm):=20 
origin (in mm):={20,-8,10} 
END:= 
value:=2 
END:= 

 

File example 4-2: The image.hv file 

!INTERFILE := 
name of data file := image.v              The data file is the image.v  
!GENERAL DATA := 
!GENERAL IMAGE DATA := 
!type of data := PET 
imagedata byte order := LITTLEENDIAN 
!PET STUDY (General) := 
!PET data type := Image 
process status := Reconstructed 
!number format := float 
!number of bytes per pixel := 4 
number of dimensions := 3      In STIR headers the number of dimensions for volumes is 3, and   
            for sinograms it is 4 
matrix axis label [1] := x   
!matrix size [1] := 56   
scaling factor (mm/pixel) [1] := 2.05941 
matrix axis label [2] := y 
!matrix size [2] := 56 
scaling factor (mm/pixel) [2] := 2.05941 
matrix axis label [3] := z 
!matrix size [3] := 15 
scaling factor (mm/pixel) [3] := 3.125 
first pixel offset (mm) [1] := -57.6635 
first pixel offset (mm) [2] := -57.6635 
first pixel offset (mm) [3] := 0 
number of time frames := 1 
!END OF INTERFILE := 
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The file small.hs (shown in File example 4-3) contains the information about a small PET scanner 
called RATPET. The geometric information, such as the inner ring diameter stated as 11.5 cm, 
indicates a small scanner. The file small.hs indicates that the output data is to be put in the empty 
small.s file. We can create sinogram data for the template by executing the fwdtest tool with sino 
small.hs and image,hv as inputs, as follows: 

>> fwdtest sino small.hs image.hv 
File example 4-3: The small.hs file 

!INTERFILE  := 
name of data file := small.s 
originating system := RATPET 
!GENERAL DATA := 
!GENERAL IMAGE DATA := 
!type of data := PET 
imagedata byte order := LITTLEENDIAN 
!PET STUDY (General) := 
!PET data type := Emission 
applied corrections := {arc correction} 
!number format := float 
!number of bytes per pixel := 4 
number of dimensions := 4 
matrix axis label [4] := segment 
!matrix size [4] := 3 
matrix axis label [3] := view 
!matrix size [3] := 28 
matrix axis label [2] := axial coordinate 
!matrix size [2] := { 11,15,11} 
matrix axis label [1] := tangential coordinate 
!matrix size [1] := 56 
minimum ring difference per segment := { -4,-1,2} 
maximum ring difference per segment := { -2,1,4} 
number of rings := 8 
number of detectors per ring := 112 
inner ring diameter (cm) := 11.5 
distance between rings (cm) := 0.625 
default bin size (cm) := 0.165 
number of blocks_per_bucket in axial direction :=   1 
number of crystals_per_block in axial direction :=   8 
number of crystals_per_block in transaxial direction :=  7 
number of detector layers :=      1 
image scaling factor[1] :=      1 
data offset in bytes[1] :=      0 
number of time frames :=       1 
!END OF INTERFILE := 

This creates a sinogram data file and a header that are named sino.s and sino.hs. The last step is 
to run the demo1. When demo1 is running the user will be  asked for the input file, which is sino.hs. 
This creates a template called output. The template contains the files output.ahv, output.hv, and 
output.v. The resulting volume is presented in Figure 4-5. The sinogram data sino.s is presented in 
Figure 4-6. This sinogram contains all three segments. However, it can be a bit difficult to understand 
so the STIR tool extract_segments was used to extract segment 0 (i.e., the direct segment) which is 
shown in Figure 4-7. 
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5 Methodology 

This chapter provides an overview of the research method used in this project. Sections 5.1 and 5.2 
describe the research process. Section 5.3 details the research paradigm. Section 5.4 focuses on the 
data collection techniques used for this research. Section 5.5 describes the experimental design and 
the test environment with hardware and software tools described in Section 5.6. Section 5.7 explains 
the techniques used to evaluate the reliability and validity of the data collected. Section 5.8 describes 
the method used for the data analysis. Finally, Section 5.9 describes the framework selected to 
evaluate the study. 

5.1 Research Process 

As described in Section 1.4, this project applies a design science methodology to produce a series of 
artefacts (embodied in algorithms and realized by software). List mode data from both a phantom and 
from patients are used to produce sinograms that are subsequently reconstructed into volumes by 
using STIR. Subsequently these volumes will be viewed as a dynamic cine loop by the physicians 
treating these patients so that they can perceive the dynamics of the 18F- uptake. The desired final 
artefact should perform the functions shown in Figure 5-1. However, initially some of the information 
necessary to directly produce this artefact was missing; hence an iterative research methodology to 
gain this knowledge was performed. The overall research process is illustrated in Figure 5-2. 

 

Figure 5-1: Flow chart of the final desired artefact 

 

Convert list into sinograms 

Reconstruct volumes from sinograms 

Display 3D volume set as cine loop superimposed on CT image 

list List of time intervals
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Figure 5-2: Research Process 

5.2 Going from a list mode file to a set of 3D volumes 

In order to generate the 3D volumes to be presented in a cine loop the dynamic list mode data file is 
discussed first. The first problem encountered is that either the Siemens Wizard workstation has to be 
used to reconstruct volumes with specific time intervals or some sort of software to do this on another 
computer is required. Unfortunately, the first alternative would occupy the Wizard workstation that is 
being used by the clinical staff to reconstruct the clinical studies being collected each day. In addition, 
utilizing the second alternative allows post processing the data at any time and enables 
reconstructions independent of the scanner, which can be of interest for other studies. It seemed that 
STIR would provide a good basis for the reconstruction needed in this project, but the problem 
remains of how to take the Siemens list mode data and get it into the STIR reconstruction programs. 

With the parselist” program it was possible to produce a sinogram accepted by STIR. By studying 
the statistics of different tags and trying many permutations of the tags, it was found from the prompt 
and delayed events that the radius was the fastest running index, followed by the angle, and then the 
segments. The “parselist” program was extended so that it would extract sinograms from the list based 
upon time intervals of the user’s choice. Additionally, a program “fracdecimatelist” was written by 
GQM that fractionates the list in user selected fractional rates. If the user wishes to simulate half the 
injected activity the user gives the program the fraction 0.5 and it can either remove every other event 
in the list or statistically remove each event with a probability of 50%. 

By comparing the information in the Siemens scanner produced header files with information in 
STIR header files and an iterative trial and error method beginning with the syringe and NEMA 
phantom data sets the parameters of the header files were translated from Siemens to STIR. Before 
moving on to actual patient acquisitions, the feasibility of STIR reconstructing volumes from 
sinograms acquired in the Siemens scanner was demonstrated. As a result the goal to reconstruct 
volumes in STIR from the list mode data acquired by the Siemens scanner was completed. In addition, 
the sinograms derived from list mode data files that simulated decreased injected activity could also 
be reconstructed in STIR.  
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5.2.1  Generating Sinograms and Volumes from the a List Mode Data of a NEMA Phantom 

Cathrine Jonsson suggested that collecting list mode data for a NEMA phantom using the Siemens 
scanner was a good way to begin as the phantom has a simple geometry and thus it was expected that 
it would be easy to recognize the patterns in its sinogram. Or at least much easier than recognizing 
patterns in the sinograms acquired from patients with broken bones (due to the complexity of these 
sinograms). Based upon the set of bins occupied in the list mode data set from the phantom it was 
expected that it should be possible to understand the unknown mapping function of the bin indices in 
the list to the angle, radius, and segment coordinates of each LOR. Moreover, if a mapping function is 
correct, then the volume that is reconstructed from the list would correctly show the NEMA phantom! 
A flowchart of this process of realizing the decoding of the list mode data is presented in Figure 5-3. 

 

Figure 5-3: A flowchart of the research process steps to produce sinograms of the list mode data. 

The work with reconstructing volumes in STIR of the NEMA phantom acquisition turned out to be 
more cumbersome than expected and its sinogram was quite complex, therefore an acquisition of an 
even simpler object with low activity was necessary, thus list mode data was acquired for a syringe. A 
syringe is approximately a small cylinder; hence the sinogram is the well-known 180º sinus curve. 
From iterative tests of the syringe acquisition it was finally understood how to reconstruct in STIR the 
sinograms from the list. The necessary manipulations of the STIR header files were made, thus 
programming skills in C++ were not required to solve this problem. 

The PET list mode acquisition of the NEMA phantom used an acquisition time of 45 minutes, 
which is the same protocol used for the clinical acquisition of the volumes of patients. The Siemens 
Wizard workstation was used to reconstruct this data using 1 minute time intervals. The list mode data 
for each time interval was converted into a sinogram that could be reconstructed into a volume. When 
all 45 volumes had been reconstructed they could be viewed as a cine loop. Framing the list into 1 
minute time frames was a starting point to create an initial series of 3D volumes that could be viewed. 
The sinograms produced by the Siemens Wizard workstation also produced volumes with which to 
compare the output of STIR. 

5.2.2  The Recon_test_pack in STIR 

The recon_test_pack was described in Section 4.6. The purpose of this package is to test the tools and 
reconstruction algorithms available in STIR. The package contains some scripts for the STIR user to 
execute. By default these programs use the GE Discovery STE scanner. The files in the recon test 
package and the script called run_recon_and_simulate.sh were examined. These scripts were useful 
to gain an understanding of how to use STIR tools, how to write parameter files, and for many other 
things that were essential for the further use of STIR. 

An important feature to learn was to properly understand the data files and the headers that STIR 
makes by default. The example shown in Figure 5-4 helped in understanding the difference between 
the data and header files expected by STIR and the data and header files produced by the program 

list 

Acquire CT and PET scan of NEMA Phantom and the syringe

Use Wizard to generate sinogramsUse “parselist” program to generate sinograms
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the STIR simulation program produces LORs and generates a sinogram could be examined, and (4) 
constructed sinograms could be used with STIR to reconstruct a volume, and then view the result 
using the locally developed software tools. 

Once the sinograms generated from Siemens list mode data of the syringe and NEMA phantom 
could be successfully processed and correctly reconstructed by the STIR tools, then the same process 
can be used to generate sinograms and reconstruction volumes from clinical patient data. The STIR 
reconstructed volumes were compared with those reconstructed by the Siemens workstation of the 
same acquisition data in order to ensure that the geometry is the same in both reconstructions. Thus 
the solution of swapping the labels of two of the axes was verified. 

5.2.4  Generating a Sinogram from the List based on appropriate Time Intervals 

The list mode data of clinical patients’ needs to be divided into suitable time intervals, converted to 
sinograms, and reconstructed by the STIR tools to generate 3D volumes. An important task was to 
understand what the “suitable” time intervals that would give rise to cine loops of good image quality 
and that could be superimposed on a CT slice were. There are two components to this work: (1) 
determining what makes a “suitable” time interval and (2) actually generating the sinograms from the 
list for the selected time intervals. Figure 5-5 shows the over-all process of generating the sinograms 
from the specified time intervals. Volumes reconstructions from one minute segments were shown to 
be suitable, but other durations were not tested, and the selection of the time interval remains to be 
optimized. 

 

Figure 5-5: Flow chart to generate sinograms from the Siemens full list and then divide the list into time 
intervals. 

5.2.5  Displaying the cine loop superimposed on the CT slice 

Once sinograms that STIR could read were produced, these could be reconstructed using one of the 
reconstruction algorithms implemented by STIR. Then the resulting 3D volumes (projected into 
slices) could be superimposed on the CT slices using an extension to- our  software tool. This step in 
the research process is summarized in Figure 5-6. 

 

 

 

Figure 5-6: Flow chart of reconstructing the volumes and displaying them as a cine loop  
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Reconstruct volume from sinograms 

list List of time intervals

Reconstruct volume from sinograms 
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5.2.6  Simulating reduced injected activities 

To study how much the injected activity* could be reduced; a study was simulated with a lower 
injected activity by excluding a certain fraction of events from the list mode file. Figure 5-7 shows how 
an event dropping process could be introduced. The rest of the processing would remain unchanged, 
but some information in the DICOM header has to be changed to reflect the change in the number of 
remaining events when the reduced list is reconstructed by the Siemens workstation. In STIR, the 
reduced sinograms were read and reconstructed without any change in the STIR header file. 

 

Figure 5-7: Simulating reduced injected activities by dropping some events and then completing the rest of the 
processing 

  

                                                            
* As a side effect also reducing the radiation dose to patient 

Convert list into sinograms 

Reconstruct volume from sinograms 

Display 3D set projected into slices as cine loop superimposed on a CT slice 

list 

List of time intervals Events dropping process 



Methodology | 55 

 
 

5.3 Research Paradigm  

As noted in Section 1.4 this project combines both quantitative and qualitative research paradigms. 
There are two main aspects of the application of the quantitative paradigm in this project: (1) creation 
of 3D volume sets from the list mode data and (2) evaluation of the effects of reducing the injected 
activity. Most of the aspects of the first of these have been addressed in Section 5.2. For this reason, 
the second aspect is examined in this section. 

In PET imaging a radionuclide is injected into the patient and this radionuclide is distributed 
throughout the body. While a great deal of this radionuclide is taken up in the remodeling bone, some 
is also taken up by normal bone (as it also is continuously undergoing bone remodeling), and some is 
being eliminated from the body (hence there is some amount of the radionuclide in the bladder). It is 
highly desirable that the effective dose to the patient be as low as reasonably achievable, while the 
activity must be sufficiently large to achieve the desired benefit to the patient. The expected outcome 
is that a dynamic visualization could lead to a reduced effective dose to these patients. This dynamic 
visualization, using cine loops should facilitate the viewer’s understanding of the spatial-temporal 
uptake of the 18F-. As described in Section 5.2.6 the ability to transform the list mode data files to 
produce a series of data sets with different fractions of the actual injected can be exploited. 

The current CT and static PET scanning technique is not used for children and young patients, as 
there is a relatively high radiation dose to the patient. Moreover, for monitoring purposes these 
procedures should be repeated several times over the course of the patient’s treatment. 18F- has been 
shown to be taken up in the remodeling bones of children and has been used previously to assess 
fractures of bone in children [11]. Moreover, in children and young patients all of their bones are 
remodeling, hence one could argue that there is more uptake spread through the patient’s body, unlike 
the case for an adult where the major uptake will be at the sight of the broken bone. A study has 
shown that 18F- is an option to monitor fractures in children and young adults [20]. Injected activity 
administered to children has also been studied for example in [26]. 

