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Abstract 

 

Dynamic positron emission tomography (PET) imaging is a standard art of molecular imaging 

technology for visualization and quantitative assessment of biochemical and physiopathological 

activity at cellular and molecular levels in humans and laboratory animals. Tracer kinetic 

modeling approach developed and validated in last decades is now widely used to extract 

parameters from dynamic PET data. In the study of neuroendocrine tumors (NETs), the kinetic 

parameters such as tracer uptake rate constant Ki estimated from dynamic PET with FDA 

approved 18 F-FDG and 68 Ga-DOTATATE tracers are suggested to improve the accuracy of NET 

detection, characterization, grading, staging, and predicting/monitoring NET responses to 

treatment including peptide receptor radionuclide therapy. The whole-body parametric Ki images 

generated from shortened dynamic PET using robust parametric imaging algorithm such as 

machine learning-based approach is potential for clinical and research in NET. In addition, 

dynamic PET can provide valuable information, such as biological distribution and radiation dose 

in tissue, in the study of new radioactive tracer in NET. It is expected that quantitative dynamic 

PET imaging in NET will be widely used for the imaging of somatostatin receptors and 

evaluation of therapeutic drugs and probes.  
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1. Introduction 

Neuroendocrine tumors (NETs) are often 

used to refer to the low-proliferating, 

well-differentiated neuroendocrine neoplasms 

(NENs), which are a heterogeneous group of 

malignancies originating from peptidergic 

neurons and neuroendocrine cells. As an 

orphan disease comprising with 2% of all 

malignancies, NETs had a prevalence of more 

than 6-fold increase from 1973 to 2012 with 

171,321 in the United States in 2014.1 It could 

correlated with the new definitions and 

classifications of NETs, the advent of new 

diagnostic instrumentations, and the increased 

understanding among physicians.2 The main 

characteristics of NETs are that they may 

occur in any organ of the neuroendocrine 

system and may be small in size, but with a 

wide spectrum of clinical symptoms and 

behaviors.3 Variations in these characteristics 

generally make it difficult to diagnose and, 

therefore, the optimal route of treatment for 

patients may be different.  

Several conventional anatomic imaging 

methods are available for tumor localization, 

such as chest radiography or CT for bronchial 

NETs. However, most NETs that may be small 

in size or deep in position, such as small bowel 

tumors, are challenging to detect, especially in 

the early stage.4 And it is considered 

that magnetic resonance imaging (MRI), CT 

scan, and ultrasonography generally have a 

lower sensitivity for the identification of 

gastroenteropancreatie NETs (GEP-NETs).5 

With the continuous development of 

radiotracers, nuclear medicine imaging has 

become an important diagnostic and evaluation 

tool for NETs. By combining with 

overexpressed molecular biomarkers, primary 

and metastatic lesions can be accurately 

detected at the early stage, without further 

radiation exposure.6  

A unique feature of NETs is their 

extremely higher expression of somatostatin 

receptors (SSTR) in tumors than in the normal 

tissues. Radionuclide labeled somatostatin 

analogues provides a broad application 

prospect in NETs for qualitative, localization, 

even quantitative diagnosis and peptide 

receptor radionuclide therapy (PRRT).7 

Positron emission tomography (PET) with 
68Ga-DOTA-peptide was considered the 

first-line diagnostic imaging modality for 

NETs and a valuable tool for PRRT, because of 

higher affinity to SSTR in excess of 
111In-octreotide, excellent signal-to-noise ratios, 

and spatial resolution over single photon 

emission computed tomography (SPECT).8,9 

Conversely, the highly proliferating, poorly 

differentiated NENs, which known as 

neuroendocrine carcinomas (NECs), are more 

suitable for 18F-fluorodeoxyglucose (18F-FDG) 

PET because of high malignant grade, low 

expression of SSTR, and high glycolytic 

metabolism.10 

Dynamic PET imaging, which can better 

play the characteristics of functional PET 

imaging, is an advanced imaging technology 

based on the theory of pharmacokinetics and a 

powerful analytical tool in the study field of 

radiolabeled somatostatin analogues.11 More 

valuable information about the kinetics of the 
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radiotracer, including absorption, distribution, 

metabolism and excretion, can be provided by 

dynamic PET rather than static PET which 

only shows standard uptake value (SUV) 

images at a certain time after 

injection. Moreover, in the studies of the 

receptors in vivo, it has been found that the 

parameters of a novel radiolabeled ligand, such 

as biological half-life, receptor occupancy, and 

dosing regimen, can be determined by a 

limited number of dynamic PET scans.12 It 

greatly improves the efficiency and saves the 

cost in comparison with the traditional 

methods of drug analysis. This review aims to 

offer a complete overview of parameters by 

dynamic PET, SUV and Ki, parametric Ki 

images, and radiopharmaceuticals 

biodistribution differences. 

