

  
    
            
        
      
      
        
          
        

        
          
            
          
        
        
          
            
              
                
              
            

            
              
                
                  Äskettäin haettu
                

              

                
                  
                      
                      
                        
                      
                  

                
              
                Ei tuloksia
              

            

          

          
            
              

                
              
            

            
              
                Tags
              

              
                
                  
                      
                  
                
              

              
                

              

              
                Ei tuloksia
              

            

          

          
            
              
                
              
            

            
              
                Asiakirja
              

              
                
                  
                      
                  
                
              

              
                

              

              
                Ei tuloksia
              

            

          

        

      

    

    
      
        
          
        
      
              

                        
  
  

                
            
            
        
        Suomi
                        
          
            
            
              
                Koti
                
                  
                
              
              
                Koulut
                
                  
                
              
              
                Aiheet
                
                  
                
              
            

          

        


        
          Kirjautunut
        
        
        
        
        
          

  





  
    
      
      	
            
              
              
            
            Poista
          
	
            
              
              
            
          
	
            
              
                
              
              
            
          
	
          

        
	Ei tuloksia


      
        
          
        
      
    

  







  
      
  
    
    	
                                    
              Koti
            
            




	
                          
                
              
                        
              Muu
            
            


      
                  Studies on accuracy and reliability of gated myocardial perfusion SPECT
      

      
        
          
            
              
                
              
            
            
            
              
                Jaa "Studies on accuracy and reliability of gated myocardial perfusion SPECT"

                
                  
                    
                  
                  
                    
                  
                  
                    
                  
                  
                    
                  
                

                
                  

                  
                    COPY
                  
                

              

            

          

          
            
              

                
              
            
          

        

      

    

    
      
        
          
            
              
            
                          
                N/A
              
                      


          
            
              
            
                          
                N/A
              
                      

        

        
                      
              
                
              
                               Protected
                          

                    
            
              
            
            
              Lukuvuosi: 
                2023
              
            

          

        

        
          
            
            
                
                    
                
                Info
                
                

            
            

            

                        
  

                
        Lataa
          
              

          
            
              
                
                Protected

              

              
                
                
                  Academic year: 2023
                

              

            

            
              
                
                  
                
                
                
                  
                    Jaa "Studies on accuracy and reliability of gated myocardial perfusion SPECT"

                    
                      
                        
                      
                      
                        
                      
                      
                        
                      
                      
                        
                      
                    

                    
                      

                      
                        
                      
                    

                    Copied!

                  

                

              

              
                
                  
                
              

            

            
              
                
                106
              

              
                
                0
              

              
                
                0
              

            

          

        

      

      
        
                              
            
            106
          

          
            
            0
          

          
            
            0
          

        

      

    

  



  
        
                    
  
    
    
      
        Ladataan....
        (näytä koko teksti nyt)
      

      
        
      

      
      

    

  




  
      

                    Näytä lisää (   sivua )
        
  


  
      

                    Lataa nyt ( 106 sivua )
      



      
            
  
    Kokoteksti

    
      (1)
Dissertations in Forestry  and Natural Sciences


DISSERTATIONS  |  MATTI KORTELAINEN  |   STUDIES ON ACCURACY AND RELIABILITY OF GATED MYOCARDIAL PERFUSION...  |  No 4



MATTI KORTELAINEN



STUDIES ON ACCURACY  AND RELIABILITY OF  GATED MYOCARDIAL 



PERFUSION SPECT


PUBLICATIONS OF 


THE UNIVERSITY OF EASTERN FINLAND



(2)
(3)PUBLICATIONS OF THE UNIVERSITY OF EASTERN FINLAND
 DISSERTATIONS IN FORESTRY AND NATURAL SCIENCES


N:o 457



Matti Kortelainen



STUDIES ON ACCURACY AND



RELIABILITY OF GATED MYOCARDIAL PERFUSION SPECT


ACADEMIC DISSERTATION


To be presented by the permission of the Faculty of Science and Forestry for pub-
 lic examination in the Auditorium CA101 in Canthia Building at the University of
 Eastern Finland, Kuopio, on December 22nd, 2021, at 5 p.m.


University of Eastern Finland
 Department of Applied Physics


Kuopio 2021



(4)PunaMusta Oy
 Joensuu, 2021


Editors: Pertti Pasanen, Jukka Tuomela,
 Matti Tedre, Raine Kortet,


and Nina Hakulinen


Distribution:


University of Eastern Finland Library / Sales of publications
 julkaisumyynti@uef.fi


http://www.uef.fi/kirjasto


ISBN: 978-952-61-4427-6 (print)
 ISSNL: 1798-5668


ISSN: 1798-5668
 ISBN: 978-952-61-4428-3 (pdf)


ISSNL: 1798-5668
ISSN: 1798-5676



(5)Author’s address: University of Eastern Finland
 Department of Applied Physics
 P.O.Box 1627


70211 KUOPIO
 FINLAND


email: matti.kortelainen@uef.fi
 Supervisors: Professor Marko Vauhkonen


University of Eastern Finland
 Department of Applied Physics
 P.O.Box 1627


70211 KUOPIO
 FINLAND


email: marko.vauhkonen@uef.fi
 Docent Mikko Hakulinen
 Kuopio University Hospital
 Diagnostic Imaging Center
 P.O.Box 100


70029 KUOPIO
 FINLAND


email: mikko.hakulinen@kuh.fi
 Docent Tuomas Koivumäki
 Central Finland Central Hospital
 Department of Medical Physics
 40620 JYVÄSKYLÄ


FINLAND


email: tuomas.koivumaki@ksshp.fi


Reviewers: Professor Mika Teräs


University of Turku
 Institute of Biomedicine


20014 UNIVERSITY OF TURKU
 FINLAND


email: teras@utu.fi


Adjunct Professor Stephan Nekolla
 Klinikum rechts der Isar der
 Technischen Universität München


