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Abstract – We recently proposed a dynamic multi-bed 

acquisition scheme enabling whole-body FDG PET parametric 

imaging from limited axial field-of-view PET/CT scanners in 

clinically feasible scan times. However, the proposed framework 

was only evaluated for standard ordered subsets expectation 

maximization (OSEM) reconstruction. Currently, state-of-the-art 

commercial PET/CT scanners are equipped with advanced 

detection systems, capable of measuring the time-of-flight (TOF) 

of each annihilated photon enabling to confine the location of the 

annihilation position to a small segment within the line of 

response. As such, noise propagation is reduced and TOF 

reconstruction may provide superior contrast to noise ratio 

(CNR). Furthermore, image reconstruction is enriched with the 

feature of scanner resolution point spread function (PSF) 

modeling within the system response matrix of OSEM algorithm, 

similarly allowing for higher CNR. In this study, we extended 

TOF and PSF modeling to the dynamic multi-bed domain and 

systematically investigated their impact on the quality of 

wholebody PET parametric images. The state-of-the-art Siemens 

Biograph mCT scanner and its reconstruction suite were utilized. 

An extensive set of realistic 4D phantom simulations for the mCT 

scanner with and without TOF features were performed. 

Resolution degradation was applied to match a spatial resolution 

of 4.5mm. Then, TOF and non-TOF reconstructed images with 

and without resolution modeling were produced. Subsequently, 

the impact of TOF and PSF was assessed for standard and 

generalized Patlak models. Our results demonstrate the potential 

benefit of introducing TOF and PSF in parametric imaging, with 

both features providing superior noise vs. bias trade-off. Tumor-

to-background ratio is enhanced by 30% when utilizing TOF, 

while CNR is improved by 40% and 60% when either TOF or 

PSF capabilities are introduced, respectively. Finally, total CNR 

enhancement approaches 100% if the two features are combined. 

I. INTRODUCTION 

HOLE-BODY dynamic PET/CT acquisitions 

efficiently combine the benefits of multi-bed 
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acquisitions for a large axial field-of-view (FOV) covering the 

whole-body (WB) [1] with those of dynamic acquisitions for 

4D PET scans across time [2-11]. Recently, we presented such 

an imaging framework for PET tracers labeled with 
18

F (e.g. 

FDG or FLT) enabling generation of whole-body parametric 

images from PET/CT scanners of limited axial FOV in 

clinically feasible scan times [12,13]. However, the 

framework was optimized and evaluated on regular OS-EM 

reconstructions without exploiting the potential of recent 

technological developments in PET acquisition and system 

matrix response modeling [14]. 

Currently, modern PET/CT scanners are equipped with 

fast counting systems capable of recording, with reasonable 

accuracy, known as time resolution, the time point at which 

each of the two annihilated photons of each coincidence event 

are detected (arrival times). These data can then be exploited 

to calculate the time required for each photon to travel from 

the annihilation to detection point, known as time-of-flight 

(TOF) [15]. Thus, it is now possible to estimate not only the 

line of response (LOR) connecting the two detectors of each 

coincidence event, but also the actual position of the 

annihilation event along the LOR, with a certain uncertainty, 

which is determined by the time resolution of the PET 

counting system.  Thus, TOF acquisition capability can 

provide superior spatial resolution for matched noise levels in 

PET images. Furthermore, state-of-the-art reconstruction 

software of modern PET scanners has recently been supported 

with advanced system response matrices capable of exploiting 

highly detailed 3D finite resolution response measurements 

across the FOV of corresponding PET systems in order to 

more accurately model their resolution response. These 

methods, known as resolution modeling approaches, can 

enhance contrast and reduce spatial noise in the image domain 

at the cost of slower convergence rate [16].    