There is also a qualitative aspect to this research as the resulting volumes will be superimposed on 
the CT, then viewed as a cine loop by the physicians treating these patients. There is a need to perform 
a qualitative assessment of whether this cine display actually enables these physicians to better 
perceive the dynamics of the 18F- uptake (note that this perception is both in terms of spatial 
distribution and time activity of this spatial uptake).  

5.4 Data Collection 

The data that was collected for reconstruction consists of an acquisition of a NEMA phantom, a 
syringe, and several actual patients’ list mode data sets. Several patient data acquisitions were selected 
from those patients with different diagnosis who were being treated with a TSF. These patients were 
chosen to investigate the applicability of this visualization method for different types of TSF patients. 

The acquisition parameters were the same for each of the patients. The list mode acquisition was 
used (separately) for diagnostic purposes. This implies that the technique developed in this project 
could potentially be a complementary tool to give the physician additional information (from the same 
data that is already collected). However, there is a greater amount of processing required for this 
technique as the list needs to be divided into a moderately large number of time intervals and the 
sinogram from each of these time intervals needs to be reconstructed. The technique can also 
consume more disk storage as a cine loop that contains many volumes takes up more storage space 
than one volume. 

5.4.1 Sampling 

The remodeling bone were acquired and saved in list mode and subsequently were used for clinical 
purposes using the current static PET procedures, but as the data were acquired (and saved) in list 
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mode they can also be used for dynamic visualization. This means that there was no extra acquisition 
necessary and therefore no change in the effective dose for the patients. There was also no effect on 
the patient, the static image quality, or reconstruction method used for the clinical volumes. The 
patients that were chosen for this project had different diagnoses as presented in Table 5-1. 

Table 5-1: The diagnoses of the patients for which the list mode data was reconstructed.  

Patient number Diagnosis 

Patient 11: Arthodesis 

Patient 12:  Left Osteotomy 

Patient 18:  Fracture 

Patient 9:  Pseudoarthosis 

Patient 2: Fracture 

5.4.2  Sample Size 

Cine loops were produced for patients 11 and 18 to show to the physicians in order to gather their 
opinion of the benefits of such a cine loop in terms of their ability to diagnose/monitor these patients. 
The list mode data of the first four patients was used to study the simulated impact of reduced injected 
activity on the quality of the STIR reconstructed images. Two patients, patient 11 and 18 were used to 
compare the quality of STIR reconstructions and reconstructions made by the Siemens workstation 
with both reduced and unreduced injected activity. 

The size of the sample is small but sufficient for the aim of this project which was to show a proof 
of concept of a cine loop for a dynamic visualization of TSF patients and to present some examples of 
this technique to physicians for their opinion as to the usefulness of this technique. Statistically 
optimizing the time intervals and deeper analysis of how much the injected activity could be decreased 
remain for future work. 

5.4.3  Target Population 

This study concerns TSF patients and the expectation is that this is beneficial for them as an 
improvement of the current diagnostic tool. This technique could also be beneficial for other dynamic 
patient studies as a technique to visualize the spatial-temporal uptake of a radioactive tracer. 

The technique of decimating the events in the list to simulate decreased injected activity could be 
done for any acquisition that has been saved in list mode. The technique is ready to be tested on any 
list mode acquisition from the Siemens scanner. The technique is not patient or radionuclide specific. 
To be able to use this technique on acquisitions for other scanners additional work has to be done to 
decode the list mode data of the particular machine and to enable STIR to reconstruct volumes from 
the scanner specific data. This would be interesting as the Siemens scanner that was used in this 
project does not have TOF or PSF (as can be found in newer PET scanners). 

5.5 Experimental design/Planned Measurements 

Acquisitions of simple objects were done to help in the process of decoding the Siemens list mode 
data. The list mode data was decoded by iteratively comparing the LOR response with the response 
computed by the Siemens scanner. 

These simple objects were also used to help enable STIR to reconstruct projection data acquired 
by the Siemens scanner. The Siemens workstation was used to reconstruct images to compare the 
geometry and quality of the volumes reconstructed in STIR. 
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The patient acquisitions were used to construct a cine loop by reconstructing volumes from a 
sequence of time intervals and displaying the resulting projection slices in time order. The acquisition 
parameters of the patient data collected in list mode were the same as those used for current clinical 
purposes. The volumes used for diagnostic purposes were simply static PET volumes reconstructed 
from the same data as the dynamic data presented in this project. 

5.6 Test Environment and Hardware/Software Tools 

The PET/CT acquisitions followed the TSF patient protocol described in Section 2.9. The NEMA 
phantom and the syringe acquisitions are described in Sections 2.7, 6.1and 6.2 1. The list mode raw 
data and constructed sinograms and the Siemens workstation reconstructions of the acquired volumes 
were send to the HERMES system to be stored and from there, transferred to a separate workstation. 

STIR was downloaded and installed, as described in Chapter 4. How to use STIR and how to 
enable STIR to read the data acquired by the Siemens scanner are described in the same chapter. All 
manipulations to enable STIR to read the sinograms were made by changes to the header and 
parameter files. 

The reconstructed volumes and projected slices were displayed using our software tool. Volumes 
can also be displayed using STIR, but our tool has registration applications that enable the PET to be 
superimposed on the CT (even for volumes that have been acquired at different times).  

5.7 Assessing reliability and validity of the data collected 

The validation of the technique developed in this project begins by comparing the quality of the STIR 
reconstructed volumes with those reconstructed by the Siemens scanner or workstation (see Section 
6.4.3). 

An evaluation is made of the possible decrease in injected activity by comparing volumes for 
which the decrease in injected activity is simulated. This evaluation is presented in Section 6.4.1. 

The idea of the cine loop is tested by showing it to physicians who regularly diagnoses patients 
being treated with TSF. Their opinion is used to evaluation the value of the cine loop. The expected 
future use of the cine loop is a complementary tool, as both the current and proposed techniques 
derived their volumes from the same list mode acquisition. 

The validity of the evaluations will indicate if the developments explored in this project are 
improvements and whether this work is of interest, and hence should be continued. The work to 
statistically establish different parameters regarding the optimal reconstruction method and its 
parameters in STIR, the precise determination of what decrease in injected activity is possible without 
compromising the image quality, and the best time intervals to use for the list mode data to produce a 
smooth cine loop without compromising the image quality remain as future work. 

An evaluation of the cine loop by physicians who have experience with the current static PET 
volumes on this group of patients will be a qualitative comparison of the findings possible via a 
reconstructed loop with the current static reconstruction method and use of SUVs. This would give an 
indication of the potential advantages the cine loop presents and whether the work ought to be 
continued. The reliability of these answers is assumed to be sufficient to determine whether these 
efforts should continue. 

The future work to perform a validation study with statistics will require more physicians and 
many more patient cases as input data. The test should also take into consideration that the cine loop 
is intended to be complementary to the current static method and SUVs technique. 

The reconstructions in STIR might be improved. The current reconstruction method was chosen 
because the images it produces were considered of a sufficient quality for the purpose of testing a new 
technique. The volumes in STIR are not scatter or attenuation corrected. The iterative OSMAPOSL 
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algorithm gave rise to the best volumes in this project, but the parameter file consists of many 
parameters and a sensitivity map could potentially be used to optimize the resulting volume. Also left 
for future work are tests of the required and achievable image quality when using STIR for 
reconstructions. 

5.8 Planned Data Analysis 

The data analysis that is within the scope of this project concerns the realization of a cine loop. 
Comparing analysis of sinograms and volumes constructed from the decoded list mode data and 
projection data serves to ensure the decoding is valid. The quality of the volumes reconstructed in 
STIR was compared to the volumes reconstructed by the Siemens work station of the same 
acquisitions. The list mode data is to be divided into shorter time intervals to extract the sinograms to 
use for reconstruction of volumes for the cine loop. The decoded list mode data will also be fractioned 
event by event to simulate decreased injected activity of certain fractions. 

5.8.1  Data Analysis Technique 

The decoding of the list mode data was monitored by analyzing the statistics of the tags from which 
the different events could be identified. Some information such as gating was expected to be 0. The 
number of prompt and delayed events was expected to be large (depending on the activity). The time 
tags were expected to result in markers spread though the 45 minutes’ worth of events. The 
coordinates of the LOR of the detected events was determined by studying and comparing the 
statistics of the detected events in terms of LORs produced by the decoded list mode data compared 
with the statistics of the acquisition according to the Siemens scanner. The pixel values of the 
projection data were studied by comparing the sinograms produced from the Siemens list mode 
interpreter and the sinograms produced by the Siemens scanner and workstation. The evaluation to 
determine the validity of the decoding was also done by comparing volumes of the same acquisitions 
reconstructed from sinograms produced using the decoded list and those reconstructed directly in the 
Siemens workstation. If the coordinates are confused this will appear in the sinogram and the 
reconstructed volume. 

The determination of whether the reconstructions of the list mode data using STIR was 
acceptable, was made by comparing volumes reconstructed in STIR with volumes reconstructed by the 
Siemens workstation. It was obvious in the volumes when the coordinates were correct. Fine tuning of 
scanner geometry information in the STIR headers relies on the information extracted from the 
DICOM or PTD files that the Siemens scanner produces. The reconstruction method analysis is based 
on testing FBP2D, FBP3DRP, and OSMAPOSL. OSMAPOSL gives rise to less artefacts and better 
image quality. 

The decrease in injected activity is tested by retaining different fractions of the events to see at 
what point a decrease is no longer possible. The purpose is not to state an exact decrease, but simply 
to illustrate the potential of this technique. 

5.8.2  Software Tools 

The STIR software is described in Chapter 4 and the Siemens scanner is described in Chapter 3. Our 
software tool was used to display all volumes. This software is briefly described in Section 2.6. The 
programs to decode and decimate the list mode data are written in C and the information necessary to 
compile these programs is given in the source. The “parselist” program that decodes the list mode data 
and produces sinograms is presented in Appendix A. The program to perform the list decimation is 
presented in Appendix D. 
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5.9 Evaluation framework 

Evaluations are done of STIR reconstructions and the cine loop. They will serve to determine whether 
to pursue the work of presenting the PET data from this patient group with a cine loop and testing the 
use of STIR as an alternative method to reconstruct volumes. The evaluation of the work of the cine 
loop technique is to determine whether this technique gives the physicians useful additional 
information. The framework is based upon a demonstration to a small number of physicians who will 
give their opinion. The evaluation of the ability of reconstructing in STIR is done by comparing 
volumes reconstructed in STIR with volumes reconstructed by the Siemens workstation. The quality is 
expected to be better for the volumes reconstructed by the Siemens workstation itself, as the data is 
acquired in that machine and the vendor has the most information about their PET scanner’s 
geometry and other characteristics. However, an evaluation is done to determine the potential use of 
STIR for testing purposes. 

The evaluations of STIR will determine whether STIR is sufficiently good enough to be of use for 
the purposes of this work. If further work is done with the reconstruction method OMAPOSL, it is 
quite probable that the quality can be improved. The proportions of the volumes must be the same in 
both the STIR and Siemens reconstructions. There must not be too many artefacts in the STIR 
reconstructed volumes. 
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in Section 2.7 where an introduction to volume reconstruction is given. The STIR tools were described 
in Section 4.4. 

The procedure from acquisition of list mode data to a STIR reconstructed volume are as follows: 
The “parselist” program parses the list mode file and constructs sinograms. The name of the sinogram 
file that is produced is changed so that it ends with “.s” in order for STIR to read it. A STIR header file 
that calls for the “sinogram.s” data file containing the Siemens scanner information must be written in 
order for the STIR tool to execute. The SSRB tool was used because it simplifies the reconstructions 
without any loss of information from the oblique segments (the oblique segments might also 
introduce an uncertainty of how STIR handles them). While there are several choices of how to 
reconstruct volumes in STIR, back_project is the simplest. However, FBP2D produced volumes of the 
syringe of sufficient quality to confirm that the syringe header contains the expected information; 
therefore the decoding of the list mode data by the “parselist” program was accurate. 

The sinograms generated by the “parselist” code corresponded with the ones generated by the 
Siemens scanner, again verifying that the list mode data decoding was correct. The understanding of 
how data is read in STIR was also verified by studying the sinograms. This helped to understand the 
order of the coordinates in the projection data header – as this was the critical understanding needed 
to apply STIR to the data produced by the Siemens scanner.  

In Appendix C Figure AC-1 shows the sinogram that the STIR tool SSRB produced and Figure 
AC-2 shows the resulting volume reconstructed by using the back_projection STIR tool before the 
translation of data acquired in the Siemens scanner to STIR was understood.  

6.3 Implementation of Test and Experiments 

As described in Section 5.2.1, the starting point was a Siemens list from which it was derised to create 
a sinogram that can be input to STIR for reconstruction. Some of the details of the format of this file 
were described in Section 3.3, the high order bits in Table 3-2, and some relevant header lines in the 
Siemens header are: 

!PET STUDY (Emission data) := 
PET scanner type := cylindrical 
transaxial FOV diameter (cm) := 61.1 
number of rings := 55 
distance between rings (cm) := 0.4054 
gantry tilt angle (degrees) := 0 
gantry crystal radius (cm) := 42.76 
bin size (cm) := 0.2005 
septa state := none 
%number of TOF time bins:= 1 

The above lines indicate that the scanner has a cylindrical geometry and gives the geometric 
parameters of this scanner. 

The following lines tell about the data – which in this case is the list mode data. These lines 
indicate that the data was collected for 2700 seconds = 45 minutes. Additionally, it says that the total 
number of 32 word entries in the list is 578,379,007. 

!IMAGE DATA DESCRIPTION := 
%preset type := time 
%preset value := 2700 
%preset unit:= seconds 
image duration (sec) := 2700 
%total listmode word counts := 578379007 

The lines below contain information about the coincidence list data –this has been split into two 
parts, the first set of lines show that the list mode events and the tags are each encoded in 32 bit words 
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and that information about the number of singles is included in singles blocks that have been included 
in the list every 2 seconds and that the numbers in these reports have to be scaled by a factor of 8. 