Nuklearmedizinische Klinik und Poliklinik
 Ismaninger Str. 22


81675 MÜNCHEN
 GERMANY


email: stephan.nekolla@tum.de


Opponent: Professor Michael A. King


University of Massachusetts Medical School
 Department of Radiology


55 Lake Avenue North
 Worcester MA 01655


UNITED STATES OF AMERICA
email: michael.king@umassmed.edu



(6)
(7)Matti Kortelainen


Studies on accuracy and reliability of gated myocardial perfusion SPECT
 Kuopio: University of Eastern Finland, 2021


Publications of the University of Eastern Finland
 Dissertations in Forestry and Natural Sciences N:o 457


ABSTRACT


Myocardial perfusion single-photon emission computed tomography (MPS) imag-
 ing study is performed to examine blood flow of the heart noninvasively. Acquir-
 ing an electrocardiogram (ECG) during MPS image acquisition enables ECG gat-
 ing, which further enables examination of myocardial wall dynamics and especially
 quantification of left ventricular (LV) mechanical (dys)synchrony with phase analy-
 sis, enhancing diagnostic power of MPS study. Due to the fact that the images need
 to be acquired over multiple cardiac contraction/relaxation cycles, however, gated
 MPS study is susceptible to artifacts caused by gross patient motion, respiratory
 motion, and heart rate variability (HRV).


In this thesis, accuracy and reliability of gated MPS under the influence of
 means to correct for the above-mentioned artifacts were studied. Shortening of
 image acquisition time was examined by utilizing clinical gated MPS list-mode data
 and omitting parts of these data. This way, relative acquisition times from 100%


(full-time) to 20% were simulated. Respiratory gating and data-conserving respira-
 tory motion compensation methods were studied by measuring thoracic electrical
 bioimpedance during image acquisition and utilizing this signal to sort emission
 data according to the phases of respiration. A custom-designed cardiac phantom
 was utilized to optimize respiratory gating and to compare and validate promising
 data-conserving motion compensation methods, the best of which was ultimately
 selected to reconstruct clinical gated MPS data. HRV and relative activity (AR) in
 the image corresponding to the end of ECG-gated image series were quantified to
 study their relationship and the effect of varying degree of HRV on phase analysis
 values. With the aim to compensate for HRV, incorporation of acquisition time to
 the reconstruction was also studied.


It was found that shortening of image acquisition time to 60% of the current clin-
 ical standard is possible without negatively affecting the reliability of a majority of
 gated MPS results; however, reliability of phase analysis was seriously compromised
 already at the relative acquisition time of 80%. Respiratory motion compensation by
 respiratory gating was found to have very limited effects on the analysis of LV func-
 tion. With the optimized respiratory gating combined with data-conserving motion
 compensation, it was found that respiratory motion compensation improves image
 quality and affects several functional parameters, including phase analysis values
 which were found to increase as a result of respiratory motion compensation. Re-
 duction of AR (increase of HRV) seriously compromised the reliability of phase
 analysis; however, incorporation of acquisition time to the reconstruction improved
 this reliability significantly.


This thesis showed that respiratory motion and HRV have negative impacts on
accuracy and reliability of gated MPS studies, respectively, but they can be compen-
sated for by employing more accurate reconstruction strategies. Shortening of image
acquisition time to reduce motion artifacts also has a negative impact on reliability



(8)of gated MPS studies, and methods to compensate for this impact need to be further
 investigated.
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1 Introduction


Heart is an organ that pumps blood through the cardiovascular system. This is re-
 alized by the synchronous contraction and relaxation of a multitude of myocardial
 cells which themselves receive oxygenated blood via coronary arteries. In coro-
 nary artery disease, these arteries become narrower or even completely obstructed
 (stenosis), disabling blood flow to the myocardial cells. Coronary artery disease is
 the leading cause of death worldwide [1].


An invasive way to evaluate the state of this disease is coronary angiography
 which may be considered a gold standard [2]. In addition, fractional flow reserve
 may be measured to provide information on the physiologic impact of stenoses;


however, this procedure can lead to coronary artery injuries [3]. Thus, noninva-
 sive imaging methods may be preferred. These methods include coronary com-
 puted tomography (CT) angiography, cardiac magnetic resonance imaging (MRI),
 CT perfusion imaging, myocardial perfusion positron emission tomography (PET),
 myocardial perfusion single-photon emission computed tomography (SPECT) and
 echocardiography [3]. While CT methods, MRI and PET have higher overall accu-
 racy for detecting coronary artery disease than SPECT (sensitivity = 70%, specificity


= 78%), the advantages of SPECT include its more widespread availability and the
 fact that it can be performed in all patients [3].


Myocardial perfusion SPECT (MPS) bases on the fact that intravenously injected
 radiopharmaceuticals accumulate to the heart in proportion to the blood flow, i.e.,
 the regions of decreased blood flow or perfusion accumulate lesser amounts of ra-
 dioactive tracer. Thus, the reconstructed three-dimensional (3D) image of the heart
 shows the regions of decreased perfusion as regions of lower intensity. Due to no-
 ticeably higher perfusion compared to the walls of other heart chambers, MPS study
 is mainly performed to study the left ventricle of the heart.


Acquiring an electrocardiogram (ECG) during MPS study enables synchroniza-
 tion of image acquisition with specific phases of cardiac cycle, known as ECG gating.


As a result, a series of images is obtained, which further enables examination of my-
 ocardial wall dynamics. A rather novel technology in this area is quantification of
 mechanical (dys)synchrony of the left ventricle of the heart with phase analysis, the
 results of which have potential to identify patients who would benefit from cardiac
 resynchronization therapy.