Our aim, in this study, is to utilize TOF and resolution 

modeling reconstruction technologies in dynamic multi-bed 

acquisition and reconstruction methods in order to 

systematically investigate their impact on the quality of the 

final whole body PET parametric images as estimated 

indirectly from the reconstructed frames. For that purpose, we 

employ the state-of-the-art Siemens Biograph mCT TOF 

human PET scanner and its computationally efficient 

reconstruction tools [17]. The assessment is performed on two 

types of whole-body parametric images, each estimated by 

different Patlak-based FDG kinetic models, and was based 

both on realistic simulated as well as real clinical whole-body 

dynamic PET data. 
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II. METHODS AND MATERIALS 

 

A. Clinical multi-bed dynamic acquisition protocol 

 

We designed a clinically adoptable whole-body 4D 

acquisition protocol allowing for the production of both 

simulated and clinical dynamic projection data that can, 

subsequently, be reconstructed with or without TOF or 

resolution modeling features. Later, the resulting sets of 

dynamic whole-body passes can be analyzed by Patlak 

graphical analysis methods to produce respective whole-body 

parametric images for each case (Fig. 1). 

 

 
 

Fig. 1 Flow-chart of the second phase of multi-bed dynamic acquisition, 

the utilization of TOF and PSF reconstruction and the subsequent parametric 
imaging 

 

We have proposed an optimal multi-bed dynamic PET 

acquisition protocol, involving an initial 6-min dynamic 

cardiac scan (1
st
 phase), followed by a series of unidirectional 

multi-bed passes (2
nd

 phase), covering the whole-body FOV 

and consisting of equal dynamic bed frames, each of 45sec 

[13]. Currently, we are also proposing an optimal acquisition 

time-window position, w.r.t. injection time, for the second 

phase of the protocol, consisting of a fixed number of 6 

whole-body passes of total duration of ~35min [18]. 

 

B. Time-of-flight (TOF)-based reconstruction 

 

Recent technological advances in detector time response 

systems have allowed state-of-the-art PET/CT systems, such 

as the Siemens Biograph mCT, to acquire TOF information 

for each coincidence event [15,17]. In non-TOF acquisitions, 

the coincidence counts at each detector pair bin are uniformly 

distributed across the whole LOR during the back-projection 

operation, regardless of the actual position of the annihilation 

within that LOR. On contrary, TOF data, if available, can be 

utilized to estimate within a certain uncertainty, a segment of 

the LOR where the annihilation point of each coincidence 

count is more probable to be located. As a result, in TOF-

supported back-projection operations, counts at each detector 

bin can be more accurately distributed across different 

segments of the same LOR, reducing the propagation of noise 

during reconstruction (Fig. 2) [15]. The accuracy of the 

estimated counts distribution over each LOR is limited by the 

intrinsic time resolution of the scanner (527.5psec for the 

mCT) [17]. The smaller the differences in photon time-of-

flights a scanner can discriminate, the higher the number of 

LOR segments across which the LOR counts can be 

distributed during back-projection. Therefore, the better the 

time resolution of a TOF PET system, the more accurate can 

be the localization of the projection counts in the image space. 

Subsequently, TOF reconstruction exploits this added benefit 

of TOF information to achieve better spatial resolution at 

matched noise levels, compared to non-TOF, and superior 

contrast recovery [15]. On the other hand, TOF capability is 

also associated with larger sizes of projection data and 

considerably higher computational cost for the reconstruction 

process, since the data complexity increases linearly with the 

number of LOR segments, known as TOF bins [15]. In this 

work, we focus on investigating the impact of TOF in the 

dynamic whole-body passes and the resulting parametric 

images, particularly at regions with high noise, such as tumors 

of low uptake. 

 
 
Fig. 2 (a) Utilization of TOF for each annihilated photon allows for more 

accurate distribution of counts in the LOR bins 

 

C. Resolution modeling in image reconstruction 

 

 
 

Fig. 3 PET resolution degradation effects due to a) positron range and 

photon acollinearity and b) inter-crystal penetration and depth of interaction 
uncertainty 

 

In addition, advanced resolution recovery reconstruction 

algorithms have been recently introduced on commercial 

PET/CT scanners [16,17]. Detailed evaluation of the finite 

resolution or point spread function (PSF) response of a PET 

scanner across its entire FOV can be exploited later by the OS-

EM reconstruction algorithm to more accurately model the 

overall resolution response within the iterative estimation 

process [16]. PET resolution degradation can be the result of 

the combined effect of both physical factors, such as positron 

range and photon acollinearity (Fig. 3a), as well as PET 

detector ring design limitations, such as inter-crystal 

penetration and crystal depth of interaction uncertainty (Fig. 

3b). 

