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Abstract

Aim 

dynamic- and parametric imaging. Primary aim of this study was the comparison of direct and indirect Patlak imaging as 

Secondary aims of the study were lesion detectability and comparison of Patlak analysis with a two-tissue-compartment 
model (2TCM).
Methodology 50 oncological patients with 346 tumor lesions were enrolled in the study. All patients underwent [18F]FDG 
PET/CT (skull to upper thigh). Here, the Image-Derived-Input-Function) (IDIF) from the descending aorta was used as the 
exclusive input function. Four sets of images have been reviewed visually and evaluated quantitatively using the target-
to-background (TBR) and contrast-to-noise ratio (CNR): short-time (30 min)-direct (STD) Patlak Ki, short-time (30 min)-
indirect (STI) Patlak Ki, long-time (59.25 min)-indirect (LTI) Patlak Ki, and 50–60 min SUV (sumSUV). VOI-based 2TCM 
was used for the evaluation of tumor lesions and normal tissues and compared with the results of Patlak model.
Results -
ever, we found three discordant results: a true positive liver lesion in all Patlak Ki images, a false positive liver lesion delin-
eated only in LTI Ki which was a hemangioma according to MRI and a true negative example in a patient with an atelectasis 
next to a lung tumor. STD, STI and LTI Ki images had superior TBR in comparison with sumSUV images (2.9-, 3.3- and 
4.3-fold higher respectively). TBR of LTI Ki i. VOI-based k3 showed a 21-fold higher 

tissue like Patlak Ki which was better in normal lung and 2TCM k3 which was better in normal liver. 2TCM Ki revealed the 
highest correlation (r = 0.95) with the LTI Patlak Ki in tumor lesions group and demonstrated the highest correlation with the 
STD Patlak Ki in all tissues group and normal tissues group (r = 0.93 and r = 0.74 respectively).
Conclusions Dynamic [18F]-FDG with the new LAFOV PET/CT scanner produces Patlak Ki images with better lesion con-
trast than SUV images, but does not increase the lesion detection rate. The time window used for Patlak imaging plays a more 

in parametric imaging to obtain the best TBR in the whole body in future.
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Introduction

The introduction of Long-Axial-Field-of-View (LAFOV) 
PET-CT scanners has marked a new era in molecular imag-
ing. Whole body PET-CT studies can be performed with 
lower doses of a radiopharmaceutical and within a short 
acquisition time at least for routine purposes. All these 
technological improvements have a major impact particu-
larly in oncological patients. Furthermore, LAFOV PET-CT 

imaging and WB pharmacokinetic studies [1–3]. This is in 
particular interesting for the evaluation of novel radiophar-
maceuticals. The potential of WB dynamic imaging includ-
ing pharmacokinetic modeling and parametric imaging 
for the most common used radiopharmaceutical, 2-deoxy-

18F]FDG), is under 
evaluation. [18F]FDG is still used in the clinical routine of 
oncology for several indications, including diagnosis, stag-
ing, restaging as well therapy response evaluation [4].

In most oncological studies, the acquisition protocol 
includes the skull base to the upper thigh, which covers 
most relevant portions of the body. The recently introduced 
LAFOV PET/CT systems, such as the Biograph Vision 
Quadra (Siemens Healthineers) with approximately one 
meter FOV and the total body uEXPLORER (United Imag-
ing) with approximately two meters FOV, which are digital 
total-body PET/CT systems enable both the coverage of one 

in system sensitivity [1, 3, 5, 6]. In dynamic PET in particu-
lar, the new scanners dramatically enhance its capabilities, 

body trunk in a single measurement. This allows the simul-
taneous evaluation of radiotracer kinetics of most organs 
and tumor lesions, using large vessels for image-derived 
input function (IDIF) calculation, thus providing robust 
information on in vivo tracer biology [7–9].

The dynamic study of the new scanner also produces a 
much larger dataset than the traditional PET/CT scanner. 
The feasibility of kinetic modelling methods like two-tis-
sue-compartment model (2TCM) and Patlak model also 
need to be evaluated with the new LAFOV system [10, 
11]. In addition to volume-of-interest (VOI)-based analy-
ses using the averaged time activity curve (TAC) from a 
VOI, kinetic modelling can generate parametric images 
of isolated parameters of the radiotracer pharmacokinet-
ics at the voxel level. Parametric images can be generated 
from reconstructed dynamic PET images, known as indi-
rect method, or directly from PET sinogram data, known as 
direct method [12].

In the present study, we investigated oncological patients 
with the new LAFOV Biograph Vision Quadra PET/CT 
after application of low-dose [18F] FDG. Our aim was to 

evaluate whether Patlak imaging is feasible with a new 
LAFOV system. The primary aim of this study was the 
comparison of direct and indirect Patlak imaging as well as 

-
tion with the LAFOV PET-CT in oncological patients. Sec-
ondary objectives of the study were lesion detectability and 
comparison of Patlak analysis with a VOI-based two-tissue-
compartment model (2TCM) analysis.