As the radiation dose to the patient is set to be as low as reasonably achievable,
 the injected activity is also low. As a result, the duration of the MPS study needs
 to be relatively long (several minutes) to acquire an image of sufficiently good qual-
 ity. Thus, motion artifacts are likely to occur in MPS studies; however, with the
 increasingly wider adoption of iterative reconstruction methods with collimator-
 detector response modeling, several studies have suggested that image acquisition
 time could be substantially reduced compared to current standards without signifi-
 cantly sacrificing image quality [4–8]. What remains to be explored is what kind of
 impact this reduction of acquisition time has on the analysis of left ventricular (LV)
 function as assessed from ECG-gated images, and especially on phase analysis.


Nevertheless, even with a shortened acquisition time, respiratory motion of the



(20)heart will be inevitable. Respiratory motion blur has been demonstrated to cause an
 artificial decrease of intensity in the anterior and inferior walls of the left ventricle
 [9, 10] and to complicate detection of true hypoperfused regions [11]. Methods to
 compensate for these artifacts have been presented but their effect on the analysis of
 LV function and phase analysis remains to be explored.


Heart rate variability (HRV) means changing of duration of individual cardiac
 cycles and is a normal phenomenon in humans [12]. In ECG-gated MPS, a rep-
 resentative image series of cardiac contraction is produced by collecting data over
 multiple cardiac cycles and summing these data. Due to HRV, less data is usually
 acquired for the images representing the end of the cardiac cycle. Current clinical
 reconstruction software do not necessarily take this variation into account, which
 inevitably results in the images representing the end of the cardiac cycle having
 lower intensity. Unfortunately, phase analysis bases on fitting first Fourier harmonic
 functions to the time-activity curves of myocardial walls. If the intensity in the last
 images of the ECG-gated image series is lower, this may cause errors to the fitting
 process and further distort the phase analysis results. It remains to be explored how
 significant this HRV-related artifact is and whether it could be corrected with more
 accurate reconstruction.


The objective of this thesis was to investigate how shortened image acquisition
 time, respiratory motion and HRV affect the results obtained from ECG-gated my-
 ocardial perfusion SPECT imaging. Specifically, the focus was on phase analysis
 results. The objective was divided to five studies:


I To investigate whether it is possible to shorten image acquisition time without
 affecting LV functional parameters.


II To develop a dual gating (respiratory and ECG gating) algorithm to reduce
 respiratory motion artifacts and to evaluate its effect on LV functional param-
 eters.


III To study the effects of respiratory motion on contrast between healthy my-
 ocardium and cardiac defects and to determine an optimal magnitude of res-
 piratory blur to be included in respiratory-gated images.


IV To evaluate the effect of data-conserving respiratory motion compensation on
 LV functional parameters.


V To investigate how HRV affects phase analysis results and whether this effect
can be prevented by using a modified reconstruction algorithm.
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2 Single-photon emission computed tomography (SPECT)


2.1 BASICS OF SPECT


Single-photon emission computed tomography (SPECT) is an imaging modality uti-
 lized to examine the function of various organs. The objective of SPECT is to form a
 three-dimensional (3D) image of the distribution of radionuclide-labeled molecules,
 radiopharmaceuticals, that have been injected inside the patient. Accumulation or
 absence of these molecules in the target organ is then interpreted depending on the
 context, to evaluate medical condition of the patient. Thus, clinical SPECT studies
 consist of four essential steps: (1) injection and biodistribution of radiopharmaceu-
 tical, (2) acquisition of projection images (or data), (3) reconstruction of the image,
 and (4) interpretation of the image either qualitatively or quantitatively.


In step (1), radiopharmaceutical is injected intravenously. The radiopharmaceu-
 tical is essentially a molecule with desired physiological properties that has been
 labeled with a radioactive nucleus. Typical radionuclides used in SPECT imaging
 are produced in generators or cyclotrons after which they are used to label the
 molecules by replacing certain nuclei with radioactive nuclei of the same element
 (substitution) or with radioactive nuclei of a different element (analogs) [13]. After
 injection, time is allocated for the radiopharmaceutical to accumulate into the target
 organ to be imaged.


In step (2), the patient is imaged. As the radionuclides inside the target organ
 decay, they emit gamma radiation which is registered with detectors from multiple
 angles (usually 64 or 128) around the patient; the detectors follow a circular or
 elliptical/body-contour orbit with a field of view of approximately 700 mm× 400
 mm. This process produces multiple two-dimensional (2D) projection images with
 a typical matrix size of either 64×64 or 128×128. Pixel values of projection images
 represent the number of registered gamma photons, counts.


In step (3), the 3D image is reconstructed based on the acquired projection im-
 ages. In reconstruction, a mathematical model is formulated to link the measured
 projection images with the unknown 3D image, incorporating information and as-
 sumptions about acquisition geometry and physics. Based on the model, the 3D
 image is obtained by solving the associated inverse problem.


Finally, in step (4), the 3D image is interpreted. The objective of interpretation is
 usually to assess whether certain parts of the target organ have accumulated too few
 radionuclides (indicating occluded circulation) or too many (indicating abnormal
 physiological activity, e.g. tumors).


2.2 RADIONUCLIDE PHYSICS


According to the nuclear shell model, protons and neutrons move with respect to
each other along specific orbits dictated by the energy level of the configuration of
the nucleus [13]. The ground state is the most stable configuration; other configu-



(22)rations are either excited states, which are very short-lived (with half-lives shorter
 than 5·10−9 s [14]), or metastable states, which are relatively long-lived (with half-
 lives longer than 5·10−9s [14]) [13]. However, many nuclei are unstable even in their
 ground states and therefore undergo radioactive decay by emitting particles or pho-
 tons to reach a more stable configuration [13]. There are a few modes of radioactive
 decay [13]:


• In nuclear fission, the nucleus disintegrates into two smaller nuclei and a few
 neutrons.