%COINCIDENCE LIST DATA := 
%LM event and tag words format (bits) := 32 
%timing tagwords interval (msec) := 1 
%singles polling method := Instantaneous 
%singles polling interval (sec) := 2 
%singles scale factor := 8 
%total number of singles blocks := 48 
 

The second set of lines shows how the LORs are going to be mapped into bins. From this data it is 
understood that there are 7 segments of the bins (which correspond to 7 different sinograms). The 
first set of sinograms consists of 109 sets of 336 x 336 sinograms and these correspond to the 
transaxial events (also called direct events). The next sets of 97 sinograms are from the +1/-1 oblique 
events, followed by 75 sets from the +2/-2 oblique events, and finally the 53 sets from the +3/-3 
oblique events. 

%axial compression := 11 
%maximum ring difference := 38 
%number of projections := 336 
%number of views := 336 
%number of segments := 7 
%segment table := {109, 97, 97, 75, 75, 53, 53} 
 

An initial assumption was that the mapping function put the transaxial events into the first 109 x 
336 x 336 bins. If so, then it should be possible to process these events with these bin numbers one by 
one and increment counters in a 109 x 336 x 336 array to compute a sinogram of the transaxial events. 
What was unknown from the start was the order of the indices that should be used to compute the bin 
number (for example, is angle the fastest changing coordinate, followed by the radial component, and 
followed by the z component (the segments)? Or are they in another order?). 

The axial compression tells that the maximum and minimum ring difference is 11 in each 
segment. Hence the direct segments have a minimum of -5 and maximum of 5; the -1 oblique segment 
has a minimum of -16 and maximum of -6, the 1 oblique segment has a minimum of 6 and a 
maximum of 16, and so on. 

The order of the angle, radial, and the segment coordinates of the prompt and delay events was 
understood by assuming that the low order 30 bits in the 32 bit word contains the coordinate 
information which describes the LOR of a particular event. However, because there are not enough 
bits to divide the 30 bits into fields which directly encode the coordinates, it was further assumed that 
the coordinates are derived from a mapping between the bin number (the 30 bit value) and the 
coordinates – and that the successive segments were mapped densely into the bins. These 
assumptions were initially made because one must start at some point and it seemed a highly probable 
way of encoding the coordinate information into the limited number of bits for each event. The list 
from the syringe acquisition was used as it is a simple geometric shape for which both the volume and 
the sinogram are easy to recognize. 

As the Siemens scanner has no TOF data, each 32 bit word describing an event corresponds to a 
LOR. Each LOR can have a different number of events (depending upon the distribution of the decays 
in the volume imaged by the detectors and the position of each of the pairs of detectors that see a 
coincidence. For the syringe acquisition the number of LOR that have no events was expected to be 
large as the syringe occupies a very limited extent in the scanner. A program that orders the bins by 
the number of events was written by one of us (GQM). By looking for the pattern of the bins with the 
highest frequency it was possible to guess the relationship between the bin indices and the LOR 
coordinates. When the decoding of the list agreed with the Siemens projection data, the sinogram and 
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simulate a decrease by simply removing chunks of the list, but rather it was necessary to 
probabilistically remove or retain each event to preserve the dynamics of the acquisition. One of us 
(GQM) wrote a program to fractionate the list based upon by the user’s choice of fraction. This 
program is called “fracdecimatelist”. The user executes “fracdecimatelist” with the name of the list 
mode file and a decimal value indicating the user’s desired fractionation. This code only fractionates 
detected events. All other information, such as the time tags and gating, are not affected. The fraction 
is verified by the size of the resulting file.  

The decimated list mode data files were the same type of file as the undecimated lists data files. 
The program “parselist” was used to produce the sinograms for STIR and suitable header and par file 
were writen. The slices projected from the volumes of the simulated fractions derived from the full 45 
minute list as reconstructed in STIR are presented in Figure 6-12 to Figure 6-15 where 90%, 75%, 
50%, 25%, and 10% of the full list have been simulated for patients 9, 11, 12, and 18. The simulation of 
10% was thought to be an obvious lower limit, but the image quality turned out to be better than 
expected. As access to Siemens workstation was limited the same reconstructions were done only for 
simulations of 100%, 50%, 25%, and 10% of the list for patients 11 and 18. It was decided that this 
subset of comparison would suffice for the purpose of illustrating the proposed dynamic cine loop. 
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Overall their impression was positive and the physicians showed an interest in a continued 
development of the dynamic cine loop. The cine loop must not be too fast and the speed could be 
decided while watching it in the future. The time segments in the beginning could be shorter as the 
uptake is a quick process and it is not required that the image quality is high in the beginning of the 
acquisition. The time segmentation can include longer time sequences later when the 18F- is taken up 
in the remodeling bone, segments of longer time gives rise to better image quality. This would mean a 
time segmentation that relies on the physical process of the 18F- interaction in the bone rather than 
parameters such as the smoothnes of the loop or half-life of the isotope of interest.  

• The loops are available at https://petloops.weebly.com.  
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7 Analysis 

In this chapter, the results are presented and discussed. The work to reconstruct volumes with STIR 
was not straight forward nor was the decoding of the list mode data. Being able to use open source 
software, such as STIR, to reconstruct volumes from data acquired from the Siemens scanner is 
worthwhile as a research tool that is independent of the clinical scanner and workstation. The material 
in this project which discusses how to take sinogram information from a scaner unknown to STIR and 
format it for volume reconstruction with STIR is a valuable result. 

In Section 7.1 the effective dose to patient is presented and in Section 7.2 the major results are 
discussed. In Section 7.3 the reliability analysis is given and in Section 7.4 the validity analysis. The 
Chapter ends with a discussion in Section 7.5. 

7.1 Effective Dose 

The PET acquisition leads to a distributed internal effective dose to several radiation sensitive organs, 
of which the uterus is of the most interest. Unfortunately, this distributed dose cannot be avoided 
when injecting a patient with Na18F- solution. However, it should be noted that as 18F- is mostly 
distributed to bone, it does not deposit much activity in other organs with the exception of the 
bladder.  Table 7-1 presents the effective dose and absorbed dose to organs of interest for an adult 
weighing 70 kg. Table 7-2 presents the effective dose and absorbed dose to the same organs in a child 
15 years of age and also weighing 70 kg. These tables are from the Swedish Radiation Safety Authority 
(Strålsäkerhetsmyndigheten)*. The effective dose distributed by the CT scan is less disturbing as the 
lower leg is not a radio sensitive part of the body. It might be for children due to the red bone marrow 
that is spread into the legs as well. 

Table 7-1: Absorbed dose in organs and the effective dose in adults injected with NaF-18 according to SSM 

F-18, FLUORIDE 
Adult, 70kg 
Injected activity   140 MBq
Effective dose   2.38 mSv   0.017  mSv/MBq
 

 
Organ   Absorbed dose  
Skeleton surfaces   11.2   mGy  
Adrenal gland   0.896   mGy  
Pancreas, Bukspottkörtel  0.672   mGy  
Liver   0.546   mGy  
Lungs   0.63   mGy  
Spleen   0.546   mGy  
Kidneys   0.644   mGy  
Ovaries   1.148   mGy  
Red bone marrow   5.46   mGy  
Thyroid   0.686   mGy  
Testis    0.854   mGy  
Colon    0.938   mGy  
Bladder   21   mGy  
Uterus   1.82   mGy  
 

 

 

                                                            
* www.ssm.se 



80 | Analysis 

 
 

Table 7-2: Absorbed dose in organs and the effective dose in 15 year old child weighing 70kg injected with 
NaF-18 according to SSM 

F-18, FLUORIDE 
Child 15 years, 70kg 
Injected activity   140 MBq
Effective dose   2.94 mSv   0.021  mSv/MBq
 

Organ   Absorbed dose  
Skeleton surfaces   11.2   mGy   
Adrenal glands   1.176   mGy   
Pancreas   0.826   mGy   
Liver   0.7   mGy   
Lungs   0.798   mGy   
Spleen   0.728   mGy   
Kidneys   0.854   mGy   
Ovaries   1.54   mGy   
Red bone marrow   6.86   mGy   
Thyroid   0.798   mGy   
Testis    1.162   mGy   
Colon    1.162   mGy   
Bladder   26.6   mGy   
Uterus   2.1   mGy   
 
 

The parameters of the CT scans that are acquired simultaneously with the PET images are shown
in Table 7-3. The CTDIvol is 7.61 mGy. As the lower leg is not a radiosensitive part of the body the
effective dose is relatively low compared to the PET scan that affects radiosensitive organs, such as the
bladder. However, the CT scan contributes to the effective dose to the patient. The following example 
is calculated for Patient 11. 
 

 

Table 7-3: CT parameters used for TSF patients at the Karolinska Hospital in Solna 

Effective mAs 60 
kV 140 
Rotation 1 sec 
Scan Length 737 x 0.5 mm 
Pitch 1.0 
CTDIvol 3.14 mGy 
Effective dose                  0.08 mSv 

The effective dose is calculated as DLP *body part coefficient=CTDIvol*scan length*k. In this case, 
the body part is the tibia, which we approximate here as k = 0.0023 (head in AAPM report No.96). 
The effective dose due to the CT scan in this case is 0.08 mSv. 

7.2 Major results 

There are several outcomes from this project work apart from the cine loop that might be beneficial 
for future studies. The understanding of the structure of the Siemens list mode data and its decoding 
opens up opportunities for dynamic studies of any patient acquisitions from this scanner that are 
saved in list mode. It also offers a tool to simulate and study the effect on image quality from 
decreasing the injected activity that takes into account dynamic effects. 
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To have open source software for image reconstructions, such as STIR, that is compatible with the 
data from the Siemens scanner opens up opportunities to perform studies while doing the 
reconstructions outside of the Siemens clinical workstation. The knowledge gained by making STIR 
compatible with the Siemens scanner can be of help to make STIR compatible with other scanners. 
There are 4 main results from this project: 

1. The Siemens list mode data was decoded. 

2. It was shown that it is very probable that the injected activity can be decreased. 

3. STIR can reconstruct volumes acquired by the Siemens scanner and saved in list mode and 
since the scanner characteristics required have been determined, any sinogram produced by 
this scanner can be resconstructed in STIR, 

4. The cine loop is a useful tool and it can be used as a complement to the current static volumes. 

The decoding of the Siemens list mode opens opportunities for all kinds of dynamic studies. The cine 
loop that is produced is not limited to one minute intervals, time intervals could instead be selected by 
taking in to account the half-life of the radionuclide or the processes of the uptake instead. As STIR is 
available this gives an opportunity to do many tests without disturbing the clinic. Having the list 
decoded for this particular scanner probably helps understand the structure of other Siemens 
scanners, even though they implement TOF or PSF. 

The cine loops continue to show the spatio-temporal dynamics of uptake even with a large amount 
of decreased injected activity simulated. Furthermore, the quality of the volumes reconstructed from 
lists that simulated a decrease in injected activity indicates that it is possible to greatly decrease the 
injected activity. However, how much of a decrease is acceptable has to be determined in further 
studies. 

The STIR software was proven to be a good alternative for the volume reconstruction as it was 
impossible (due to limited availability) to perform all the desired reconstructions with the Siemens 
workstation. This software makes the researcher independent of the Siemens workstation, so that it is 
possible to reconstruct volumes whenever it is necessary without disturbing the clinical activities. By 
reconstructing volumes from sinograms in STIR the decoding of the list was confirmed.  

The physicians to whom the cine loops were presented were generally positive. The temporal 
resolution of the cine loop might benefit by relying on the uptake processes in the body rather than 
using fixed time intervals, or by taking into account the half-life of the isotope of interest. The time 
from the injection to the uptake of 18F- in broken bone is short and the cine loop would probably 
benefit from having very short time segments in the first few minutes. Later on the time sequences 
could be elongated successively for better spatial resolution once the majority of the 18F- is taken up in 
the remodeling bone. The  18F- that is taken up in the remodeling bone stays there. To determine the 
temporal resolution by the processes of interaction between the 18F- and the broken bone became 
apparent once the cine loops were made. 

7.3 Reliability Analysis 

The analysis that was done decoding the list mode relies on volumes reconstructed by STIR to confirm 
the decoding. The cine loops were made of slices projected from the reconstructed volumes in the 
Siemens workstation and STIR. However, the cine loops relied on investigations of the volumes 
reconstructed by STIR, to decide a first possible temporal resolution of the cine loops to demonstrate 
the conceptual idea. The volumes reconstructed in STIR show a sufficiently good quality, but are not 
as good as those reconstructed by the Siemens workstation according to physicians who are used to 
studying the volumes produced by the current PET/CT technique and this is quite visible. However, 
the goal of the analysis was to determine whether this new dynamic visualization technique was an 
improved tool which complements the existing techniques used by physicians who diagnose/monitor 
the patient group of interest. Therefore, there is a need for a follow up study with proper statistical 
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tests and refinements of the technique. Follow up studies to optimize STIR reconstructions of data 
acquired by the Siemens scanner, optimizing temporal sequencing of the cine loop and the possible 
decrease in injected activity is of interest for future work and not included in this work. STIR is also 
continuously improving itself, which is a development of interest to study.  

7.4 Validity Analysis 

The primary purpose of this project was to display a cine loop of dynamic PET volumes superimposed 
upon a CT volume. A secondary purpose, that was useful to facilitate the achievement of the primary 
purpose, was to enable STIR to reconstruct volumes acquired via the Siemens scanner. A tertiary 
purpose of this project was to investigate and simulate how a reduced injected activity might affect the 
image quality, so as to estimate to what extent this injected activity might be reduced without losing 
too much image quality. 

A demonstration was performed to compare the current display procedures with the newly 
developed cine technique. The true potential of this technique has yet to be determined statistically; 
hence this would be a natural continuation of this work. However, based upon watching the dynamic 
cine loop it seems that the injected activity could potentially be reduced quite radically. To determine 
exactly by how much, needs further investigations.  

There is also a need for future work to determine the best time interval into which to divide the 
acquired data before generating the volumes to be displayed via cine loops. As noted earlier it may be 
possible to take the half-life of the radionuclide into account – potentially maintaining a given signal 
to noise ratio rather than a direct temporal relationship to the acquired data. The reconstruction 
method that is used in STIR was not optimized; hence, this too might be of interest for future studies. 

7.5 Discussion 

It has already been stated that this project describes the development of a technique for dynamic 
visualization of 18F- uptake for patients being treated with TSF frames. This project contains a 
thorough description of how STIR could reconstruct volumes from lists acquired by the Siemens 
Biograph 64, True Point True V scanner. This project also describes the structure of the list mode data 
produced by this scanner. 