Materials and methods

Patients

A total of 50 consecutive oncological patients with dif-
ferent tumor entities (mean age 63.4 years, range 21–91 
years) were enrolled in this retrospective analysis of pro-
spectively designed study protocols and underwent dynamic 
[18F] FDG PET/CT for staging or re-staging purposes or as 
baseline study prior to onset to treatment. All patients had 

summarized in Table 1. The study was conducted in accor-
dance with the Declaration of Helsinki, and was approved 
by the Ethics Committee of the University of Heidelberg 
(S-107/2012, S-879/2020, S-950/2021). All patients gave 
written informed consent to undergo [18F]FDG and to have 
their medical records released. Patient preparation was done 
according to the EANM guidelines for tumor imaging [13].

PET/CT examination

All patients fasted for at least 6 h before [18F]FDG adminis-
tration. Patients underwent PET/CT with a LAFOV scanner 
(Biograph Vision Quadra, Siemens Co., Erlangen, Ger-
many) after intravenous administration of a body weight-
adjusted activity of 2 MBq/kg [18F]-FDG (mean 160 MBq; 
range 102–270 MBq).

PET/CT dynamic data acquisition was performed from 
the top of the head to the upper thigh (FOV 106 cm) for 
60 min after i.v. injection of the radiotracer using a 33-frame 
protocol (10 frames of 15 s, 5 frames of 30 s, 5 frames of 
60 s, 5 frames of 120 s, and 8 frames of 300 s).

All PET images were acquired in high resolution mode 
(HS mode, 18° acceptance angle), attenuation-corrected and 
an image matrix of 440 × 440 pixels was used for iterative 
image reconstruction. Images were reconstructed using the 
manufacturer’s standard reconstruction method (Siemens 
Healthineers) using the point spread function + time-of-

+ TOF, 4 iterations x 5 subsets) with-
× 1.65 × 1.65 mm3 voxels. 
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for attenuation correction of the dynamic emission PET data 
and for image fusion.

Patlak imaging

Whole-body parametric images (FOV: 106 cm) were gener-
ated using the direct and indirect Patlak methods, with the 
Image-Derived Input Function (IDIF) of the descending 
aorta as the exclusive input function. In the direct Patlak 
reconstruction method, we used a dedicated Patlak mod-
ule implemented in the e7 tools that is an investigational 
research prototype software for PET image reconstruc-
tion and parametric imaging (Siemens Healthineers). Fol-
lowing the recommendation from the experts of Siemens 
Healthineers, we only used the short-time 30 min protocol 
in 6 frames (last 6 frames of 300 s), which is referenced 
as short-time-direct (STD) protocol. In the indirect Pat-
lak reconstruction method, we used a dedicated software 
PMOD (PMOD Technologies, Zurich, Switzerland), which 
can setup time protocol fast and easily. We tested two dif-
ferent time protocols: (1) the same protocol as the one used 
for direct Patlak which is referenced as short-time-indirect 

(STI) protocol; (2) A long-time 59.25 min protocol con-

to reduce the background of blood vessels and is referenced 
as long-time-indirect (LTI) protocol.

Data analysis

Visual assessment of Patlak parametric images

Patlak parametric image analysis was performed using a 
dedicated imaging workstation and software (aycan Osirix-
PRO

physicians well versed in PET oncological diagnosis and 
pharmacokinetic modeling (CS, ADS) read the datasets 
together and any disagreements were resolved by consensus.

of focally enhanced [18F]FDG uptake relative to local back-
ground, which were considered suggestive of tumor involve-
ment (tumor lesions) after disregarding known benign [18F]

comparison with the low dose CT and the patient history, 
e.g. immune-related adverse events (irAEs) in melanoma 

Table 1 Characteristics of the patients investigated
Patient Nr. Gender Age Inj.Dose 

(MBq)
Tumor Patient 

Nr.
Gender Age Inj.Dose 

(MBq)
Tumor

1 F 91 125 Melanoma 26 F 76 93.48 Melanoma
2 F 62 171 Melanoma 27 M 64 140.04 Melanoma
3 M 60 192 Melanoma 28 M 66 179.63 Melanoma
4 F 73 182 Non-small cell lung 

cancer
29 M 37 158.8 Uvea Melanoma

5 M 83 251 Melanoma 30 F 40 270.78 Sarcoma*
6 M 72 153.12 Small cell lung cancer 31 M 83 183.44 Melanoma
7 M 21 176.69 Sarcoma 32 M 60 138.27 Melanoma
8 M 66 176 Melanoma 33 M 65 159.77 Bladder tumor
9 F 70 107 Melanoma 34 F 60 121.22 Melanoma
10 M 79 198 Melanoma 35 F 69 138.62 Non-small cell lung cancer
11 M 47 229 Melanoma 36 M 75 173.48 Uvea Melanoma
12 F 59 121. Non-small cell lung 