• Inαemission, the nucleus emits anα-particle — two protons and two neutrons.


• Inβ− emission, a neutron is transformed into a proton, an electron (β−) and
 an antineutrino.


• Inβ+ emission, a proton is transformed into a neutron, a positron (β+) and a
 neutrino. This is utilized in PET.


• In isomeric transition, the nucleus in a metastable state emits a gamma photon
 to reach the more stable ground state. This is utilized in SPECT.


• In internal conversion, the nucleus in a metastable state emits a gamma photon
 that is absorbed by an orbital electron which is then ejected.


• In electron capture, an orbital electron combines with a proton to form a neu-
 tron and a neutrino. This is utilized in SPECT.


Radionuclides for nuclear medicine are generally produced in either nuclear re-
 actors, cyclotrons or generators. An important radionuclide produced in the nu-
 clear reactors is molybdenum-99 (99Mo), the parent of technetium-99m (99mTc) [13],
 whereas most of the radionuclides used in PET-imaging are produced with cy-
 clotrons. Radionuclide generator is a lead-shielded cavity that houses the parent
 radionuclide bound to the column of support material. As the parent undergoes
 radioactive decay, the resulting daughter nuclide is less strongly bound to the sup-
 port material and can thus be eluted. For example, in the99Mo-99mTc generator, the
 parent nuclide is in the form of MoO2−4 -ion, bound to Al2O3-column [13]. As99Mo
 decays, the resulting99mTcO−4 is then eluted with saline [13]. Table 2.1 lists a few
 radionuclides used in SPECT imaging.


Table 2.1:A few radionuclides used in SPECT imaging [13].


Radionuclide Decay mode Emitted photon Half-life Target body


energy (keV) region [15]


99mTc isomeric transition 140 6.03 hr


parathyroid
 myocardium
 lung


skeleton


111In electron capture 172, 247 2.81 d whole body


123I electron capture 159 13.0 hr brain


201Tl electron capture 68-80 3.05 d myocardium



(23)2.2.1 Count statistics


Number of photons emitted from a radioactive source within a certain time window
 is random and is assumed to follow Poisson distribution. Therefore, given a “true”


number of photonsλ, the probability that the number of photons emitted iskis [13]


p(k|λ) =exp(−λ)λk


k!. (2.1)


For Poisson distribution, the expected value and variance are equal to λ. This im-
 plies that, given a measured number of photons, the true number of photons is
 within the limits (measurement± √


measurement) with 68.3% certainty [13]. This
 randomness in the measurement process is a partial cause of noise in the recon-
 structed images (Section 2.5.1). Thus noise is higly dependent on measured counts
 which depends on both injected activity and imaging time.


2.3 GAMMA CAMERA


A gamma camera, or Anger camera, is an instrument with which the emitted gamma
 photons are detected. The gamma camera is integrated with an X-ray computed to-
 mography (CT) device in SPECT/CT systems. The gamma camera is essentially a
 gantry with one or several (usually two or three) detectors, connected to a computer.


An individual detector consists of a collimator, a scintillator, an array of photomul-
 tiplier tubes, and electronics that calculate the energy and spatial position of the
 detected photon (Figure 2.1) [16].


The collimator is a thick plate of material with a high atomic number (usually
 lead) with closely-packed holes extending through it. The purpose of the collimator
 is to only permit gamma photons traveling in the direction parallel to the holes to
 reach the scintillator. Parallel-hole collimator is the most common collimator type,
 but there are also pinhole collimators, converging collimators, diverging collimators
 and fan beam collimators. The geometry of the collimator holes and the septa be-
 tween the holes greatly affects the spatial resolution and sensitivity of the detector;


for example, by increasing the thickness of the parallel-hole collimator, the spatial
 resolution is improved but the sensitivity is deteriorated [16].


The scintillator is an inorganic crystal that produces light when a gamma photon
 interacts with it. The most common scintillators are sodium iodide crystals that
 contain small amounts of thallium, which make the NaI crystal scintillate at room
 temperatures [13]. NaI(Tl) crystals are good absorbers of photons whose energy is
 in the range of 50–250 keV, they are efficient scintillators (1 light photon per 30 eV),
 they are transparent to their own scintillation light, and they can be grown into large
 enough plates to cover the gamma camera detector surface [13].


The photomultiplier tubes convert the scintillation light into measurable electric
 current pulses. The photomultiplier tube is a glass-sealed vacuum tube with a high
 voltage (few kilovolts [13]) applied between the ends of the tube. As the scintillation
 light strikes the photocathode at the entrance of the tube, electrons are ejected into
 the tube where they are driven by the electric field to hit dynodes in a stepwise
 manner to multiply (threefold to sixfold per dynode) the number of electrons that
 reach the anode [13].


Next, based on the combined outputs of the photomultiplier tubes, the electron-
ics compute the energy and spatial position of the detected photon. The electric
pulses from the photomultiplier tubes are amplified, summed, and subjected to



(24)Figure 2.1:Components of basic gamma camera detector. As photons are emitted
 from the patient, collimator prevents the detection of photons that travel to direc-
 tions non-parallel to the collimator holes, scintillator converts gamma radiation to
 visible light, photomultiplier tubes (PMTs) convert the light signal to electric current
 and electronics calculate the position and energy of detected photons.


pulse-height analysis; if the voltage of the summed pulses is larger than a certain
 lower threshold but smaller than the corresponding upper threshold, the pulses
 are considered to originate from a detection of a photon within a corresponding
 energy window [13]. In this case, the positioning electronics compute the spatial
 position of the detected photon. Finally, the electronics update the projection image
 by incrementing the value of the pixel corresponding to the location of the detected
 photon. Alternatively, in the list-mode data acquisition, the electronics record the
 spatial position, energy, and detection time of the photon. In list-mode acquisition,
 parameters can be adjusted later for multiple reconstructions from the same data.