The open source STIR software was able to produce reconstructed volumes from list mode data 
from the Siemens scanner, which confirmed the decoding was correct. The local software tool is being 
modified to produce a cine loop from a series of PET projection slices superimposed on a CT image 
volume. These reconstructions and cine loops (2D video animations as the cine loop in the local 
software was not yet implemented at the time of presenting this work) were shown to interested 
physicians.  

Once the list mode file was decoded and sinograms could be produced based upon user selected 
time intervals that were correctly reconstructed by STIR, a program was written to produce sinograms 
from a fractionated list. For example, by decimating the list by removing every other event enables 
simulation of a list that would have been acquired with 50% of the injected activity. Similarly by 
removing every fourth event enables simulation of a list from an acquisition with 75% of the inject 
activity, and similarly for other fractionations. The size of the resulting list verifies the simulated 
decrease. 

The technique is of interest to pursue according to the physicians to whom the cine loop was 
demonstrated. However, the method of presenting the cine loop was not done to statistically evaluate 
the value of using the cine loop for diagnostic purposes, but rather simply as a demonstration of the 
probable utility in understanding of the 18F- uptake (particularly to understand where there is no 
uptake, but where uptake is expected). 
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This technique of dynamic visualization might benefit other patient groups. However, 
investigating this remains for future work.  
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8 Conclusions and Future work 

From discussions with physicians the visualization provided by the dynamic cine loop is advantageous 
to monitor the remodeling in bone of patients being treated with TSF. An obvious next step is to 
further evaluate and optimize this cine loop. The time intervals of the volumes that are used for the 
cine loop can be further optimized and then tested. The reconstruction parameters used by STIR can 
be optimized and the image quality further studied. However, the translation of the header files is 
believed to be accurate as all numbers are derived from the DICOM (PTD) header files but this could 
of course be further studied. 

There might be other groups of patients that could benefit from dynamic cine loop visualization. 
Other radionuclides used for PET imaging have different half-lives, hence the acquisition procedures 
can differ - but the technique developed in this project can generally be utilized. Different tracer 
substances are taken up in various manners; hence this dynamic visualization could be used to study 
these tracers as well. 

Conclusions are discussed in Section 8.1 and the limitations are discussed in Section 8.2. In 
Section 8.3 some future work are presented and the Chapter ends with reflections of the study in 
Section 8.4. 

8.1 Conclusions 

Many problems and obstacles encountered in this work had to be sorted out at every step along the 
way. Before it was possible to reconstruct volumes using the STIR software, the STIR source code had 
to be studies to understand how it works. However, in the end problems were solved by manipulating 
the headers, hence no programming was actually needed to solve this problem. Before knowing how to 
solve a problem, the problem must be attacked from different angles. This process generated a lot of 
knowledge about many things surrounding the problem and a bigger picture was gained. As a result a 
thorough understanding of the PET data starting from the formation of LORs and ending with a 
reconstructed volume was acquired. Also a deeper understanding of the process of collecting the list 
mode data, the formats of the different files that are used, and the different data representations used 
in these files was gained. While the focus of this project was not on PET reconstructions per se, 
understanding of the relationship between the sinograms and the reconstructed volumes as well as the 
algorithms used for this reconstruction was very valuable. 

The goals of the project were generally accomplished. The results of the simulation of the 
decreased injected activity were striking and unanticipated. STIR was able to produce sufficient 
quality volumes from the patient data – although they could be improved. As a result performing 
reconstructions on the Siemens workstation could be kept to a minimum – to only those needed for 
comparison reasons. 

The main advice to anyone who is beginning to use STIR is to study the header files and the 
parameter files found in the recon test package and the sample directory. Spending some time to see 
how different parameters change the outcomes is time well spent. There is a lot to be gained by 
studying the result of running the various STIR programs. Experimenting by simulating a variety of 
geometric objects rapidly improved the ability to mentally go between sinogram space and 
reconstructed volumes. It was found that it was very important to feel free to test new things, make 
changes in the source code of the tools, etc. As STIR is free it can be downloaded as many times as 
desired – so dare to experiment! However, it is very important to document everything along with the 
outcome. This ensures that the user will not repeat him/herself or forget results that can be of interest 
in the future. 
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8.2 Limitations 

The staff in the nuclear department was very helpful and allowed all the reconstructions that needed 
to be done by the Siemens workstation as well as helping to collect the NEMA phantom and syringe 
data sets. The daily routines of the work with patients in the clinic must not be interrupted and 
therefore enabling STIR to be used for reconstructions was very welcomed by the staff. 

The reconstructions in STIR are very time consuming and it is therefore good to plan these 
reconstructions in advance. For example, to reconstruct 45 different one minute image volumes from 
the 45 input sinograms took 3 to 5 hours. Although access was available to a very powerful computer 
that could process many reconstructions at the same time it was important to plan the reconstructions 
steps in advance. Note that for comparison the time required to do the same reconstruction on the 
Siemens workstation was approximately 10-30 minutes. 

The programming skills of one of us (SL) limited her involvement in the programming part of the 
list mode decoding. Hence in the future it would be worth improving these skills as it would be 
beneficial to more quickly gain a better understanding of the STIR programs. 

As a practical matter list mode files take a lot of storage space (1 to 2 GB) as each event occupies 4 
bytes. The sinograms in the case of this scanner each take 126,217,728 bytes irrespective of the 
injected activity! Therefore it is advisable to ensure that plenty of disk space as well as a suitable 
means to transfer the acquired image from the scanner to the computer to be used are available. Note 
that in this project sinograms from the fractionated lists were moved back to the Siemens workstation 
for reconstruction – hence there needs to be both space and time to do these transfers and processing. 

8.3 Future work 

There are several things to be done in the future to improve the cine loop, such as determining the 
most appropriate time intervals. The reconstruction method in STIR is not optimized and the image 
quality has not been assessed beyond the impression that they look “fine”, but are clearly not as nice 
as the reconstructions on the Siemens scanner workstation. A formal evaluation of this difference was 
undertaken by using profile taken through matching slices for those produced by the STIR and 
Siemens scanner. This is not reported here. A more formal evaluation (with appropriate statistical 
power) should be conducted to determine how useful the cine loop is. Such an evaluation could be 
used to decide if this technique is an alternative or complementary tool. As the current static and 
dynamic technique both utilize the same data (derived from the same acquisition) it is not necessary 
to decide in advance which technique is to be used – other than to store the list mode acquisition data.  

One of the major goals of this project was to investigate if it is possible to reduce the injected 
activity. This project has shown that this is possible and that the reduction might be quite dramatic. 
However, before reducing the injected data in patient studies, there is a need for a more thorough 
quantitative evaluation (with appropriate statistical tests). The cine loop opens one way for a reduced 
injected activity test and it seems that this technique would rely less on SUVs derived from the present 
static technique. However, this is left for future work. 

The knowledge gained from decoding list mode data can certainly give clues about the structure of 
the list mode files in other scanners. PET scanner features such as TOF and PSF have been shown to 
give rise to better image quality from less injected activity. The work to produce a cine loop from list 
mode data from such a scanner by decoding the list mode data would of course be of interest in the 
future. As the work is scanner specific the decoding of the list mode data implies additional work. 
However, it is known that for the Siemens list mode format that the TOF data is encoded in a field in 
the high order (6) bits of the bin field [27]. This work would be of interest concerning the work to 
decrease the injected activity. 
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Currently the negative LOR or pixel values in the Siemens sinogram produced from the list mode 
data are not fully understood. It is suspected that this might be due to scatter correction, but a study of 
this remains for the future. 

The parameters of the cine loop must be standardized before this visualization technique can be 
used as a standard patient protocol in the clinic. Before that, work needs to be done to determine the 
appropriate parameters. 

8.4 Reflections 

If the injected activity is reduced and the monitoring process can be improved with the use of cine 
loops, it would be possible to acquire more studies with the same total effective dose as now. This 
would result in a safer surveillance of those patients as it enables an increase of the number of 
acquisitions. An increased number of acquisitions could potentially decrease the risk of unnecessary 
fractures and a prolonged painful treatment. Additionally, reducing the injected activity decreases the 
staff exposure. 

If it is possible to decrease the effective dose sufficiently for this procedure to be used with 
children and young adults who are more sensitive to radiation, this would benefit this group of 
patients. Complicated congenital anomalies of the lower leg that require a TSF treatment could then 
be better monitored for younger patients than with the existing procedures. 

The studies and testing of reduced dose can be done using STIR, thus they need not disturb the 
daily clinical routines. As noted in Section 8.2, the list mode data files and sinograms take a lot of 
storage space. Adding cine loops will also take a large amount of storage, which might be problematic 
if the storage is limited. However, this should not be a problem in practice due to the low cost of high 
capacity disk drives. 

The general impression of the physicians to whom the temporary loop was demonstrated was 
positive and a further development is of interest as this technique implies that additional and 
complementary information could be gained. The realization of the loop showed that the uptake 
processes of interest could rely on the decisions of an optimal temporal segmentation of the list.  

The gain for the patients treated with TSF is a safer monitoring process and a lower risk of 
additional fractures inflicted by an early removal of the TSF. As it is very inconvenient for the patients 
to wear the TSF, hence it is undesirable to delay removing it for longer than necessary. 

Some of the patients that are being treated with the TSF can work during their treatment, 
depending on their work and the effect this work has on the patient. While in other cases the patient is 
not able to work while being treated with a TSF, so reducing the treatment time for these patients can 
have a positive social and economic effect. Some patients suffer from a lot of pain during the course of 
the treatment and need painkillers which increases the risk of addiction problems the longer the 
treatment lasts. Hence reducing the treatment time can also have a positive social effect by reducing 
the risk of addiction. 
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Appendix A: The parselist program 

Note that some of the comments have been excluded since the field’s description can be found 
in the PETLINK™ document cited in Section 3.3. 

/* 
 * parse-list.c  
 * to take a Siemens PET event list from the KI/KS and parse it 
 *  
 *  
 * compile with: 
 * gcc -g parse-list.c -lm -o parselist 
 * 
 * run with: 
 *  ./parse-list syringe-full-list.IMG 60 120 
 *                                            create a sinograms starting 
at time 60 seconds upto 120 seconds 
 * or 
 *  ./parse-list syringe-full-list.IMG 120 
 *                                           format into 120 second 
sinograms 
 * or 
 *  ./parse-list syringe-full-list.IMG 
 *                                           create a sinogram minute 
long 
 * use the flag -a if you want to get all 7 segements 
 * use the flag -v if you want verbose mode 
 * use the flag -h or just the program name to get usage information 
 */ 
 
#include <stdio.h> 
#include <stdlib.h> 
#include <string.h> 
#include <errno.h> 
 
#define MB_size 1048576 
#define Maximum_description_string 200 
#define Maximum_file_name_length 1000 
#define Maximum_key_length 10000 
#define Number_of_angles 336 
#define Number_of_radii 336 
#define Number_of_Slices_segment_0 109 
#define Number_of_Slices_segment_all 559 
#define Total_bins_segment_0 
(Number_of_angles*Number_of_radii*Number_of_Slices_segment_0) 
#define Number_of_bins_segment_0 ((Total_bins_segment_0)+1) 
#define Number_of_time_bin 3000 
 
#define min(a, b) (((a) < (b)) ? (a) : (b)) 
 
extern int errno; 
char *strerror(int errnum); 

 



94 | Appendix A: The parselist program 

 
 

 
char *program_name; 
 
int singles_scale_factor=0; 
int verbose_flag=0;        /* 0 turns off verbose printing of messages */ 
int all_segments_flag=0;    /* by default only extract segment 0 */ 
int *Bins; 
int Number_of_bins; 
 
unsigned long int last_time_stamp; 
 
int process_events_flag;    /* only process events during the selected 
time range */ 
 
long int statistics[16];    /* to record the number times of each 4 bit 
prefix appears */ 
 
char  statistics_name[16][Maximum_description_string]={ 
  "Delay_0","Delay_1","Delay_2","Delay_3", 
  "Prompt_4", "Prompt_5", "Prompt_6", "Prompt_7",  
  "TAG_1_Elapsed_Time_Marker_8", "TAG_1_Elapsed_Time_Marker_9", 
  "TAG_1_Dead_Time_Tracking_A", "TAG_1_Dead_Time_Tracking_B", 
  "TAG_2_Gantry_Motions_and_Positions_C", 
"TAG_2_Gantry_Motions_and_Positions_D", 
  "TAG_3_Patient_Monitoring_Gating_Physiological_Head_Tracking_E", 
  "TAG_4_Control_or_Acquisition_Parameters" 
}; 
 
void process_an_event_packet_Prompt(unsigned int UL_value) 
{ 
  unsigned int bin_number; 
 
  bin_number = UL_value & 0x3FFFFFFF; 
  if (bin_number < Number_of_bins) 
    Bins[bin_number]=Bins[bin_number]+1; 
 
  if (verbose_flag) 
    fprintf(stdout, "Prompt event %8.8X \n", bin_number); 
  
} 
 
 
void process_an_event_packet_Delay(unsigned int UL_value) 
{ 
  unsigned int bin_number; 
 
  bin_number = UL_value & 0x3FFFFFFF; 
  if (bin_number < Number_of_bins) 
    Bins[bin_number]=Bins[bin_number]+1; 
   
  if (verbose_flag){ 
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    fprintf(stdout, "Delay event %8.8X\n ", bin_number);
  } 
} 
 
 
void process_TAG_1_Elapsed_Time_Marker(unsigned int UL_value,unsigned int 
*elapsed_time) 
{ 
  *elapsed_time = UL_value & 0x1FFFFFFF; 
  verbose_flag=0; 
  if (verbose_flag) { 
    fprintf(stdout, "TAG_1_Time_Marker %d milliseconds", *elapsed_time); 
    fprintf(stdout, "UL_value %d\n", UL_value); 
  } 
  last_time_stamp=*elapsed_time; 
 
  if (verbose_flag) 
    fprintf(stdout, "TAG_1_Time_Marker %d milliseconds\n", 
*elapsed_time); 
 