By incorporating the overall PSF resolution kernel to the 

system matrix of the OS-EM reconstruction, we can achieve 



 

better contrast recovery at matched noise levels [16]. Our 

purpose here is to apply PSF reconstruction to all dynamic 

passes to evaluate the impact of the above enhancements to 

the parametric image domain as well (Fig. 1).  
 

D. Kinetic analysis and estimation of whole-body 

parametric images 

 

In Figure 4(a) the standard 2-compartment 4-parameter 

kinetic model for FDG tracer is presented.  

 

 
Fig. 4 (a) The kinetic model for FDG tracer, where Cp(t), C1(t) and C2(t) are 

the input function, the non-metabolized and the metabolized tracer 
concentration in tissue, respectively, (b) the definitions of macro-parameters 

Ki and kloss and (c) the modeled TACs for different regions, as generated by 

the model in (a). 

 

Assuming irreversibility of compartment C2(t), i.e. k4=0, 

the standard Patlak method simplifies this model (Eq. 1) by 

introducing the macro-parameter of the tracer influx rate 

constant Ki (Fig. 4b) [19]: 

 系岫建岻系椎岫建岻 噺 計沈 完 系椎岫酵岻穴酵痛待 系椎岫建岻 髪 撃┸ 建 伴 建茅                    岫な岻 

 

Eq. (1) is valid only for t > t*, where t* is the time after 

which relative kinetic equilibrium is attained between the 

plasma tracer concentration Cp(t) (input function) and the 

tissue free (non-metabolized) tracer concentration C1(t) [19]. 

Ordinary least squares (OLS) regression can be applied to 

estimate Patlak parameters of Ki and V from the linear Eq. (1).  

However, studies have reported reversibility of FDG 

compartment C2(t) for tumors [2,20,21]. In such cases, we 

have demonstrated erroneous estimation of Ki with the 

standard Patlak method [22]. Thus, we propose a generalized 

Patlak method (Eq. 2) accounting for such irreversibility by 

introducing the extra macro-parameter of tracer efflux rate 

constant kloss (Fig. 4b) [19,22]: 

 系岫建岻系椎岫建岻 噺 計沈 完 結貸賃如任濡濡岫痛貸邸岻系椎岫酵岻穴酵痛待 系椎岫建岻 髪 撃┸ 建 伴 建茅      岫に岻 

 

The Basis Function Method (BFM) can be employed to 

estimate the generalized Patlak parameters (Ki, kloss,V) from 

Eq. (2) [23]. The resulting estimates may, however, become 

very noisy at low count levels. Therefore, we have suggested:  

i) initially calculating the correlation with Patlak method 

for all voxel TACs, followed by  

ii) selective application the generalized Patlak method with 

BFM estimation only to the highly correlated voxel TACs and 

the simplified Patlak method with OLS estimation to the rest 

(hybrid Patlak method) [22]. 

 

E. Realistic 4D simulations of FDG tracer kinetics 

 

We conducted an extensive series of realistic 4D 

simulations of the Siemens Biograph mCT PET/CT scanner. 

The simulated FDG TACs are generated from a validated set 

of kinetic parameters obtained from the literature (Table I) and 

assigned to the corresponding regions of the XCAT phantom 

to produce noise-free dynamic images [24-26]. 

  
TABLE I.   KINETIC RATE CONSTANTS PARAMETERS  

Regions K1 k2 k3 k4 VB 

Normal Liver 0.864 0.981 0.005 0.016 - 

Liver Tumor 0.243 0.78 0.1 0 - 

Normal Lung 0.108 0.735 0.016 0.013 0.017 

Liver Tumor 2  0.283 0.371 0.057 0.012 - 

Myocardium 0.6 1.2 0.1 0.001 - 

 

Subsequently, the noise-free frames were forward 

projected, adding normalization, attenuation and scatter effects 

to simulate either non-TOF or TOF realistic projections with 

PSF resolution degradation matching a spatial resolution of 

4.5mm FWHM. Then, randoms and quantitative levels of 

noise were added and the resulting projections were 

reconstructed with or without TOF and PSF modeling 

accordingly (6 iterations, 14 subsets) using e7tools [16]. The 

PSF kernel modeled in the PSF reconstructions was derived by 

reducing its FWHM width in axial direction by 10% compared 

to simulations, in an attempt to limit Gibbs ringing artifacts, a 

commonly observed effect in resolution recovery 

reconstruction algorithms [16],[27-29]. A systematic 

investigation of the PSF kernel width effect has demonstrated 

a potential enhancement in reproducibility and bias as well as 

a reduction in ringing Gibbs artifacts when the FWHM width 

of the kernel is slightly underestimated in PSF reconstructions 

with respect to the true underlying PSF response [30,31]. 