2.4 IMAGE RECONSTRUCTION
 2.4.1 Filtered backprojection


Filtered backprojection (FBP) is a reconstruction method that computes the inverse
 Radon transform as a solution to the inverse problem [16]. It is fast and easy to
 implement; therefore, it has been used for decades to reconstruct clinical images.


However, FBP solutions are based on unrealistic assumptions, such as noise-free
data acquisition, that often result in streak artifacts [13]. In addition, when us-
ing FBP, one cannot model various physical factors that affect image acquisition,
such as collimator-detector blurring, photon scattering and nonuniform attenuation
(Sections 2.5.2–2.5.4) [13]. Therefore, it is nowadays recommended to use iterative
algorithms that can take these factors into account [17].



(25)2.4.2 Iterative algorithms


Iterative algorithms consider the image reconstruction as solving, according to cer-
 tain criterion (e.g. least squares or maximum likelihood), the following inverse
 problem [16]


g=Hf, (2.2)


where g is a column vector of measured counts per projection image pixel, H is
 an observation or system matrix andf is a column vector of unknown image voxel
 values. Matrix elementHij is the probability that a photon emitted at image voxelj
 is detected at projection image pixeli.


There are various iterative algorithms to solve the minimization problem related
 to (2.2). These algorithms include algebraic reconstruction technique [18], conjugate
 gradient method [19], and one-step-late expectation maximization algorithm [20].


The iterative algorithms can be summarized as follows [16]


1. Form an initial guess ˆf(0)and set iteration indexm=0.


2. Compute an estimated projectiong(m)est =Hfˆ(m).


3. Compare the estimated projectiong(m)est with the measured projectiongto form
 an error projectiong(m)err .


4. Backproject the error projection to form an error image ˆf(m)err =HTg(m)err .
 5. Compute estimate ˆf(m+1)using ˆf(m)err and ˆf(m).


6. Setm=m+1 and return to step 2 until convergence.


Currently, many of the recommended iterative algorithms are based on the max-
 imum likelihood expectation maximization (MLEM) algorithm [21]. In MLEM, it is
 assumed that emission and detection of photons follow Poisson statistics. Therefore,
 given imagef, the projection dataghas a likelihood function [16]


p(g|f) =
∏


i


exp −
∑


j


Hijfj


!


∑jHijfj


gi


gi! .


Because it is difficult to maximize p(g|f), a so-called “complete data” setX is as-
 sumed to exist [21]. The elementXijdenotes the number of photons that are emitted
 from voxel jand detected at projection image pixeli. This data set has a likelihood
 function


p(X|f) =
∏


i 
∏


j


exp −Hijfj HijfjXij


Xij! .


Derivation of MLEM algorithm consists of two steps. First, in the expectation step,
the conditional expectation of log-likelihood of X is taken with respect to g and
fˆ(m). Then, in the maximization step, partial derivatives of the conditional expecta-
tion with respect to elements fj are taken and set to zero, which yields the MLEM
algorithm [21]



(26)fˆj(m+1)=
 fˆj(m)


∑iHij 
∑


i


Hij


gi


∑jHijfˆj(m) (2.3)
 which can be equivalently written in the matrix form


fˆ(m+1)= fˆ(m)


HT1HT g
 Hfˆ(m)


!


, (2.4)


where1is a column vector of ones.


One disadvantage of MLEM algorithm compared to FBP is the computation time
 it takes. To alleviate this, so-called block-iterative algorithms have been proposed;


the most popular one of these in the clinical environment is the ordered subsets
 expectation maximization (OSEM) algorithm [22]. In OSEM, the projection image
 datagis divided into non-overlapping and exhaustive sets of data, subsetsSn,n=
 0, 1, . . . ,Nsub−1, whereNsubis the number of subsets. The image ˆf is updated (one
 iteration) according to (2.4) as if only the data in S0 had been measured, and this
 updated image is further updated according to (2.4) as if only the data inS1had been
 measured, and so on until all subsetsSnhave been gone through; this constitutes one
 iteration of OSEM algorithm. The OSEM algorithm forNiteriterations is presented
 in Algorithm 1.


Algorithm 1:OSEM algorithm
 Set ˆf(0)positive,m=0;


whilem<Niterdo
 n=0;


whilen<Nsubdo
 fˆ(mNsub+n+1)= ˆf


(mNsub+n)
 HI ∈SnT 1 HTI ∈Sn


 gI ∈Sn
 HI ∈Snˆf(mNsub+n)





;
 n=n+1;


end
 m=m+1;


end


The notationI ∈Snmeans that only the matrix/vector rowsIthat belong to subsetSnare used in the
 computation.


A disadvantage of MLEM and OSEM algorithms is that, in general, the maxi-
 mum likelihood solution is very noisy (although OSEM does not exactly converge
 to this solution, only close to it [23]). Therefore, some kind of regularization is
 needed, such as early stopping of the algorithm after predetermined number of it-
 erations [16]. For example, it has been suggested to divide the data into 8 subsets
 and run the OSEM algorithm for 10 iterations [24, 25].


2.4.3 Multiplications with system matrix


An important part of image reconstruction is the computation of forward projections
(multiplying with H) and backprojections (multiplying with HT). Unfortunately,
building the whole system matrixHmay be practically impossible on regular desk-
top computers due to the memory requirements; for example, if collimator-detector



(27)response (CDR) is modeled, an individual projection image pixel i may be con-
 tributed by thousands or tens of thousands of image voxels j, which means that
 there needs to be as many non-zero elements on theith row of the system matrix.