  
} 
 
/* 
 * Dead-Time Tracking (Legacy Block Singles) 
 * 101B BBBB BBBB BSSS SSSS SSSS SSSS SSSS 
 *    |9          0||18                  0| 
 * B: Block Number : 0-9 
 * S: Singles per second (per 0.25 sec. May-02; per 0.125 sec. Aug-07): 
0-18  
 */ 
 
void process_TAG_1_Dead_Time_Tracking(UL_value) 
{ 
  unsigned int block_number; 
  unsigned int singles_field; 
  unsigned int data_field; 
  unsigned int type_field; 
  unsigned int lost_field; 
 
  type_field = (UL_value >> 26) & 0x7; 
 
  switch (type_field) { 
 
  case 0: 
    block_number = (UL_value & 0x1FFFFFFF) >> 19; 
    singles_field= UL_value & 0x0007FFFF; 
 
    if (verbose_flag) 
      if (singles_scale_factor != 0) { 
    fprintf(stdout, "TAG_1_Dead_Time_Tracking block %d, %d singles per 
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second\n", block_number, singles_field*singles_scale_factor); 
      } else { 
    fprintf(stdout, "TAG_1_Dead_Time_Tracking block %d singles_field 
%d\n", block_number, singles_field); 
      } 
    break; 
 
  case 6: 
  case 7: 
    lost_field = (UL_value & 0x000FFFFF); 
    fprintf(stdout, "TAG_1_Dead_Time_Tracking Lost Event Counter, %d per 
1M events\n", lost_field); 
    break; 
 
  default: 
    fprintf(stdout, "TAG_1_Dead_Time_Tracking block - unknown type field 
= %d\n", type_field);     
  } 
} 
 
void process_TAG_2_Gantry_Motions_and_Positions(UL_value) 
{ 
  /* 
Detector Rotation Position 
To be extracted and applied by the Rebinner in PET/ 
SPECT PET mode. 
1100 0000 BAFF FFFF FFFF FFFF PPPP PPPP 
|13 0| |7 0| 
P: PET Rotational Position: 0-7 [For PET mode nee 
d 0 - 255d for 0-360 
o 
- wfj] 
F: Full Precision Rot. Position: 0-13 [Useful for 
SPECT] 
A: CW Rotation: 0 [ 1 = clockwise gantry rotation 
as viewed from bed side] 
B: CCW Rotation: 0 [ 1 = counterclockwise gantry r 
otation as viewed from bed side] 
Note: (A=0 & B=0) indicates non-rotating gantry. 
Head I "A" Radial Position 
1100 0001 uuuu uuuu uuuR RRRR RRRR RRRR 
|12 0| 
u: Undefined (Default: Set to zero.) 
R: Radial Position: 0-12 
Head II "B" Radial Position 
1100 0010 uuuu uuuu uuuR RRRR RRRR RRRR 
|12 0| 
u: Undefined (Default: Set to zero.) 
R: Radial Position: 0-12 
Vertical Bed Position 
1100 0011 uuuu uuuu uuVV VVVV VVVV VVVV 
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|13 0| 
u: Undefined (Default: Set to zero.) 
V: Vertical Position: 0-13 
Horizontal Bed Position 
1100 0100 uuuM HHHH HHHH HHHH HHHH HHHH 
|19 0| 
u: Undefined (Default: Set to zero.) 
H: Horizontal Position: 0-19 [Note: F 
or VG30 on Nov-2010 and later mCT systems, this 20- 
bit H 
value is always a 2’s complement number. When H is 
near zero - e.g. H = -1(dec) or 
FFFFF(hex), the bed approaches (or is) fully retrac 
ted from the FOV. When H is at its largest 
negative extent, the bed is fully extended into the 
FOV. The LSB of H represents 0.001cm of 
horizontal bed movement. In typical practice, the a 
ctual precision reported by the PHS has been 
limited to 0.05cm – i.e. the minimum increment/decr 
ement change for H is 50(dec).] 
M: Moving. Single Bit. Set to 0 if horizontal bed m 
otion is unchanging. Set to 1 if horizontal bed 
motion is changing. [This bit was requested but imp 
lementation may be pending.] 
Example 32-bit Horiz. Bed Pos. Tag packet (hex) wit 
h H = 0: 
C400 0000 
(hex) 
Gantry Left/Right Position 
1100 0101 uuuu uuuu uuuP PPPP PPPP PPPP 
|12 0| 
u: Undefined (Default: Set to zero.) 
P: Gantry Left/Right Position: 0-12 [-2287 to 508 
decimal in 0.1 mm steps] 
( Positive to the left as viewed from bed side of g 
antry) 
Guideline to the PETLINK™ Proposal 
26-Mar-2013 Rev J1 Page 8 
Source Axial Position & Rotation 
(Point Source, Rotating Rod, etc.) 
1100 0110 AAAA AAAA AAAA RRRR RRRR RRRR 
|11 0| |11 0| 
A: Axial Position: 0-11 
R: Rotational Position: 0-11 
HRRT Single Photon Source Position 
1100 0111 uuuu HHHH AAAA AAAA RRRR RRRR 
3210 |7 0| |7 0| 
u: Undefined (Default: Set to zero.) 
H: Head Number: 0-3 
A: Axial Position: 0-7 
R: Rotational Position (within the Head): 0-7 
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*/ 
 
  if (verbose_flag) 
    fprintf(stdout, "TAG_2_Gantry_Motions_and_Positions %8.8X ", UL_value 
& 0x1FFFFFFF); 
} 
 
void 
process_TAG_3_Patient_Monitoring_Gating_Physiological_Head_Tracking(UL_va
lue) 
{ 
  if (verbose_flag) 
    fprintf(stdout, 
"TAG_3_Patient_Monitoring_Gating_Physiological_Head_Tracking %8.8X ", 
UL_value); 
} 
 
 
void process_TAG_4_Control_or_Acquisition_Parameters(unsigned int 
UL_value) 
{ 
  if (verbose_flag) 
    fprintf(stdout, "TAG_4_Control_or_Acquisition_Parameters %8.8X ", 
UL_value); 
} 
 
int parse_header_file(char *file_name) 
{ 
  FILE *header_file; 
  char * line = NULL; 
  size_t line_length = 0; 
  size_t amount_read; 
  char *scan_match; 
  char key[Maximum_key_length]; 
 
  if (verbose_flag) 
    fprintf(stdout, "parse_header file: %s\n", file_name); 
 
  header_file=fopen(file_name,"rb"); 
  if (header_file < 0) { 
    fprintf(stderr, "error opening file: %s\n", file_name); 
    return(-1); 
  } 
 
  while ((amount_read = getline(&line, &line_length, header_file)) != -1) 
{ 
    //      printf("Retrieved line of length %zu :\n", amount_read); 
    // printf("%s", line); 
    // %singles scale factor:=8 
    strncpy(key, "%singles scale factor:=", Maximum_key_length-1); 
    //    fprintf(stdout, "key is %s\n", key); 
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    scan_match=strstr(line, key);
    if (scan_match != NULL) { 
      sscanf(&line[strlen(key)], "%d", &singles_scale_factor); 
      fprintf(stdout, "FOUND: singles scale factor:=%d\n", 
singles_scale_factor); 
    } 
  } 
 
  if (line_length) 
    free(line); 
 
  fclose(header_file); 
} 
 
void Output_Slice(FILE *fp, int i) 
{ 
  int slice_offset; 
 
  slice_offset = i * Number_of_angles * Number_of_radii; 
 
  fwrite(&Bins[slice_offset], sizeof(int), (Number_of_angles * 
Number_of_radii), fp); 
  //fprintf(stdout, ":=%d\n", slice_offset); 
     
} 
 
 
/* 
 *  check_for_dicom_header 
 *   int amount_in_buffer           # amount of entries in the buffer 
that are valid 
 * 
 *   return -1 if a DICOM header is not found, 
 *   return offset if a DICOM header is found 
 */ 
int check_for_dicom_header(unsigned int *big_buffer, size_t 
amount_in_buffer) 
{ 
  int event_word_index; 
  unsigned int UL_value; 
  int number_of_zeros=0; 
 
  fprintf(stderr, "entering check_for_dicom_header(%ld)\n", (long int) 
amount_in_buffer); 
 
  for (event_word_index=0; event_word_index < amount_in_buffer; 
event_word_index++) { 
    UL_value = big_buffer[event_word_index]; 
#ifdef NEVER 
    fprintf(stdout, "%d ", event_word_index); 
    fprintf(stdout, "%8.8X\n", UL_value); 
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#endif 
    if (UL_value == 0) { 
      number_of_zeros++; 
      continue; 
    } 
 
    if ((number_of_zeros >= 32) &&  (UL_value == 0x4D434944 )) { /* 
"DICM" =  0x4449434d check in reverse order*/ 
    /* we found a DICOM header */ 
      fprintf(stdout, "We found a DICOM header at %d\n", 
event_word_index); 
      return (event_word_index-32); 
    } 
 
    number_of_zeros=0; 
  } 
 
  return -1; 
} 
 
void init_Bins() 
{ 
  int i; 
 
  for (i=0; i < Number_of_bins; i++) 
    Bins[i]=0; 
 
  fprintf(stdout, "Initialized %d bins\n", Number_of_bins); 
} 
 
void init_statistics() 
{ 
  int i; 
 
  for (i=0; i < 16; i++) { 
    statistics[i]=0; 
  } 
} 
 
 
 
void output_sinogram(char *file_base_name, unsigned int 
start_time_period, unsigned int end_time_period) 
{ 
  FILE *sinogram_file; 
 
  int i; 
  int sum=0; 
 
  char output_file_name[Maximum_file_name_length]; 
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  for (i=0; i < 16; i++) { 
    fprintf(stdout, "statistics[%d]=%ld\t%s\n", i, statistics[i], 
statistics_name[i]); 
  } 
 
  fprintf(stdout, "last time stamp = %ld milliseconds = %f minutes\n", 
      last_time_stamp, (float)last_time_stamp/(float)(1000*60)); 
 
  memset(output_file_name, 0, Maximum_file_name_length); 
 
  sprintf(output_file_name, "%s.sinogram.s%010de%010d", file_base_name, 
start_time_period, end_time_period); 
  sinogram_file=fopen(output_file_name,"wb"); 
 
  if (all_segments_flag) { 
    for (i=0; i < Number_of_Slices_segment_all; i++) 
      Output_Slice(sinogram_file, i); 
  } else { 
    for (i=0; i < Number_of_Slices_segment_0; i++) 
    Output_Slice(sinogram_file, i); 
  } 
   
  fclose(sinogram_file); 
 
  for (i=0; i < Number_of_bins; i++) 
    sum=sum+Bins[i]; 
 
  fprintf(stdout, "sum of Bins entries %d\n", sum); 
  if (all_segments_flag) { 
    fprintf(stdout, "Number of slice segments %d\n", 
Number_of_Slices_segment_all); 
  } else { 
    fprintf(stdout, "Number of slice segments %d\n", 
Number_of_Slices_segment_0); 
  } 
} 
 
void usage() 
{ 
  fprintf(stdout, "%s file_name start_seconds end_seconds ::does specific 
duration\n", program_name); 
  fprintf(stdout, "%s file_name duration_in_seconds       ::does whole 
file with specified duration\n", program_name); 
  fprintf(stdout, "%s file_name                           ::does whole 
file in 1 minute parts\n", program_name); 
  fprintf(stdout, "use the flag -a if you want to get all 7 
segements\n"); 
  fprintf(stdout, "use the flag -v if you want verbose mode\n"); 
  fprintf(stdout, "use the flag -h or just the program name to get usage 
information\n"); 
} 
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int main(int argc, char **argv) 
{ 
  int i; 
  int arg_index; 
  int call_number=0; 
  int dicom_header_flag=0; 
  int dicom_header_offset; 
  int extract_all; 
  int file_name_length; 
  int ptd_flag; 
  int zero_bins=0; 
 
 
  long int file_offset; 
  long int length_of_file; 
  long int number_of_list_entries; /* must be a long int to accommodate 
lists larger than 4 Gbytes */ 
  long int event_word_index=0;       /* - ditto - above */ 
 
  unsigned int *big_buffer; 
  unsigned int elapsed_time; 
  unsigned int start_time_period, end_time_period; /* starting and ending 
time in milliseconds */ 
  unsigned int duration_in_ms; 
  unsigned int nth_time_period=1; 
  unsigned int UL_value; 
 
  char *file_name; 
  char file_base_name[Maximum_file_name_length]; 
  char header_file_name[Maximum_file_name_length]; 
 
  FILE *list_file; 
  FILE *header_file; 
 
  size_t amount_read; 
  size_t amount_written; 
  size_t option_index; 
 
  verbose_flag = 0;        /* silent mode 0 */ 
  ptd_flag = 0;            /* check for ptd file */ 
 
  /* parse the command line argument(s) to the program */ 
  if (verbose_flag) 
    fprintf(stderr, "argc = %d\n", argc); 
 
  program_name = argv[0]; 
 
  /* if there is only the name of the program then print out usage 
instructions */ 
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  if (argc == 1) { 
    usage(); 
    return(-1); 
  } 
 
  arg_index=1; 
  do { 
    char const *option = argv[arg_index]; /* check each of the arguments 
to see if it is an option or positional argument */ 
 
    if (option[0] == '-') { 
      switch (option[1]) { 
      case 'v':  
    verbose_flag = 1; 
    break; 
 
      case 'a':  
    all_segments_flag=1; 
    break; 
 
      case 'h':  
    usage(); 
    return(-1); 
 
      default: 
    fprintf(stderr, "unrecognized flag %c\n", option[1]); 
    usage(); 
    return(-1); 
      }    
    } else { 
      file_name = argv[arg_index]; 
      fprintf(stdout, "file_name = %s, and arg_index = %d\n", file_name, 
arg_index); 
      arg_index++;                        /* used an argument */ 
 
      list_file=fopen(file_name,"rb"); 
      if (list_file == NULL) { 
    fprintf(stderr, "error opening file: %s, errno = %d, %s \n", 
file_name, errno, strerror(errno)); 
    return(-1); 
      } 
 
      if (verbose_flag) 
    fprintf(stdout, "( argc - arg_index ) = %d\n", argc - arg_index); 
 
      switch(argc - arg_index) { 
      case 0:             /* no remaining arguments */ 
    start_time_period=0; 
    end_time_period=0; 
    duration_in_ms=60000; 
    extract_all=1;        /* extract multiple sinograms */ 
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    process_events_flag=1;   /* immediate start processing events */ 
    break; 
 
      case 1:            /* specify a single duration*/ 
    start_time_period=0; 
    end_time_period=0; 
    duration_in_ms=atoi(argv[arg_index])*1000; 
    extract_all=1;        /* extract multiple sinograms */ 
    process_events_flag=1;    /* immediate start processing events */ 
    arg_index++;        /* used another argument */ 
    break; 
 
      case 2:            /* specify a specific duration */ 
    start_time_period=atoi(argv[arg_index])*1000; 
    end_time_period=atoi(argv[arg_index+1])*1000; 
    duration_in_ms=end_time_period-start_time_period; 
    extract_all=0;        /* extract only one sinogram */ 
    process_events_flag=0;    /* wait to start processing events */ 
    arg_index = arg_index + 2; /* used two arguments */ 
    break; 
 
      default: 
    fprintf(stderr, "too many arguments\n"); 
    usage(); 
    return(-1); 
      } 
    } 
    arg_index++; 
 
    if (verbose_flag) 
      fprintf(stderr, " at end of while loop arg_index = %d\n", 
arg_index);  
 