 

III. RESULTS AND DISCUSSION 

 

In Fig. 5, we present simulation results for the 1
st
 and 6

th
 

reconstructed dynamic frames for three different numbers of 

iterations as well as the respective standard and hybrid Patlak 

Ki parametric images for all combinations of TOF and PSF 

features with and without noise.  

Furthermore, Fig. 6(a) presents a comparative evaluation 

of the noise vs. bias trade-off exhibited in the Patlak Ki 

images, when indirectly estimated from OSEM dynamic PET 

simulated frames, the latter reconstructed from different 

iterations each time either with or without TOF or PSF 

features. A liver tumor (labeled “liver tumor 2” in Table I) 
region of interest (ROI) was selected for the evaluation of 

noise and bias across the different image data sets. A similar 

noise-bias trade-off performance trend was also observed for 

the case of the indirectly estimated hybrid Patlak Ki images 

from the same set of simulated PET frames. Moreover, the 

clinically relevant figures of merit of tumor-to-background 

ratio (TBR contrast) and contrast-to-noise ratio (CNR) were 



 

evaluated on the same Ki images for the same number of 

iterations.  

 
 

 
 
Fig. 5 Comparative evaluation of noise-free and noisy simulated dynamic 

frames and Ki parametric images for all combinations of TOF and PSF 

reconstruction schemes and the two Patlak estimation methods. 

 

 

 
 

Fig. 6 (a) Noise vs. bias plot (b) TBR and (c) CNR performance evaluation 
for a liver tumor region (with kinetics presented in Table I) for the standard 

and hybrid Patlak Ki parametric images, when reconstructed with or without 

TOF and PSF features  

 

The simulated results in Fig. 5 and particularly the 

quantitative analysis in Fig. 6 illustrate the superior Ki image 

quality when either TOF or PSF features are enabled with the 

best results produced when the two features are combined. In 

terms of noise-bias trade-off performance (fig. 6a), the 

addition of PSF modeling alone improved resolution/bias, 

while the addition of TOF alone produced superior resolution 

and lower noise resulting in better resolution, compared to 

PSF alone, at matched noise levels. A similar noise-bias trade-

off performance enhancement was also observed for the case 

of hybrid Patlak images.  

Moreover, as the results in fig. 6(b) and 6(c) suggest, both 

TBR contrast and CNR in the selected liver tumor regions 

were improved with the added features of TOF and PSF 

reconstruction. While tumor CNR in the case of combined 

TOF and PSF utilization is superior in our simulations for all 

iterations, the TBR contrast for the same case only 

outperforms the case of TOF without PSF at later iterations. 

This behavior can be attributed to the slower convergence of 

the PSF reconstruction resulting in lower contrast at earlier 

iterations for TOF+PSF compared to TOF alone.   

Finally, in all cases, hybrid Patlak achieved consistently 

higher TBR and CNR metrics than standard Patlak, which can 

be attributed to the presence of reversible FDG uptake (i.e. 

k4>0), which generalized Patlak model takes into account 

while standard Patlak assumes it to be zero [19,22]. 

 
 
Fig. 7 (a) Comparative evaluation of Patlak (standard and hybrid) vs. static 

PET images (3min acquisition per bed) in the liver region of clinical dynamic 

whole-body PET data, corresponding CT is provided for reference. In all PET 
images, TOF and PSF features are activated. (b) TBR (bottom left) and CNR 

(bottom right) performance evaluation in the region of the identified liver 
tumor for the respective standard and hybrid Ki clinical images reconstructed 

with or without TOF and PSF features. 

 



 

In Figs 7 and 8, the effect of TOF acquisition and PSF 

reconstruction on clinical WB dynamic PET data is 

demonstrated. Figs 7(a) and 8(a) presents the static PET vs. 

the parametric Ki whole-body patient images, when both TOF 

and PSF features are activated, for a tumor case in the liver 

and two cases in the thorax region respectively. Then, Fig. 