Therefore, the practical but more time-consuming approach is to use matrix-free
 approaches [16]. However, for the sake of presentation, algorithms are discussed in
 this thesis as if the system matrixHwas computed.


There are several methods to compute the projections but they can be divided to
 two categories: (1) ray-driven approaches and (2) voxel-driven approaches. In ray-
 driven approaches, one or several rays are traced from the projection image pixeli
 over the image voxels. The length of the intersection of the rayi in voxelj is com-
 puted and used as the matrix element Hij[19, 26]. On the contrary, in voxel-driven
 approaches, rays are traced from the voxels towards the projection image pixels. In
 forward projection, the activity of voxel j is distributed among projection pixelsi,
 with these fractions forming matrix elements Hij. The voxel-driven approaches in-
 clude nearest-neighbor projection [19], linear interpolation projection [26] and area
 weighted convolution [27].


A specific class of voxel-driven approaches are the rotation-based methods. In
 these methods, instead of projecting activity to a rotating detector, it is assumed
 that the detector is stationary and the object to be imaged rotates within the field of
 view of the detector (Figure 2.2) [16, 28]. In this case, forward projections and back-
 projections are always performed in the same direction, either along the columns or
 rows of the rotated image matrix. This simplifies the implementation of collimator-
 detector response (Section 2.5.2). Although rotation of the image introduces errors
 in the projections due to interpolation [29], rotation-based approaches have been
 shown to outperform ray-driven approaches [30].


In SPECT, the emission data are usually acquired in a so-called step-and-shoot
 format (few projection angles at a time). Therefore, it is natural to present the system
 matrix in a block-matrix format


H=
 h


H1iT


,h
 H2iT


, . . . ,h


HLiTT


,


where H`, ` = 1, 2, . . . ,L is the system matrix block at projection angle `. Fur-
 thermore, if rotation-based reconstruction is assumed, an individual system matrix
 block can be written as


H`=P`R`, (2.5)


where P` is the forward projection matrix that performs summation along image
 matrix columns at projection angle`andR`is the rotation matrix at projection angle


`. Various physical factors can be incorporated to these system matrix blocks. In this
 thesis, incorporation of image acquisition timeτ`, as suggested in Reference [21], is
 of interest


H` =τ`P`R`. (2.6)


Reconstruction algorithms using these kind of matrix blocks shall be referred to
as time-modified algorithms. For clarity, time-modified OSEM algorithm shall be
referred to as TOSEM and time-modified MLEM algorithm shall be referred to as
TMLEM.
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Figure 2.2: An example of rotation-based projections. The middlemost transaxial
plane of SPECT image ˆfrotated at 0◦(a) and 45◦(b). Corresponding forward projec-
tionsH`fˆare shown in (c) and (d). For comparison, the measured projection images
are also shown in (e–f). Note that each picture (a–f) is scaled to its maximum voxel
value.



(29)2.5 IMAGE-DEGRADING FACTORS
 2.5.1 Noise


There are two types of noise in the reconstructed images. Random noise is the re-
 sult of randomness in the imaging process (Section 2.2.1) and it can be observed
 as peaks and troughs in image intensity in regions of uniform activity [31]. Struc-
 tured noise, on the other hand, is nonrandom and may overlap with the structures
 of interest, complicating interpretation of images [13]. Structured noise may be a
 property of the reconstruction algorithm; for example, Wilson et al. showed that
 in FBP-reconstructed images, the noise variance can spread from regions of high
 activity to regions of lower activity [32]. In addition, their analysis on image covari-
 ance matrices revealed that FBP-reconstructed images have relatively broad noise
 correlations with negative side lobes, which means that FBP-reconstructed images
 are subject to large “blobby” noise structures [32].


In general, MLEM-reconstructed images have better noise properties than FBP-
 reconstructed images, such as lower variance in the regions of low activity [32];


however, these noise properties depend on the number of iterations used and the
 size of the object to be imaged [33]. For example, relative standard deviation of voxel
 values increases linearly for dozens of iterations before starting to saturate [33]. To
 reduce the noise-to-signal ratio, images can be smoothed with a Gaussian filter [34],
 although this happens at the expense of decreasing resolution, too.


2.5.2 Collimator-detector response


Collimator-detector response (CDR) describes the formation of the image of a point
 source of activity at a certain distance from the gamma camera detector. CDR can
 be divided to four separate parts: intrinsic response (IR), geometric response (GR),
 septal penetration response (SPR) and septal scatter response (SSR). IR describes
 blurring of the image due to the uncertainty in the calculation of the spatial position
 of the detected photon and scattering inside the scintillator, GR describes blurring
 that occurs when the photons reach the scintillator in angles that are not parallel to
 the collimator holes due to the finite size of the collimator holes, SPR describes blur-
 ring that occurs when the photons penetrate the collimator septa and are detected,
 and SSR describes blurring that occurs when the photons scatter in the collimator
 septa and are detected (Figure 2.3) [35]. While there are analytic expressions that
 adequately describe IR and GR, modeling of SPR and SSR requires Monte Carlo
 simulations; however, modeling of SPR and SSR is more important for medium-
 and high-energy photons and can be neglected when low-energy photons such as
 Tc-99m are used [36].


IR is often assumed to have a Gaussian shape; therefore, compensating for IR-
 associated blurring is somewhat straightforward. One needs to image a point source
 at the surface of the detector, with collimator absent, and measure the full width half
 maximum (FWHM) of the emerging point spread image. By implementing Gaus-
 sian blurring with the measured FWHM to the system matrixH, the IR-associated
 blurring can be accounted for in the iterative reconstruction.