  } while ( arg_index < argc); 
 
 
  if (end_time_period == 0) { 
    fprintf(stdout, "starting time offset = %d milliseconds\n", 
start_time_period); 
  } else  
    fprintf(stdout, "starting time offset = %d milliseconds, ending time 
= %d milliseconds\n", 
        start_time_period, end_time_period); 
 
  fprintf(stdout, "duration_in_ms = %d milliseconds\n", duration_in_ms); 
 
  if (extract_all) 
    fprintf(stdout, "extract_all is true\n"); 
 
  if (all_segments_flag) 
    Number_of_bins = 
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(Number_of_angles*Number_of_radii*Number_of_Slices_segment_all); 
  else Number_of_bins = 
(Number_of_angles*Number_of_radii*Number_of_Slices_segment_0); 
 
  Bins = (int *)malloc(sizeof(int)*(Number_of_bins+1)); 
  if (Bins == NULL) { 
    fprintf(stderr, "error in malloc of Bins\n"); 
    return(-1); 
  } 
 
  /* read in the whole list */ 
  memset(file_base_name, 0, Maximum_file_name_length); 
  memset(header_file_name, 0, Maximum_file_name_length); 
 
  if (strcasestr(file_name, ".ptd") != 0) { 
    fprintf(stderr, "This is a ptd file  %s\n", file_name); 
    ptd_flag = 1; 
  } else { 
    ptd_flag = 0; 
  } 
 
  file_offset = 0; 
  if (verbose_flag) 
    fprintf(stdout, "initial file_offset %d \n", file_offset); 
 
  fseek(list_file, file_offset,  SEEK_END); 
 
  length_of_file=ftell(list_file); 
  if (verbose_flag) 
    fprintf(stdout, "length of list_file= %ld\n", length_of_file); 
 
  rewind(list_file); 
  file_offset=ftell(list_file); 
  if (verbose_flag) 
    fprintf(stdout, "file_offset should be at start, it is at %ld \n", 
file_offset); 
 
  big_buffer=(unsigned int *)malloc((size_t)length_of_file); 
  if (big_buffer == NULL) { 
    fprintf(stderr, "error in malloc of buffer\n"); 
    goto clean_up; 
  } 
 
  amount_read=fread(big_buffer,1,length_of_file,list_file); 
  fprintf(stdout, "amount_read is %ld\n", amount_read); 
  if (amount_read == 0) { 
    goto clean_up; 
  } 
 
  number_of_list_entries = (long int)(amount_read/sizeof(unsigned int)); 
  fprintf(stdout, "number_of_list_entries is %ld\n", 
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number_of_list_entries); 
 
  init_Bins(); 
  init_statistics(); 
 
  fprintf(stderr, "ptd flag = %d\n", ptd_flag); 
  if (ptd_flag) { 
    dicom_header_offset = check_for_dicom_header(big_buffer, 
number_of_list_entries); 
    if (dicom_header_offset > 0) { 
      fprintf(stderr, "number of list entries %d, found dicom header at 
%d\n",  
          number_of_list_entries, dicom_header_offset); 
    }    
    number_of_list_entries = dicom_header_offset; 
    fprintf(stderr, "new number of list entries %d\n", 
number_of_list_entries); 
  }  
 
    for (event_word_index=0; event_word_index < number_of_list_entries; 
event_word_index++) { 
      UL_value = big_buffer[event_word_index]; 
      if (verbose_flag) { 
    fprintf(stdout, "%d ", event_word_index); 
    //fprintf(stdout, "%8.8X ", UL_value); 
      } 
 
      statistics[UL_value >> 28]++; 
 
      switch (UL_value >> 28 ) { 
      case 0: 
      case 1: 
      case 2: 
      case 3: 
    if (process_events_flag) 
      process_an_event_packet_Delay(UL_value); 
    break; 
      case 4: 
      case 5: 
      case 6: 
      case 7: 
    if (process_events_flag) 
      process_an_event_packet_Prompt(UL_value); 
    break; 
      case 0x8: 
      case 0x9: 
           process_TAG_1_Elapsed_Time_Marker(UL_value,&elapsed_time); 
    if (elapsed_time >= start_time_period) 
      process_events_flag=1; /* start processing events */ 
    else  
      process_events_flag=0; /* do not process event */ 
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    if (elapsed_time >= (start_time_period + 
(nth_time_period*duration_in_ms))) { 
      fprintf(stdout, "ending with TAG_1_Time_Marker %d milliseconds\n", 
elapsed_time); 
      output_sinogram(file_base_name, start_time_period + 
((nth_time_period-1)*duration_in_ms), elapsed_time); 
 
      /* if we are only to extract a single slide then finish up */ 
      if (extract_all == 0) 
        goto clean_up; 
 
      /* re-initialize the Bins and statistics vectors */ 
      init_Bins(); 
      init_statistics(); 
 
      process_events_flag=1; /* keep processing events */ 
      nth_time_period++;     /* increment the time period */ 
 
    } 
    break; 
      case 0xA: 
      case 0xB: 
    if (process_events_flag) 
      process_TAG_1_Dead_Time_Tracking(UL_value); 
    break; 
      case 0xC: 
      case 0xD: 
    if (process_events_flag) 
      process_TAG_2_Gantry_Motions_and_Positions(UL_value); 
    break; 
      case 0xE: 
    if (process_events_flag) 
      process_TAG_3_Patient_Monitoring_Gating_Physiological_Head_Tracking
(UL_value & 0x0FFFFFFF); 
    break; 
      case 0xF: 
    if (process_events_flag) 
      process_TAG_4_Control_or_Acquisition_Parameters(UL_value & 
0x0FFFFFFF); 
    break; 
 
      } 
      if (verbose_flag) 
    fprintf(stdout, "\n"); 
 
      /* At the end of the list output the final sinogram */ 
      if (event_word_index == (number_of_list_entries-1)) { 
    fprintf(stdout, "ending with last word in list at %d milliseconds\n", 
elapsed_time); 
    output_sinogram(file_base_name, start_time_period + 
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((nth_time_period-1)*duration_in_ms), elapsed_time);
    goto clean_up; 
      } 
       
 
    } 
 
 
   
  return(0); 
 
 clean_up: 
  fclose(list_file); 
 
  return(1); 
} 
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Appendix B: OSMAPOSL parameter file  

OSMAPOSLParameters := 
;lines starting with semicolons are comments 
objective function type:= \ 
PoissonLogLikelihoodWithLinearModelForMeanAndProjData 
PoissonLogLikelihoodWithLinearModelForMeanAndProjData Parameters:= 
; input, sensitivity and prior parameters here 
input file := name_of_input_file.hs 
; use -1 to use the maximum available 
maximum absolute segment number to process := 0 
zero end planes of segment 0 := 1 
; keywords that specify the projectors to be used 
Projector pair type := Matrix 
Projector Pair Using Matrix Parameters := 
; Use the PET Ray-tracing matrix. 
; This needs to be changed to SPECT UB when using SPECT data 
Matrix type := Ray Tracing 
Ray Tracing Matrix Parameters:= 
End Ray Tracing Matrix Parameters:= 
End Projector Pair Using Matrix Parameters := 
; background (e.g. randoms) 
additive sinogram := 0 
; sensitivity related keywords 
; time frame info used for dead-time calculation when using ECAT7 
;time frame definition filename:= 
;time frame number:= 1 
; normalisation and attenuation info 
; Bin Normalisation type:= None 
recompute sensitivity := 1 
use subset sensitivities:=1 ; recommended 
; optional filename to store/read the sensitivity image 
; (if use subset sensitivity is off) 
;sensitivity filename:= 
; optional filename to store/read the subsensitivities 
; use %d where you want the subset-number (a la printf) 
subset sensitivity filenames:= sens_%d.hv 
; keywords for specifying the prior information 
prior type := None 
; next keywords can be used to specify image size, but will be removed 
; they are ignored when using an initial image 
zoom := 1 
; use --1 for default sizes that cover the whole field of view 
XY output image size (in pixels) := -1 
end PoissonLogLikelihoodWithLinearModelForMeanAndProjData Parameters:= 
; set output file format, if omitted a default value will be used 
Output file format := Interfile 
Interfile Output File Format Parameters := 
; byte order := little-endian 
; number format := signed integer 
; number of bytes per pixel := 4 
End Interfile Output File Format Parameters := 
initial estimate:= 1  (or an estimate_image_file.hv) 
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number of subsets:= 12 
start at subset:= 0 
number of subiterations:= 4 
start at subiteration number:=1 
output filename prefix := name_of_output_file 
save estimates at subiteration intervals:= 2 
uniformly randomise subset order:= 1 
; keywords that specify the filtering that occurs after every subiteration 
; warning: do not normally use together with a prior 
inter-iteration filter subiteration interval := 4 
inter-iteration filter type := Separable Cartesian Metz 
; keywords below will depend on the filter type (see text) 
separable cartesian metz filter parameters := 
x-dir filter fwhm (in mm) := 6 
y-dir filter fwhm (in mm) := 6 
z-dir filter fwhm (in mm) := 6 
; use some sharpening here as example (not really recommended though) 
x-dir filter metz power := 2 
y-dir filter metz power := 2 
z-dir filter metz power := 2 
end separable cartesian metz filter parameters := 
; keywords that specify the filtering that occurs at the end 
; of the reconstruction 
post-filter type := None 
; keywords that specify the filtering that occurs before 
; multiplying with the update image 
inter-update filter subiteration interval := 4 
; would have to be filled in. 
inter-update filter type := None 
map model := additive 
; keywords for preventing too drastic (multiplicative) updates 
; below just set to their default values 
maximum relative change := 3.40282e+38 
minimum relative change := 0 
; enabling this will write the multiplicative update images 
; every sub-iteration 
write update image := 0 
END := 
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Appendix D: Source code for list decimation 

 

/* 
 * frac-decimate-list.c  
 * Read a Siemens PET event list from the KI/KS and decimate it (i.e., leave out 
a certain fraction of the events) 
 *  
 *  
 * compile with: 
 * gcc -g frac-decimate-list.c -lm -o fracdecimatelist 
 * 
 * run with: 
 *  ./frac-decimate-list.c filename.dcm decimation_ratio 
 * 
 * a decimation_ratio of 0.9, keep 90% of events 
 * a decimation_ratio of 0.8, keep 80% of event 
 * ... 
 * 
 * use the flag -v if you want verbose mode 
 * use the flag -h or just the program name to get usage information 
 */ 
 
#include <stdio.h> 
#include <stdlib.h> 
#include <string.h> 
#include <errno.h> 
 
#define Maximum_file_name_length 1000 
 
#define min(a, b) (((a) < (b)) ? (a) : (b)) 
 
extern int errno; 
char *strerror(int errnum); 
 
char *program_name; 
 
int verbose_flag=0;        /* 0 turns off verbose printing of messages */ 
 
float decimation_ratio; 
int prompt_event_number=0; 
int delayed_event_number=0; 
 
unsigned long int last_time_stamp; 
unsigned long int number_of_events_output=0; 
 
 
 
/** 
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 * strnstr - Find the first substring in a length-limited string 
 * s1: The string to be searched 
 * s2: The string to search for 
 * len: the maximum number of characters to search 
 */ 
char *strnstr(const char *s1, const char *s2, size_t len) 
{ 
  size_t l1 = len, l2; 
 
  l2 = strlen(s2); 
  if (!l2) 
    return (char *)s1; 
 
  while (l1 >= l2) { 
    l1--; 
    if (!memcmp(s1, s2, l2)) 
      return (char *)s1; 
    s1++; 
  } 
  return NULL; 
} 
 
void output_event(unsigned int value, FILE *fp) 
{ 
  size_t written_amount; 
 
  written_amount = fwrite(&value, sizeof(unsigned int), (long)1, fp); 
  if ( feof(fp) || ferror(fp)) 
    fprintf(stderr, "Error writing to output list at event %ld, \n", 
number_of_events_output); 
  number_of_events_output++; 
} 
 
 
 
void usage() 
{ 
  fprintf(stdout, "%s file_name decimation_ratio   ::does specified 
decimation\n", program_name); 
  fprintf(stdout, "use the flag -v if you want verbose mode\n"); 
  fprintf(stdout, "use the flag -h or just the program name to get usage 
information\n"); 
} 
 
 
int main(int argc, char **argv) 
{ 
  int i; 
  int arg_index; 
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  int dicom_header_flag=0; 
  int dicom_header_offset; 
  int file_name_length; 
 
  /* for parsing your way through the DICOM header */ 
  int keynumb=0; 
  int group; 
  int element; 
  int length; 
 
  int Interfile_header_found = 0; /* this is set to non-zero once the Interfile 
header is found */ 
  int Interfile_header_offset; 
  int Interfile_header_length; 
  char *Interfile_header_original; /* copy the original header */ 
  char *Interfile_header_new;      /* modified copy of the header */ 
  char number_of_events_in_list_as_string_original[32]; 
  char number_of_events_in_list_as_string_new[32]; 
  char *number_of_events_in_list_pointer; 
  char *number_of_event_pointer; 
  const char *event_count_key = "%total listmode word counts"; 
  int number_of_events_in_list_as_string_original_length; 
  int number_of_events_in_list_as_string_new_length; 
  int start_of_number; 
  int remaining_length; 
 
  long int file_offset; 
  long int length_of_file; 
  long int number_of_list_entries; /* must be a long int to accommodate lists 
larger than 4 Gbytes */ 
  long int event_word_index=0;       /* - ditto - above */ 
 
  long int final_length_offset; 
  long int list_offset; 
  unsigned int final_lenth = 0;        /* place holder */ 
   
  unsigned char *big_buffer; 
  unsigned int UL_value; 
 
  char *file_name; 
  char file_base_name[Maximum_file_name_length]; 
  char output_file_name[Maximum_file_name_length]; 
 