 

2. Kinetic modeling of dynamic PET 

Although dynamic PET scanning is more 

time consuming, its main advantage over the 

whole-body protocols and visual evaluation by 

static PET is that it provides more quantitative 

data that can reflect the dynamic process of 

radiotracers accumulation in vivo.13 The most 

commonly used somatostatin analogs labeled 

with 68Ga are 68Ga-DOTATOC, 
68Ga-DOTANOC and 68Ga-DOTATATE. These 
68Ga-DOTA-peptides which binds primarily to 

SSTR2,14 has been demonstrated a group of 

excellent radiopharmaceuticals for diagnosis 

and staging of NETs. Application of 

pharmacokinetic parameters in dynamic PET 

is scarce, however, have great significance for 

subsequent therapy to patients in NETs by 

PRRT. 

Koukouraki et al. (2006)15 analyzed the 

parameters in dynamic 68Ga-DOTATOC PET, 

including the rate constants (K1, k2, k3, k4) and 

fractional blood volume (Vb) by a two-tissue 

compartment model with a blood compartment. 

The study data showed that a high global SUV 

is not necessarily related to high receptor 

internalization, which probably because of the 

cooperative effects by blood volume, receptor 

binding and internalization. The results 

demonstrated that the model parameters (K1, k2, 

k3, k4 and Vb) had different effects on SUV. If 

three variables of the five parameters were 

selected, K1 (the receptor binding), k3 (the 

cellular internalization) and Vb were relatively 

important, with an effect of K1 and Vb greater 

than that of k3. But in general of these kinetic 

parameters, K1 was of the greatest value in 

affecting the global SUV. The study suggested 

that the different kinetic factors, which 

affected the uptake of 68Ga-dotatoc in lesions, 

could be separated by dynamic PET, and had a 

more precise evaluation value in NET. 

The increased uptake of 18F-FDG, which 

reflects tumor viability and aggressiveness, has 

certain significance in prognostic evaluation of 

NENs.16 NETs generally demonstrate poor 

uptake of 18F-FDG because of slow growth 

and well differentiation, but evidently 

concentrate of 68Ga-DOTA-peptides. Therefore, 
68Ga-DOTA-peptides were often cooperated 

with 18F-FDG for determination of the 

biological classification in NENs 

pre-therapeutically. The kinetics of 18F-FDG 

and 68Ga-DOTATOC were compared further in 
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the subsequent research by Koukouraki et al.17 

Both 18F-FDG and 68Ga-DOTATOC showed 

the global SUV varied greatly in different 

lesions, which mean the uptake was influent 

by different biological parameters. The results 

of multivariate analysis proved that the rate 

constants (K1, k2, k3, k4), which showed no 

significant correlation for the two tracers, were 

specific characteristics of tracers. 

Unlike K1 as the major parameter to 

kinetic of 68Ga-DOTATOC, the uptake of 

18F-FDG was affected mostly by Vb. The 

reason argued by the author was that the 

dependency on the blood volume in the 

low-uptake areas was higher than that in the 

high-uptake regions, which made 18F-FDG 

uptake was influenced mainly by the fractional 

blood volume (Vb), instead of glucose 

transporters and the phosphorylation rate. 

Fractal dimension (FD) is another kinetic 

parameter to reflect the chaotic distribution of 

the tracer in primary tumors and metastases. 

High FD of the two tracers in the results were 

presumption to the correlation with more 

aggressive growth (18F-FDG) and more 

heterogeneous distribution of the SSTR2 

(68Ga-DOTATOC). 