GR function depends on the shape of the collimator holes. For parallel-hole
collimators, the geometric transfer functionSg(ννν), which is the Fourier transform of
GR function divided by geometric efficiency, can be written as [37]
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Figure 2.3:Different types of detected photons with gamma camera detector. Ide-
 ally, the photon travels a path perpendicular to the detector surface and only in-
 teracts with the scintillator (A). Due to the finite size of collimator holes, a photon
 may travel a non-perpendicular path (B) and still pass the collimator hole and be
 detected. A photon may also pass collimator septum without interaction and be
 detected (C) or scatter in the septa and be detected (D). In attenuation, a photon is
 absorbed (E) or it scatters so that it is not detected. A photon may also scatter in the
 patient (F) and be detected — with wrong positioning causing image blurring.


Sg(ννν) =
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where ˜A(ννν) =A(ννν)/A(0)is the normalized 2D Fourier transform of the hole aper-
 ture function,Λis the length of the collimator hole, D is the distance between the
 point source and the front surface of the collimator, B is the distance between the
 scintillator front surface and the collimator back surface, and ννν is the spatial fre-
 quency. For round holes, the spatial version of GR function g(r) can be written
 as [35]


g(r) = e
 π





2 cos−1|rT|
 2W −|rT|


W
 s


1−|rT|2
 4W2





, (2.7)


whereris the distance on the scintillator front surface from the line perpendicular
 to the surface and containing the point source,e is the geometric efficiency of the
 collimator,Wis the radius of the collimator hole, andrT is given by


rT =r Λ


Λ+D+B. (2.8)
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Figure 2.4: Geometric response function (GRF) according to Equation (2.7), GRF
 convolved with intrinsic response function (IRF) with FWHM of 3.4 mm, and a
 Gaussian function with the same FWHM as GRF*IRF. The distance Dbetween the
 collimator front surface and the point source is set to 200 mm.


This function can also be used to approximate GR function of hexagonal holes of
 the same hole area [35].


The combined effect of IR and GR is achieved by convolution of these two func-
 tions. This convolution can reasonably well be approximated by a Gaussian function
 (Figure 2.4) [35]. Since CDR modeling requires taking both IR and GR components
 into account simultaneously, GR function can also be approximated as a Gaussian


g(r) = 1


√


2πσ2exp
 


− r2
 2σ2





, (2.9)


whereσ, according to Anger, is [38]


σ=WΛ+D+B+T/2
 Λp


2 log 2 , (2.10)


whereT is the thickness of the scintillator.


Compensating for CDR for low-energy photons thus requires geometric infor-
 mation about the collimator-detector design and the distances between the detector
 surface and a certain reference point within the field of view (such as center of rota-
 tion) for each image acquisition angle. Usually, the gamma camera measures these
 distances during image acquisition and the geometric information is also available.


Furthermore, implementation is more straightforward if rotation-based projectors
are applied. At each projection angle `, FWHM of the convolution of IR and GR
functions is calculated for each distanceDas
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FWHM2IR+FWHMGR(D)2.


Before the forward projection, voxelsjwithin the image plane at a distanceDfrom
 the collimator surface are convolved with a 2D Gaussian function characterized by
 FWHMCDR(D)before summing along the image matrix columns. In backprojection,
 the backprojected variable is likewise convolved with a 2D Gaussian before position-
 ing it at a distanceDfrom the collimator surface. CDR-modeled projections could
 be made more efficiently by applying the Gaussian diffusion method [39]; however,
 this method has been shown to cause errors due to aliasing [40].


2.5.3 Attenuation


Attenuation is an imaging artifact that causes the structures deep within the pa-
 tient to appear as having lower activity than the superficial structures. Attenuation
 occurs basically due to two mechanisms. The emitted photons either undergo pho-
 toelectric interaction and are absorbed or they undergo Compton scattering and are
 not detected by the gamma camera [35]. Formally, attenuation can be expressed as


TFij=exp −
 Z


Lijµ(x)dx


!


, (2.11)


where TFijis a transmission factor that describes the probability that photon emitted
 at voxeljreaches the projection pixeliunattenuated,µ(x)is the (energy-dependent)
 linear attenuation coefficient at pointxin the image space and Lij is the path from
 voxelj to pixeli [16]. For 140 keV gamma rays (99mTc), the half-value thickness of
 water is approximately 46 mm [41].


Compensation of attenuation requires an estimate for the distribution of attenu-
 ation coefficients µ. Some methods have achieved this by, for example, computing
 body contours based on emission tomography scans and by assuming that the at-
 tenuating medium is homogeneous within the contours [35, 42]. However, accurate
 attenuation compensation within non-homogeneous regions such as thorax requires
 measurement of attenuation coefficients by another imaging modality. These in-
 clude transmission imaging with external radionuclide sources, magnetic resonance
 imaging, and X-ray computed tomography (CT) imaging [35]. Of these methods,
 CT imaging is currently the most popular due to its speed and ability to produce
 low-noise images of high spatial resolution.


Raw CT image by itself cannot be used for attenuation compensation. X-ray
 CT scan is acquired using a wide energy range and photons of lower energies are
 absorbed in the body. This leads to so-called beam-hardening effect which causes
 the structures deeper within the body to have lower attenuation coefficients [35].


Therefore, CT images are presented in a normalized manner in Hounsfield Units
 (HUs) given by


HUx= µx(ECT)−µw(ECT)


µw(ECT) ×1000, (2.12)


where HUx is the HU-value of material x, andµx(ECT) andµw(ECT)are the mea-
sured linear attenuation coefficients at effective CT energy ECT for material x and
water, respectively [43]. In this presentation, CT image voxels that contain only
water get HU-value of 0 while those containing air get HU-value of -1000. Thus,



(33)a conversion from HUs to linear attenuation coefficients is necessary. One popular
 conversion method is the piecewise linear conversion [43].