  FILE *list_file; 
  FILE *outputlist_file; 
 
  int outputlist_file_is_open=0; 
 
  size_t amount_read; 
  size_t amount_written; 
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  size_t option_index; 
 
  unsigned int seed;        /*  seed for random number generator */ 
  int random_integer; 
 
  verbose_flag = 0;        /* silent mode 0 */ 
   
  /* parse the command line argument(s) to the program */ 
  if (verbose_flag) 
    fprintf(stderr, "argc = %d\n", argc); 
 
  program_name = argv[0]; 
 
  /* if there is only the name of the program then print out usage instructions 
*/ 
  if (argc == 1) { 
    usage(); 
    return(-1); 
  } 
 
  arg_index=1; 
  do { 
    char const *option = argv[arg_index]; /* check each of the arguments to see 
if it is an option or positional argument */ 
 
    if (option[0] == '-') { 
      switch (option[1]) { 
      case 'v':  
    verbose_flag = 1; 
    break; 
 
      case 'h':  
    usage(); 
    return(-1); 
 
      default: 
    fprintf(stderr, "unrecognized flag %c\n", option[1]); 
    usage(); 
    return(-1); 
      }    
    } else { 
      file_name = argv[arg_index]; 
      fprintf(stdout, "file_name = %s, and arg_index = %d\n", file_name, 
arg_index); 
      arg_index++;                        /* used an argument */ 
 
      list_file=fopen(file_name,"rb"); 
      if (list_file == NULL) { 
    fprintf(stderr, "error opening file: %s, errno = %d, %s \n", file_name, 
errno, strerror(errno)); 
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    return(-1); 
      } 
 
      if (verbose_flag) 
    fprintf(stdout, "( argc - arg_index ) = %d\n", argc - arg_index); 
 
      switch(argc - arg_index) { 
      case 0:             /* no remaining arguments: default decimate by 0.5 */ 
    decimation_ratio=0.5; 
    arg_index++;        /* used another argument */ 
    break; 
 
      case 1:            /* specify a decimation ratio*/ 
    decimation_ratio=atof(argv[arg_index]); 
    arg_index++;        /* used another argument */ 
    break; 
 
      default: 
    fprintf(stderr, "too many arguments\n"); 
    usage(); 
    return(-1); 
      } 
    } 
    arg_index++; 
 
    if (verbose_flag) 
      fprintf(stderr, " at end of while loop arg_index = %d\n", arg_index);  
 
  } while ( arg_index < argc); 
 
 
  fprintf(stdout, "decimation ratio = %f\n", decimation_ratio); 
 
  memset(file_base_name, 0, Maximum_file_name_length); 
  strncpy(file_base_name, file_name, strlen(file_name)-4); 
  fprintf(stdout, "base name = %s\n", file_base_name); 
 
  /* read in the whole list */ 
 
  file_offset = 0; 
  if (verbose_flag) 
    fprintf(stdout, "initial file_offset %d \n", file_offset); 
 
  fseek(list_file, file_offset,  SEEK_END); 
 
  length_of_file=ftell(list_file); 
  if (verbose_flag) 
    fprintf(stdout, "length of list_file= %ld\n", length_of_file); 
 
  rewind(list_file); 
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  file_offset=ftell(list_file); 
  if (verbose_flag) 
    fprintf(stdout, "file_offset should be at start, it is at %ld \n", 
file_offset); 
 
  big_buffer=(unsigned char *)malloc((size_t)length_of_file); 
  if (big_buffer == NULL) { 
    fprintf(stderr, "error in malloc of buffer\n"); 
    goto clean_up; 
  } 
 
  amount_read=fread(big_buffer,1,length_of_file,list_file); 
  fprintf(stdout, "amount_read is %ld\n", amount_read); 
  if (amount_read == 0) { 
    goto clean_up; 
  } 
 
  /* Process the DICOM header */ 
 
  /* skip first 128 bytes */ 
  file_offset=128; 
 
  /* sanity check for "DICM" */ 
  if ((strncmp(&big_buffer[file_offset], "DICM", 4)) == 0) 
    fprintf(stdout, "possibly a DICOM file\n"); 
  else  fprintf(stdout, "not a DICOM file\n"); 
  //    fprintf(stdout, "%c  %x", big_buffer[file_offset]); 
   
  file_offset = file_offset + 4; 
 
  /* parse through the DICOM header to find the list mode data */ 
  for (keynumb=0; keynumb < 1000; keynumb++) { 
    group = big_buffer[file_offset+1]*256 + big_buffer[file_offset]; 
    element = big_buffer[file_offset+3]*256 + big_buffer[file_offset+2]; 
    /*    if (verbose_flag) */ 
      fprintf(stdout, "%d ", file_offset); 
    /*    if (verbose_flag) */ 
      fprintf(stdout, "%4.4X,%4.4X ", group, element); 
     
    if (group == 0x7FE1 && element == 0x1010) { /* we have reached the data */ 
      fprintf(stdout, "Data ...\n", group, element); 
      goto process_list; 
      break; 
    } 
 
    if (group == 0x7FE0 && element == 0x0010) { /* we have reached the data */ 
      /*      if (verbose_flag) */ 
    fprintf(stdout, "Data* ...\n", group, element); 
      break; 
    } 
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    if ((strncmp(&big_buffer[file_offset+4], "UL", 2)) == 0) { 
      fprintf(stdout, "UL"); 
      length = big_buffer[file_offset+7]<<8 | big_buffer[file_offset+6]; 
      UL_value = big_buffer[file_offset+11]<< 24 | 
    big_buffer[file_offset+10]<< 16 | 
    big_buffer[file_offset+9]<< 8 | 
    big_buffer[file_offset+8]; 
       
        if (verbose_flag) 
      fprintf(stdout, "UL length=%d, value=%8.8x\n", length, UL_value); 
      //    fprintf(stdout, "%2.2X%2.2X %2.2X%2.2X\n", 
big_buffer[file_offset+8],big_buffer[file_offset+9], 
big_buffer[file_offset+10],big_buffer[file_offset+11]); 
      file_offset = file_offset + 12; 
      continue; 
    } 
     
    if ((strncmp(&big_buffer[file_offset+4], "OB", 2)) == 0) { 
      fprintf(stdout, "OB "); 
      if ((big_buffer[file_offset+6] == 0) && (big_buffer[file_offset+7] == 0)) 
    length = big_buffer[file_offset+11]<<8 | big_buffer[file_offset+10]<<8 | 
big_buffer[file_offset+9]<<8 | big_buffer[file_offset+8]; 
      else  
    fprintf(stdout, "byte following OB is %4.4x", big_buffer[file_offset+6]); 
      if (length != 0) { 
    fprintf(stdout, "length=%d, value=", length); 
    for (i=0; i < length; i++) 
      fprintf(stdout, "%c", big_buffer[file_offset+12+i]); 
    file_offset = file_offset + 12 + length; 
      } else { 
    file_offset = file_offset + 12; 
      } 
 
      fprintf(stdout, "\n"); 
      continue; 
    } 
 
    if ((strncmp(&big_buffer[file_offset+4], "OW", 2)) == 0) { 
      fprintf(stdout, "OW "); 
      if ((big_buffer[file_offset+6] == 0) && (big_buffer[file_offset+7] == 0)) 
    length = big_buffer[file_offset+11]<<8 | big_buffer[file_offset+10]<<8 | 
big_buffer[file_offset+9]<<8 | big_buffer[file_offset+8]; 
      else  
    fprintf(stdout, "byte following OW is %4.4x", big_buffer[file_offset+6]); 
      if (length != 0) { 
    fprintf(stdout, "length=%d, value=", length); 
    for (i=0; i < length; i++) 
      fprintf(stdout, "%c", big_buffer[file_offset+12+i]); 
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    file_offset = file_offset + 12 + length; 
      } else { 
    file_offset = file_offset + 12; 
      } 
 
      fprintf(stdout, "\n"); 
      continue; 
    } 
 
    if ((strncmp(&big_buffer[file_offset+4], "SQ", 2)) == 0) { 
      fprintf(stdout, "SQ "); 
      if ((big_buffer[file_offset+6] == 0) && (big_buffer[file_offset+7] == 0)) 
    length = big_buffer[file_offset+11]<<8 | big_buffer[file_offset+10]<<8 | 
big_buffer[file_offset+9]<<8 | big_buffer[file_offset+8]; 
      else  
    fprintf(stdout, "byte following SQ is %4.4x", big_buffer[file_offset+6]); 
      if (length != 0) { 
    fprintf(stdout, "length=%d, value=", length); 
    for (i=0; i < length; i++) 
      fprintf(stdout, "%c", big_buffer[file_offset+12+i]); 
    file_offset = file_offset + 12 + length; 
      } else { 
    file_offset = file_offset + 12; 
      } 
 
      fprintf(stdout, "\n"); 
      continue; 
    } 
 
    if ((strncmp(&big_buffer[file_offset+4], "UI", 2)) == 0) { 
      fprintf(stdout, "UI "); 
      length = big_buffer[file_offset+7]<<8 | big_buffer[file_offset+6]; 
      if (length != 0) { 
    fprintf(stdout, "length=%d, value=", length); 
    for (i=0; i < length; i++) 
      fprintf(stdout, "%c", big_buffer[file_offset+8+i]); 
    file_offset = file_offset + 8 + length; 
      } else { 
    file_offset = file_offset + 8; 
      } 
      fprintf(stdout, "\n"); 
      continue; 
    } 
 
    if ((strncmp(&big_buffer[file_offset+4], "SH", 2)) == 0) { 
      fprintf(stdout, "SH "); 
      length = big_buffer[file_offset+7]<<8 | big_buffer[file_offset+6]; 
      if (length != 0) { 
    fprintf(stdout, "length=%d, value=", length); 
    for (i=0; i < length; i++) 
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      fprintf(stdout, "%c", big_buffer[file_offset+8+i]); 
    file_offset = file_offset + 8 + length; 
      } else { 
    file_offset = file_offset + 8; 
      } 
      fprintf(stdout, "\n"); 
      continue; 
    } 
 
     
    if ((strncmp(&big_buffer[file_offset+4], "CS", 2)) == 0) { 
      fprintf(stdout, "CS "); 
      length = big_buffer[file_offset+7]<<8 | big_buffer[file_offset+6]; 
      if (length != 0) { 
    fprintf(stdout, "length=%d, value=", length); 
    for (i=0; i < length; i++) 
      fprintf(stdout, "%c", big_buffer[file_offset+8+i]); 
    file_offset = file_offset + 8 + length; 
      } else { 
    file_offset = file_offset + 8; 
      } 
 
      fprintf(stdout, "\n"); 
      continue; 
    } 
 
    if ((strncmp(&big_buffer[file_offset+4], "DA", 2)) == 0) { 
      fprintf(stdout, "DA "); 
      length = big_buffer[file_offset+7]<<8 | big_buffer[file_offset+6]; 
      if (length != 0) { 
    fprintf(stdout, "length=%d, value=", length); 
    for (i=0; i < length; i++) 
      fprintf(stdout, "%c", big_buffer[file_offset+8+i]); 
    file_offset = file_offset + 8 + length; 
      } else { 
    file_offset = file_offset + 8; 
      } 
 
      fprintf(stdout, "\n"); 
      continue; 
    } 
 
    if ((strncmp(&big_buffer[file_offset+4], "TM", 2)) == 0) { 
      fprintf(stdout, "TM "); 
      length = big_buffer[file_offset+7]<<8 | big_buffer[file_offset+6]; 
      if (length != 0) { 
    fprintf(stdout, "length=%d, value=", length); 
    for (i=0; i < length; i++) 
      fprintf(stdout, "%c", big_buffer[file_offset+8+i]); 
    file_offset = file_offset + 8 + length; 
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      } else { 
    file_offset = file_offset + 8; 
      } 
 
      fprintf(stdout, "\n"); 
      continue; 
    } 
 
    if ((strncmp(&big_buffer[file_offset+4], "DT", 2)) == 0) { 
      fprintf(stdout, "TM "); 
      length = big_buffer[file_offset+7]<<8 | big_buffer[file_offset+6]; 
      if (length != 0) { 
    fprintf(stdout, "length=%d, value=", length); 
    for (i=0; i < length; i++) 
      fprintf(stdout, "%c", big_buffer[file_offset+8+i]); 
    file_offset = file_offset + 8 + length; 
      } else { 
    file_offset = file_offset + 8; 
      } 
      fprintf(stdout, "\n"); 
      continue; 
    } 
 
    if ((strncmp(&big_buffer[file_offset+4], "LO", 2)) == 0) { 
      fprintf(stdout, "LO "); 
      length = big_buffer[file_offset+7]<<8 | big_buffer[file_offset+6]; 
      if (length != 0) { 
    fprintf(stdout, "length=%d, value=", length); 
    for (i=0; i < length; i++) 
      fprintf(stdout, "%c", big_buffer[file_offset+8+i]); 
    file_offset = file_offset + 8 + length; 
      } else 
    file_offset = file_offset + 8; 
      fprintf(stdout, "\n"); 
      continue; 
    } 
 
    if ((strncmp(&big_buffer[file_offset+4], "LT", 2)) == 0) { 
      fprintf(stdout, "LT "); 
      length = big_buffer[file_offset+7]<<8 | big_buffer[file_offset+6]; 
      if (length != 0) { 
    fprintf(stdout, "length=%d, value=", length); 
    for (i=0; i < length; i++) 
      fprintf(stdout, "%c", big_buffer[file_offset+8+i]); 
    file_offset = file_offset + 8 + length; 
      } else 
    file_offset = file_offset + 8; 
      fprintf(stdout, "\n"); 
      continue; 
    } 
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    if ((strncmp(&big_buffer[file_offset+4], "ST", 2)) == 0) { 
      fprintf(stdout, "ST "); 
      length = big_buffer[file_offset+7]<<8 | big_buffer[file_offset+6]; 
      if (length != 0) { 
    fprintf(stdout, "length=%d, value=", length); 
    for (i=0; i < length; i++) 
      fprintf(stdout, "%c", big_buffer[file_offset+8+i]); 
    file_offset = file_offset + 8 + length; 
      } else { 
    file_offset = file_offset + 8; 
      } 
      fprintf(stdout, "\n"); 
      continue; 
    } 
 