The affinity bind to subtypes of SSTR are 

slightly different among the three 
68Ga-DOTA-peptides. 68Ga-DOTATATE has 

the highest affinity for SSTR2 while 
68Ga-DOTATOC also binds to SSTR5.14 
68Ga-DOTANOC targets a broader range of 

somatostatin subtype receptors, including 

SSTR2, SSTR3, and SSTR5.18 The kinetic 

characteristics of 68Ga-DOTA-peptides were 

compared by Soto-Montenegro et al.18 in his 

study. By applying standard Logan graphical 

analysis for a two-tissue reversible 

compartmental model, the volume of 

distribution (Vt) was computed for assessment 

from the dynamic study. In his investigation, 
68Ga-DOTATOC showed no significant 

differences in VT by compared 

with 68Ga-DOTATATE, but both of the two 

tracers demonstrated higher VT in the tumor 

than 68Ga-DOTANOC, although the latter has 

affinity for SSTR2, SSTR3 and SSTR5. 

Consequently, no more advantages in VT could 

be emerged for a tracer with affinity bind to 

more subtypes of SSTR.  

 

3. SUV and Ki 

The standardized uptake value (SUV) is 

the most commonly used parameter to measure 

radiotracer uptake of lesions, distinguish 

changed areas or lesions with abnormal 

metabolism, and indirectly reflect radiotracer 

consumption rate.19 Although it is convenient 

for detection, diagnosis and observation of 

therapeutic response, it is often limited as a 

semi-quantitative parameter by extravasations, 

recording of the injected activity, the variation 

of the absorption by target and non-target 

organs, and differences between plasma and 

body volume.20 

The compartment model is considered the 

gold standard in PET quantification.21 The 

neuroreceptor binding model is one of the 

well-established compartmental models in PET 

for analyzing receptor-ligand system. Ki is a 

kinetic parameter calculated by fitting the 
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compartment model, that represents the 

radiopharmaceutical uptake rate and 

incorporates both internal net transport and 

tracer trapping in the tissue (Ki = 

K1k3/(k2+k3).
22 Due to its simplicity in 

calculation, macro-parameter Ki is widely 

estimated by a graphical analysis, Patlak plot, 

for quantification of radioligand-receptor 

dynamic PET with slow kinetics.23 The 

calculation of Ki by adding the input function 

was thought to be capable of correcting the 

main limitations of SUV.20  

Assumed Ki of 68Ga-DOTA-peptide as the 

gold standard, a few of studies have attempted 

to explore some parameters derived from static 

images, in order to determine which one might 

better reflect the SSTR expression levels in 

NETs. In their study on dynamic and static 
68Ga-DOTATOC PET during PRRT, Van et 

al.24 compared a series of static parameters 

with Ki, including the SUVmax and SUVmean of 

the tumors, and the SUVratios values 

normalized by the background organs. The 

results conclusively show that SUVmax/mean 

values of the tumoral lesions on the static 
68Ga-DOTATOC PET correlate better with Ki 

than the normalized values, so the SUVmax/mean 

values of the static images should be the 

parameter of choice in therapy assessment. 

As a reasonable metabolic index to 

evaluate the malignant degree or therapeutic 

response of tumors, SUV can be used in FDG 

PET because of the principle of FDG uptake 

by all tissues in the body. But in the NETs, the 

measurement results of SUV may be affected 

due to the distribution volume of somatostatin 

receptors limited in some tissues. The changes 

after treatment of tumor SUV in 
68Ga-DOTATOC PET/CT showed uncorrelated 

to the therapeutic results of PRRT by a study,25 

which suggested that SUV may not be 

applicable to the therapy evaluation of NETs. 

Tracer kinetic parameters by dynamic PET, 

rather than SUV, might reflect the receptor 

density more accurately by contributing the 

additional dimensions of time and 

accumulation rate.26 The steady-state Ki, which 

was determined by nonlinear regression of an 

irreversible 2-tissue-compartment model and 

the Patlak method, is considered a better index 

of reflecting the receptor concentration.  

In the study by Velikyan et al.,26 analyzed 

by Patlak and the compartment model 

respectively, Ki of the two tracers 

(68Ga-DOTATOC and 68Ga-DOTATATE) had a 

good correlation. But Linear correlation was 

not found between SUV and Ki in the study. 