Once the linear attenuation coefficients have been obtained, they can be used to
 compensate for attenuation. Accurate compensation requires incorporating attenua-
 tion as a part of iterative reconstruction. This can be accomplished by computing the
 transmission factors TFij using Equation (2.11) and multiplying the system matrix
 elements Hij with them. To do this in a computationally efficient way, one can use
 the central-ray approximation [44] in which only the pathsLijthat are perpendicular
 to the detector surface are considered. In addition, if rotation-based projectors are
 applied, computing TFij becomes more straightforward — the map of linear attenu-
 ation coefficients needs to be rotated and a cumulative sum taken along the columns
 of this map.


2.5.4 Scattering


Detection of scattered photons occurs when emitted photons undergo Compton or
 coherent scattering within the patient and are detected by the gamma camera in a
 projection pixeli0 instead of pixeli. Therefore, in the backprojection (multiplication
 withHT), this photon contributes to voxel j0 instead of voxel jwhere it originated.


Thus, scattering generally leads to loss of contrast in the reconstructed images.


Since a photon loses a part of its energy in scattering, scattering could be com-
 pensated for by using a very narrow energy window to prevent the detection of scat-
 tered photons; however, by doing this, one would also lose a part of non-scattered
 or primary photons, thus increasing the noise level [35]. Therefore, it is reason-
 able to incorporate scattering as a part of the iterative reconstruction. In terms
 of MLEM algorithm, this means that the scattered part of detected photons ˆs is
 modeled explicitly in the forward projection, which yields the scatter-compensated
 MLEM algorithm as [35, 45]


fˆ(m+1)= fˆ(m)


HT1HT g
 Hfˆ(m)+ˆs


!


. (2.13)


Equation (2.13) is a so-called dual-matrix algorithm, meaning that the backprojection
 is not exactly the transpose of forward projection (due to ˆs). While this dual-matrix
 algorithm is not exactly an expectation maximization algorithm, in practice, it has
 been found to converge to similar results as regular MLEM algorithm that models
 the scattering also in the backprojection step [46].


Thus, to compensate for scattering, an estimate for scattered photons ˆsis needed.


One often-used method to estimate scattering is the triple energy window (TEW)
 method [47]. In this method, data is recorded with three separate energy windows:


the photopeak window and two windows (so-called scatter windows) directly below
 and above it in the energy spectrum. The number of scattered photonsCscat within
 the photopeak window is estimated pixel-wise as


Cscat =


Cbelow
 Ws


+Cabove
 Ws





×Wp


2 ,


whereCbelowandCabove are the number of counts in the windows below and above
the photopeak window, respectively,Ws is the scatter window width andWpis the
photopeak window width [47].



(34)Another way to estimate ˆsis through Monte Carlo simulations [48]. In Monte
 Carlo simulation, photon emission sites are first generated based on the image es-
 timate. Individual photons are generated at these emission sites and modeled to
 propagate within the body of the patient along linear paths of random lengths [49].


In the methods of forced detection and convolution-based forced detection, the pho-
tons are forced to Compton scatter towards the detector at the end of each path and
be detected, weighted by the probability of scattering towards detector and the prob-
ability of achieving this unattenuated [50]. This process is repeated for millions or
tens of millions of photons to produce the scatter estimate [48]. Monte Carlo-based
scatter estimates have been shown to lead to superior reconstructed image quality
compared to TEW-based estimates [51].
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3 Thoracic electric potential measurements


As the thoracic organs, such as heart, move during SPECT image acquisition due
 to respiration and myocardial contraction, compensation for these movements is
 essential to reduce motion artifacts in the images. A prerequisite for these com-
 pensation methods is to obtain signals that adequately represent these movements
 during image acquisition.


While the myocardial contraction has mainly been monitored by electrocardiog-
 raphy (Section 3.3), several methods have been utilized to monitor respiration. These
 methods include using real-time position management system (Varian Medical Sys-
 tems, Palo Alto, CA, USA) in which an infrared camera monitors vertical movement
 of infrared reflective markers placed on top of the patient’s thorax [52], using a
 pressure sensor inside a Velcro belt wrapped around the patient’s abdomen (Anzai
 Medical Co.,Ltd., Japan) [53], and using a spirometer [54]. Recently, methods to ex-
 tract respiratory signal from raw emission data have also been investigated [55, 56].


In this thesis, respiratory signal is obtained by measuring thoracic electrical
 bioimpedance. This method is described in Section 3.2.


3.1 ELECTRICAL PROPERTIES


Formally, electrical impedanceZof an object is defined according to Ohm’s law as
 Z= V


I, (3.1)


whereVis the voltage between two measurement points andIis the applied current
 between these points. In complex form,Zcan be written as


Z=R+iXˆ =|Z|exp ˆiθ
 ,


where R is resistance, X is reactance, ˆi is imaginary number, |Z| is magnitude of
 impedance andθis phase angle between the voltage and current. AdmittanceY is
 the inverse of impedance and can be written as


Y=G+iB,ˆ


where G is conductance and B is susceptance [57]. These properties depend on
 the geometry of the measured object. Geometry-independent electrical properties
 that depend only on the material can be expressed with admittivity ˆy, its inverse,
 impedivity ˆz, and permittivity ˆe. Admittivity can be written as [57]


ˆ


y=σ+iωeˆ 0er, (3.2)


whereσ is conductivity of the material,ωis angular frequency of the applied cur-
rent,e0is permittivity of vacuum (≈8.854·10−12F/m) anderis relative permittivity
of the material.
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