 
    if ((strncmp(&big_buffer[file_offset+4], "PN", 2)) == 0) { 
      fprintf(stdout, "PN "); 
      length = big_buffer[file_offset+7]<<8 | big_buffer[file_offset+6]; 
      if (length != 0) { 
    fprintf(stdout, "length=%d, value=", length); 
    for (i=0; i < length; i++) 
      fprintf(stdout, "%c", big_buffer[file_offset+8+i]); 
    file_offset = file_offset + 8 + length; 
      } else { 
    file_offset = file_offset + 8; 
      } 
 
      fprintf(stdout, "\n"); 
      continue; 
    } 
 
    if ((strncmp(&big_buffer[file_offset+4], "AS", 2)) == 0) { 
      fprintf(stdout, "AS "); 
      length = big_buffer[file_offset+7]<<8 | big_buffer[file_offset+6]; 
      if (length != 0) { 
    fprintf(stdout, "length=%d, value=", length); 
    for (i=0; i < length; i++) 
      fprintf(stdout, "%c", big_buffer[file_offset+8+i]); 
    file_offset = file_offset + 8 + length; 
      } else { 
    file_offset = file_offset + 8; 
      } 
 
      fprintf(stdout, "\n"); 
      continue; 
    } 
 
    if ((strncmp(&big_buffer[file_offset+4], "DS", 2)) == 0) { 
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      fprintf(stdout, "DS "); 
      length = big_buffer[file_offset+7]<<8 | big_buffer[file_offset+6]; 
      if (length != 0) { 
    fprintf(stdout, "length=%d, value=", length); 
    for (i=0; i < length; i++) 
      fprintf(stdout, "%c", big_buffer[file_offset+8+i]); 
    file_offset = file_offset + 8 + length; 
      } else 
    file_offset = file_offset + 8; 
      fprintf(stdout, "\n"); 
      continue; 
    } 
 
    if ((strncmp(&big_buffer[file_offset+4], "IS", 2)) == 0) { 
      fprintf(stdout, "IS "); 
      length = big_buffer[file_offset+7]<<8 | big_buffer[file_offset+6]; 
      if (length != 0) { 
    fprintf(stdout, "length=%d, value=", length); 
    for (i=0; i < length; i++) 
      fprintf(stdout, "%c", big_buffer[file_offset+8+i]); 
    file_offset = file_offset + 8 + length; 
      } else { 
    file_offset = file_offset + 8; 
      } 
 
      fprintf(stdout, "\n"); 
      continue; 
    } 
 
 
    if ((strncmp(&big_buffer[file_offset+4], "FD", 2)) == 0) { 
      fprintf(stdout, "FD "); 
      length = big_buffer[file_offset+7]<<8 | big_buffer[file_offset+6]; 
      if (length != 0) { 
    fprintf(stdout, "length=%d, value=", length); 
    for (i=0; i < length; i++) 
      fprintf(stdout, "%c", big_buffer[file_offset+8+i]); 
    file_offset = file_offset + 8 + length; 
      } else { 
    file_offset = file_offset + 8; 
      } 
 
      fprintf(stdout, "\n"); 
      continue; 
    } 
 
    if ((strncmp(&big_buffer[file_offset+4], "US", 2)) == 0) { 
      fprintf(stdout, "US "); 
      length = big_buffer[file_offset+7]<<8 | big_buffer[file_offset+6]; 
      if (length != 0) { 
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    fprintf(stdout, "length=%d, value=", length); 
    for (i=0; i < length; i++) 
      fprintf(stdout, "%c", big_buffer[file_offset+8+i]); 
    file_offset = file_offset + 8 + length; 
      } else 
    file_offset = file_offset + 8; 
      fprintf(stdout, "\n"); 
      continue; 
    } 
 
    if ((strncmp(&big_buffer[file_offset+4], "FL", 2)) == 0) { 
      fprintf(stdout, "FL "); 
      length = big_buffer[file_offset+7]<<8 | big_buffer[file_offset+6]; 
      if (length != 0) { 
    fprintf(stdout, "length=%d, value=", length); 
    for (i=0; i < length; i++) 
      fprintf(stdout, "%c", big_buffer[file_offset+8+i]); 
    file_offset = file_offset + 8 + length; 
      } else 
    file_offset = file_offset + 8; 
      fprintf(stdout, "\n"); 
      continue; 
    } 
 
 
 
    fprintf(stdout, "XX "); 
    length = big_buffer[file_offset+7]<<8 | big_buffer[file_offset+6] | 
big_buffer[file_offset+5]<<8 | big_buffer[file_offset+4]; 
    if (length != 0) { 
      fprintf(stdout, "length=%d, value=", length); 
      for (i=0; i < length; i++) 
    fprintf(stdout, "%c", big_buffer[file_offset+8+i]); 
 
      if (group == 0x0029 && element == 0x1010) { /* we have reached the 
Interfile header, remember where we are and how long it is */ 
    Interfile_header_found = 1; 
    Interfile_header_offset = file_offset+8; /* the extra 8 are to avoid writing 
on the group, element, and length values */ 
    Interfile_header_length = length; 
    fprintf(stdout, "Interfile header found at offset = %d, of length = %d\n", 
Interfile_header_offset, Interfile_header_length); 
 
    /* save the current Interfile header */ 
    Interfile_header_original=(unsigned char *)malloc((size_t)length); 
    memset(Interfile_header_original, 0, length); 
    for (i=0; i < length; i++) 
      Interfile_header_original[i] = big_buffer[file_offset+8+i]; 
 
    if (verbose_flag) { 
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      fprintf(stdout, "saved away Interfile header as:\n"); 
      for (i=0; i < length; i++) 
        fprintf(stdout, "%c", Interfile_header_original[i]); 
 
      fprintf(stdout, "\n");     
    } 
      } 
 
      file_offset = file_offset + 8 + length; 
      fprintf(stdout, "\n"); 
 
      continue; 
    } else { 
      fprintf(stdout, "length=%d", length); 
      file_offset = file_offset + 8; 
      fprintf(stdout, "\n"); 
      continue; 
    } 
 
    fprintf(stdout, "\n");     
 
  } 
 
  fprintf(stderr, "Failed to find list mode data\n"); 
 
  return(-1); 
 
 process_list: 
 
  /* create output list file */ 
 
  memset(output_file_name, 0, Maximum_file_name_length); 
 
  sprintf(output_file_name, "%s-decimated-by-%f.dcm", file_base_name, 
decimation_ratio); 
  outputlist_file=fopen(output_file_name,"wb"); 
  outputlist_file_is_open = 1; 
 
  /* copy DICOM header to output list - to give it a DICOM header */ 
  /* at this point file_offset+4 points to the start of where the length will 
later have to be written */ 
  final_length_offset = file_offset+4; 
  fwrite(big_buffer, sizeof(unsigned char),  final_length_offset, 
outputlist_file);   
 
  final_lenth = 0;        /* place holder */ 
  fwrite(&final_lenth, sizeof(unsigned int), (long int)1, outputlist_file);   
 
  /* pointer to the start of the list data */ 
  list_offset = final_length_offset + 4; 
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  seed = 2; 
  srand(seed); 
 
  number_of_list_entries = (long int)(amount_read - list_offset)/sizeof(unsigned 
int); 
  fprintf(stdout, "number_of_list_entries is %ld\n", number_of_list_entries); 
 
    for (event_word_index=0; event_word_index < number_of_list_entries; 
event_word_index++) { 
      UL_value = big_buffer[event_word_index*4 + list_offset] +  
    (big_buffer[event_word_index*4 + list_offset + 1] << 8) + 
    (big_buffer[event_word_index*4 + list_offset + 2] << 16) + 
    (big_buffer[event_word_index*4 + list_offset + 3] << 24); 
 
      if (verbose_flag) { 
    fprintf(stdout, "%d ", event_word_index); 
    //fprintf(stdout, "%8.8X ", UL_value); 
      } 
 
      switch (UL_value >> 28 ) { 
      case 0: 
      case 1: 
      case 2: 
      case 3: 
    random_integer = rand(); 
    if ( ((float)random_integer/(float)RAND_MAX) < decimation_ratio)  { 
      output_event(UL_value, outputlist_file); 
    } 
    delayed_event_number++; 
    break; 
      case 4: 
      case 5: 
      case 6: 
      case 7: 
    random_integer = rand(); 
    if ( ((float)random_integer/(float)RAND_MAX) < decimation_ratio)  { 
      output_event(UL_value, outputlist_file); 
    } 
    prompt_event_number++; 
    break; 
      case 0x8: 
      case 0x9: 
    output_event(UL_value, outputlist_file); 
    break; 
      case 0xA: 
      case 0xB: 
    output_event(UL_value, outputlist_file); 
    break; 
      case 0xC: 
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      case 0xD: 
    output_event(UL_value, outputlist_file); 
    break; 
      case 0xE: 
    output_event(UL_value, outputlist_file); 
      case 0xF: 
    output_event(UL_value, outputlist_file); 
    break; 
 
      } 
      if (verbose_flag) 
    fprintf(stdout, "\n"); 
 
      /* At the end of the list output the final sinogram */ 
      if (event_word_index == (number_of_list_entries-1)) { 
    fprintf(stdout, "ending with last word in list\n"); 
    goto clean_up; 
      } 
       
 
    } 
 
 
   
  return(0); 
 
 clean_up: 
  fclose(list_file); 
  if (outputlist_file_is_open) { 
    rewind(outputlist_file); 
    fseek(outputlist_file, final_length_offset,  SEEK_CUR); 
 
    if (number_of_events_output >> 30) { 
      fprintf(stderr, "more than 4GB of events in list\n"); 
    } 
    final_lenth = (unsigned int)((number_of_events_output * 4 ) & 0xFFFFFFFF); 
    fprintf(stdout, "final_lenth (i.e., number of events output) = %d\n", 
final_lenth); 
    fwrite(&final_lenth, sizeof(unsigned int), (long int)1, outputlist_file);   
 
    if (Interfile_header_found) { 
      rewind(outputlist_file); 
      fseek(outputlist_file, Interfile_header_offset,  SEEK_CUR); 
       
      /* update the number of events in the Interfile header - do this in a new 
copy */ 
      Interfile_header_new=(unsigned char 
*)malloc((size_t)Interfile_header_length); 
      memset(Interfile_header_new, 0, Interfile_header_length); 
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      /* clear the buffers to put the string version of the number of events in 
the list */ 
      memset(number_of_events_in_list_as_string_original, 0, 32); 
      memset(number_of_events_in_list_as_string_new, 0, 32); 
       
      if (verbose_flag) 
    fprintf(stdout, "Interfile header is %s\n", Interfile_header_original); 
 
      /* in the original header look for the key "%total listmode word counts" 
*/ 
      number_of_events_in_list_pointer = strnstr(Interfile_header_original, 
event_count_key, (size_t)Interfile_header_length); 
      if (number_of_events_in_list_pointer != NULL) { 
 
    /* skip key */ 
    number_of_events_in_list_pointer+= strlen(event_count_key); 
     
    /* skip white space */ 
    while (*number_of_events_in_list_pointer == ' ') { 
      number_of_events_in_list_pointer++; 
    } 
    if (*number_of_events_in_list_pointer == ':') 
      number_of_events_in_list_pointer++; 
    if (*number_of_events_in_list_pointer == '=') 
      number_of_events_in_list_pointer++; 
 
    while (*number_of_events_in_list_pointer == ' ') { 
      number_of_events_in_list_pointer++; 
    } 
 
    /* remember where the number is */ 
    number_of_event_pointer = number_of_events_in_list_pointer; 
 
    for (i=0; i < 32; i++) { 
      if (*number_of_events_in_list_pointer == 0xd) 
        break; 
      number_of_events_in_list_as_string_original[i]=*number_of_events_in_list_p
ointer; 
      number_of_events_in_list_pointer++; 
    } 
     
    number_of_events_in_list_as_string_original_length = 
strlen(number_of_events_in_list_as_string_original); 
    fprintf(stdout, "number_of_events_in_list_as_string_original = %s, with 
string length = %d\n", number_of_events_in_list_as_string_original, 
number_of_events_in_list_as_string_original_length); 
 
    fprintf(stdout, "original number of events = %s\n", 
number_of_events_in_list_as_string_original); 
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    /*     strncpy(Interfile_header_new, Interfile_header_original, 
Interfile_header_length); */ 
 
 
    sprintf(number_of_events_in_list_as_string_new, "%d", 
number_of_events_output); 
 
    number_of_events_in_list_as_string_new_length = 
strlen(number_of_events_in_list_as_string_new); 
    fprintf(stdout, "new number of events = %s, new length = %d\n", 
number_of_events_in_list_as_string_new, 
number_of_events_in_list_as_string_new_length); 
 
    /* copy old Interfile header upto the start of the number of events to the 
new Interfile header */ 
    start_of_number = (int)(number_of_event_pointer-Interfile_header_original); 
    fprintf(stderr, "start_of_number = %d\n", start_of_number); 
 
    strncpy(Interfile_header_new, Interfile_header_original, 
(size_t)start_of_number); 
 
    /* insert new count */ 
    strncpy(&Interfile_header_new[start_of_number], 
number_of_events_in_list_as_string_new, 
(size_t)number_of_events_in_list_as_string_new_length); 
 
    /* copy remainder of header */ 
    remaining_length = Interfile_header_length - (start_of_number + 
number_of_events_in_list_as_string_original_length); 
    strncpy(&Interfile_header_new[start_of_number + 
number_of_events_in_list_as_string_new_length], 
&Interfile_header_original[start_of_number + 
number_of_events_in_list_as_string_original_length], (size_t)remaining_length); 
 
    /* write out the update Interfile header - not that it must be exactly the 
same size as the original header */ 
    fwrite(Interfile_header_new, sizeof(char), (long 
int)Interfile_header_length, outputlist_file);   
      } else { 
    fprintf(stderr, "unable to find key %s in Interfile header\n", 
event_count_key); 
      } 
 
    } 
 
 
    fclose(outputlist_file); 
  } 
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  return(1); 
} 
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