7(b) demonstrates the quantitative effect of TOF and PSF 

technologies on the tumor to background (TBR) and contrast-

to-noise (CNR) ratios, as they were evaluated over an ROI 

drawn in the patient liver region, labeled as “tumor 1”. The 
quantitative TBR and CNR performance analysis is repeated 

in fig. 8(b) and (c) for another two suspected tumor cases, this 

time in the thorax region of another patient, labeled as “tumor 
1” and “tumor 2” respectively. 

 
Fig. 8 (a) Comparative evaluation of Patlak (standard and hybrid) vs. static 

PET images (3min acquisition per bed) in the region of the thorax from 

clinical dynamic whole-body PET data, corresponding CT is provided for 
reference. In all PET images, TOF and PSF features are enabled. (b) and (c) 

TBR (left) and CNR (right) performance evaluation in the thorax region for 

two identified suspected tumor regions for the respective standard and hybrid 
Ki clinical images reconstructed with or without TOF and PSF features. 

 

The quantitative evaluation on clinical studies confirms 

our findings from the analysis of the simulation study. In all 

examined patient cases, a total of three suspected tumor 

regions across multiple clinical WB dynamic PET/CT scans 

were identified, where the introduction of TOF or PSF 

features alone, enhanced both TBR and CNR metrics on 

parametric Patlak Ki images, with the best performance 

observed when the two features were combined. In addition, 

the hybrid Patlak images were in all cases exhibiting higher 

TBR and CNR evaluations in comparison to the standard 

Patlak images.  

Finally, the advent of TOF and PSF although already 

taking advantage of both standard and hybrid Patlak image 

generation methods, had a stronger effect for the hybrid Patlak 

images, particularly in the case of TBR performance. This is 

attributed to our findings that generalized and, thus, hybrid 

Patlak imaging involves a non-linear parametric estimation 

method and thus is more susceptible to the high levels of noise 

usually present in whole-body dynamic PET data [22]. 

Therefore, when combining TOF acquisition with PSF 

reconstruction, the noise propagation can be limited during 

reconstruction, an effect particularly welcomed by hybrid 

Patlak and, in general, non-linear parametric image estimation 

processes.   

IV. CONCLUSIONS AND FUTURE PROSPECTS 

In this study, the quantitative benefits of introducing TOF 

acquisition and PSF modeling in the process of whole-body 

PET parametric imaging have been demonstrated both in 

simulations and clinical studies. The noise-bias trade-off 

performance analysis on the simulated data quantified the 

degree of noise reduction and resolution enhancement for 

matched noise levels when either TOF or PSF technologies are 

utilized alone, with the best outcome observed when 

combined.  

Whole-body parametric PET imaging, even without TOF 

and PSF utilization, has already been shown to deliver images 

of enhanced tumor contrast and better reproducibility mainly 

because it relies on more quantitative surrogate metrics such 

as tracer uptake rate Ki vs. the standardized but semi-

quantitative SUV metric derived from static PET studies. 

However, it also suffers from higher levels of noise and 

considerable time gaps in acquisition of the complete kinetic 

range of PET tracers such as FDG, limiting the choice of 

appropriate kinetic models applicable to this type of studies. In 

this study we demonstrated how TOF acquisitions and PSF 

modeling can further enhance the statistical quality of the 

dynamic projection data and the modeling process within the 

reconstruction to assist Patlak models in more accurately and 

precisely estimating whole-body parametric images from 

dynamic PET studies. Our findings here encourages us to 

believe that the advent of these two types of technologies, 

which both are already present in current clinical PET 

scanners, together with the application of the standard or our 

proposed generalized Patlak models, can facilitate the faster 

transition of this quantitative PET imaging framework to the 

clinic in the near future. 

In addition, the results of this study imply a positive effect 

of TOF and PSF modeling also for conventional single-bed 

dynamic PET imaging either in the case of the less 

challenging graphical analysis methods or, particularly, for the 

more demanding and highly susceptible to noise fully 

compartmental kinetic modeling processes.  

Currently, we are also investigating the relative effect of 

these two types of technology in the context of direct 4D 



 

whole-body parametric image reconstruction using either the 

standard or the generalized Patlak model [32,33].  
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