SUVs no longer increased and achieved 

saturation for Ki values greater than 0.2 

mL/cm3/min. It was considered by author that 

high value in SUV (SUV>20-25) may not 

accurately reflect SSTR density, while Ki 

might be an available result indicator for SSTR 

density quantification. Faster blood clearance 

in patients with higher receptor expression was 

thought to be the reason for the above result in 

the subsequent study by Ilan et al.27 It is likely 

that almost all peptides in the plasma were 

cleared at the early detection stage because of 

the large amount of SSTR in some patients, 

resulting in obvious saturation of the tumor 

SUV values. Conversely, a linear relation 
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between Ki and the tumor-to-blood ratio (TBR) 

was found in this article. Therefore, TBR was 

supposed to be a better parameter for reflecting 

SSTR density than SUV. For measurement and 

treatment monitoring of NETs, TBR would be 

a valuable tool for semi-quantitative evaluation 

of 68Ga-DOTATOC and 68Ga-DOTATATE 

tumor uptake. Therefore, Ki not only 

contributed to the analysis of receptor density 

and pharmacokinetics, but also had great value 

for the search for relevant static parameters. 

The SUV could be used to approximate Ki in 

FDG PET with a number of physiological 

assumptions.28 

 

4. Parametric Ki images 

It is easy to achieve with low computation 

cost for the region of interest (ROI) based 

kinetic modeling. In contrast, another approach 

for deriving tracer kinetics from dynamic PET 

data is parameter imaging, which is more 

sensitive to noise and requires more 

demanding calculation.29 Parametric images 

characterized by kinetic parameters for every 

image voxel, is considered more suitable for 

studying heterogeneous tracer uptake in tissue 

because of providing four-dimensional 

distribution.30  

Quantitative and accurate parametric Ki 

images can display precisely calculated Ki in 

voxel level reliably, which has better contrast 

and clinical application value than whole-body 

scanning. In the study of Ilan, et al.,31 a 

method to obtain parametric Ki images was 

introduced: first, a basis function method 

(BFM) was implemented on the irreversible 

2-tissue-compartment model, and then the 

in-house-developed software was used in 

MATLAB to perform Patlak method analysis 

on PET data 15-45 minutes after drug 

administration. Robust parametric imaging 

algorithms including spatially constrained 

approach, direct parametric image 

reconstruction, and machine learning-based 

method have been proposed to generate Ki 

images from shortened dynamic FDG and 
68Ga-DOTATATET PET.32-35  

High correlation and agreement with no 

significant bias were found in the study 

between the VOI based Ki (Ki-NLR) values 

and the parametric based Ki (Ki-BFM and 

Ki-Patlak) values for 68Ga-DOTATOC and 
68Ga-DOTATATE. This suggests that 

parametric Ki images computed by BFM and 

Patlak were suitable for both radiotracers. On 

the other hand, values of low Ki presented 

greatly overestimated by parametric images 

compared with Ki-NLR, and high Ki presented 

mildly underestimated. This is actually due to 

the fact that the Ki-NLR analysis based on 

VOI may have underestimated the Ki value of 

the tumor. The parametric based Ki values, 

which are much lower in the surrounding 

tissue and will not spill over to affect the 

tumor uptake, represented the actual tumor Ki 

to a greater extent and thus be higher than the 

NLR value. Physiological liver background 

uptake often influenced the accuracy of uptake 

measurement of liver metastatic tumor. 

Compared with the whole body SUV image 

based on VOI, parametric image can provide 

better image contrast for both tracers, which is 
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more obvious in 68Ga-DOTATATE. This is 

consistent with Ki estimates in 60-min 

dynamic FDG PET study between NLR and 

Patlak plot method.36 

 

5. Radiopharmaceuticals biodistribution 

differences 

A case of pancreatic NET with liver 

metastasis detected by dynamic 18F-FDG and 
68Ga-DOTATOC PET was reported by Sänger 

et al..37 Both of the two tracers image sets 

showed very early signal increase in a hyper 

vascular metastatic lesion of liver over the first 

28s. However, decreased uptake 18F-FDG was 

found by the time-activity curve and visual 

inspection at 60-90s, while continuously 

increase uptake of 68Ga-DOTATOC by the 

metastasis tumor. Although recent publications 

have suggested that 18F-FDG dynamic PET has 

the potential to characterize liver lesions hyper 

vascularization, it seemed from this study that 

the concept of which may vary in the use of 

tracers with faster kinetics, such as 
68Ga-DOTATOC. 

Previous studies suggest that early 

dynamic PET can be used as a potential 

alternative to contrast-enhanced CT for the 

imaging of arterial hypervascularization in 

liver tumors. Sänger et al.38 discussed in detail 

whether liver metastases of NET can be 

reliably detected by 68Ga-DOTATOC in the 

condition of somatostatin receptors (positive or 

negative) and (with or without) 

hypervascularity. Although radio activities of 

all lesions increased in the early arterial phase 

(16-40s), the data in the subsequent stage 

performed varies among the four subgroups 

(hypervascularized/receptor positive (HV+R+), 

HV-R+, HV+R-, HV-R-). The signal growth of 

HV+ subgroups were significantly higher than 

that of HV- groups regardless of the receptors 

(positive or negative). The signal in HV+R- 

subgroup showed a rapid peak, while a steady 

increase of signal in HV+R+ subgroup was 

found, which different from 18F-FDG dynamic 

PET results. Therefore, when the receptor 

density is low (e. g. HV+R- and HV-R-), early 

arterial blood flow (via increased influx) is the 

main factor affecting the signal, by which 

more radioactive tracers are accumulated in the 

HV+R− subgroup; the different manifestations 

of the data, when the receptor was the main 

influencing factor (e.g. HV-R+ and HV-R-), can 

be explained by the rapidity of tracer kinetics 

and specific receptor binding. 68Ga-DOTATOC 

dynamic PET was suggested by authors a 

useful tool for characterizing hepatic NET 

metastases, which can be used as an alternative 

or adjunct to contrast-enhanced CT. 

Dynamic PET can also provide valuable 

information of new radiopharmaceuticals on 

the biodistribution and dosimetry in normal 

tissues. For example, the latest biological 

distribution studies in mice have showed that 
68Ga-DOTA-JR11 and 68Ga-NODAGA-JR11 

(68Ga-OPS202), a type of SSTR antagonists, 

had higher tumor uptake than 
68Ga-DOTATATE in PET, which provided 

experimental evidence for further clinical 

evaluation.39 

In the first-in-human investigation by 

Krebs et al, the bio-distribution of 
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68Ga-DOTA-JR11 was impressive with little 

tracer uptake in normal parenchymal organs, 

especially in liver.40 A higher quality image 

and more sensitive detection of liver 

metastases resulted by rapidly uptake of 
68Ga-DOTA-JR11 in tumor tissue and the low 

background activity in liver.41 Nicolas et al. 

compared the ability of 68Ga-OPS202 and 
68Ga-DOTATOC in detecting liver lesions and 

malignant lesions.42 The results showed that 
68Ga-OPS202 could detect significantly more 

lesions than the latter, and the 

tumor-to-background ratios also showed 

higher uptake in liver lesions, which mainly 

related to the significant reduced uptake by the 

liver background of 68Ga-OPS202. Compared 

with 68Ga-DOTATOC, therefore, the lower 

uptake of 68Ga-OPS202 in liver, instead of the 

higher uptake by liver lesions, result in the 

higher tumor-to-background ratio, which made 

the liver lesions easier to be detected. 

 

6. Conclusions and prospects 

As a quantitative approach of tracer 

uptake based on compartment modeling, 

dynamic PET can effectively improve the 

feature recognition and therapeutic response 

monitoring of tumors. It can help people 

understand the dynamic interaction between 

receptor density and radioactive ligand by 

monitoring the image information of the 

spatial distribution of radioactive ligand and its 

change over time in vivo. But some noisy 

information, such as inherent statistical noise 

associated with radioactive decay and 

physiological factors, may interfere with 

image analysis.43 Several quantitative 

parameters, which characterize the distribution 

of receptors in vivo and/or the binding process 

of receptor to ligand, can be refined from these 

dynamic information by tracer dynamic 

modeling.44 Therefore, the application of 

dynamic PET in neuroendocrine tumors has 

gained increasing attentions in the related 

receptor distribution patterns and the 

development of novel drugs. 

However, long image acquisition and 

single bed-position heavily restrict the 

application of dynamic PET in clinical 

practice,45 since the main advantages of PET 

lie in its fast scan in limited time and 

whole-body assessment of diffuse diseases. 

Recent developments on whole-body 

parametric imaging can meet the requirements 

of large axial fields of view and continuous 

bed motion in both PET hardware and 

algorithms.46 This repeatable, highly reliable, 

quantitative technique that does not add 

additional workload is of great value in 

differentiating malignancies from 

infection/inflammation, improving tumor 

staging assessment and accurate estimation of 

early treatment response.47 In consideration of 

its long scan duration may influence patient 

throughput and comfort, whole-body dynamic 

PET may be used as a powerful supplement of 

static PET as so far, rather than replace it. 
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