cancer
37 F 60 165.68 Non-small cell lung cancer

13 M 69 243.13 Chondrosarcoma* 38 M 60 165.14 Non-small cell lung cancer
14 F 61 117.69 Small cell lung cancer 39 M 57 132.65 Non-small cell lung cancer
15 M 68 199.59 Uvea Melanoma 40 F 64 142.46 Non-small cell lung cancer
16 M 41 139.68 Melanoma 41 M 61 139.15 Non-small cell lung cancer
17 M 75 146.22 Melanoma 42 M 66 170.21 Small cell lung cancer
18 F 41 224.15 Sarcoma 43 M 64 166.54 Pleural mesothelioma
19 M 65 152.4 Melanoma 44 M 56 176.34 Melanoma
20 F 23 175.55 Sarcoma 45 M 64 143.35 Small cell lung cancer
21 F 72 117.39 Melanoma 46 M 78 162.59 Small cell lung cancer
22 M 80 171.82 Melanoma 47 F 73 129.01 Small cell lung cancer
23 M 67 155.52 Lymphoma 48 M 74 158.19 Bladder tumor
24 F 62 169.87 Uvea Melanoma 49 F 65 113.31 Non-small cell lung cancer
25 F 60 94.81 Non-small cell lung 

cancer
50 F 66 102.02 Uvea Melanoma

*patients without metastases
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VOI-based evaluation of dynamic PET/CT data using 2 

tissue-compartment model

Besides the Patlak model, we also used a VOI-based 
analysis based on a 2 tissue-compartment model (2TCM) 
to our dynamic data using PKIN module of PMOD soft-
ware. Due to the complexity of the 2TCM and limited 
performance of the dedicated software, we only focused 
on the VOI-based evaluation of 2TCM and not on the 
calculation of parametric images. In order to simulate the 
voxelwise 2TCM parametric imaging as closely as pos-

ChiSquare. In order to compare the Patlak method with 
4 to zero (irreversible 2TCM). 

Semi-quantitative evaluations were performed based on 
SUV calculations 50–60 min after tracer injection (the 
average SUV of the last two frames of the dynamic PET 
acquisition) generated from the VOIs placed over tumor 
lesions and normal organs. In addition, a detailed quan-
titative evaluation of the pharmacokinetics of [18F]FDG 
derived from the entire 60-min dynamic PET acquisition 
in tumor lesions and normal organs mentioned above was 
performed using a reversible 2TCM. The 2TCM includes 
the plasma compartment (Cplasma), the transported [18F]
FDG in C1 and the phosphorylated [18F]FDG (FGD-
6-P) concentration in C2 [8 -
aged time-activity curves (TACs) from VOIs of tumor 
lesions and normal organs leads to the extraction of the 
parameters vB (unitless), K1 (mL/ccm/min), k2 (min− 1), 
k3 (min− 1) and k4 (min− 1). In particular, vB is the blood 
volume fraction, K1 and k2 are the uptake and clearance 
rate constants, whereas k3 represents the phosphoryla-
tion by hexokinase and k4 the dephosphorylation. Fur-

i (mL/ccm/min) was 
calculated from the compartment data using the formula: 
Ki = (K1 × k3)/(k2 + k3) . The TBRmean of Ki and k3 
of VOI-based 2TCM were also calculated using Eq. 1. 
However, Mean (VOILesion)and Mean (VOIBackground)  were 
simulated using single value of Ki or k3
averaged TAC of the tissue VOIs instead of the average 
value of Ki or k3

Statistical analysis

Continuous variables were expressed as mean ± standard 
deviation (SD). Image quality parameters TBRmean and 
CNRmean of Patlak images and sumSUV images were 
compared using Wilcoxon matched-pairs signed-rank test. 

patients after immunotherapy or pneumonitis in lung cancer 
patients etc. The number of tumor lesions was determined 
in each scan, with a maximum of up to 20 lesions being 
calculated per patient. With regard to lesion detectability, 
the results of the 10-min SUV images served as a reference 
for the comparison with the results of the Patlak Ki images 
(STD, STI and LTI). Reference for the tumor lesions was the 
clinical follow-up and other diagnostic imaging modalities, 
like diagnostic CT and MRI. The majority of the patients 
(48/50) had a metastatic disease and received therefore 

metastasis was not possible.

Objective evaluation of Patlak parametric image quality

Evaluation of the dynamic PET/CT data was also based on 
VOIs drawn over tumor lesions and normal tissues. Nor-
mal tissues included the following organs: liver, kidney, 
lung, spleen, bone and muscle. In particular, tumor lesions 
were assessed using irregular VOIs using an isocontour 
mode and placed over the entire lesions. For normal organs 
in the liver, spleen and lung, VOIs were drawn after plac-

-
tive slices and using an isocontour mode. For the kidneys, 
manual VOIs were placed in the renal parenchyma (renal 
cortex). For bone and muscle, irregular VOIs were placed in 
the 5th lumbar vertebra and the gluteal muscle accordingly. 
Due to its reasonably uniform tracer uptake, the liver paren-
chyma was used for background. Blood pool calculations 
were obtained from the average of the descending aorta VOI 
data, consisting of at least seven slices in sequential PET/CT 
images, placed centrally in the lumen of the aorta without 
including the aortic wall.

i 
images (STD, STI and LTI), target-to-background ratio 
(TBR) and contrast-to-noise ratio (CNR) for individual 
tumor lesions were calculated, as described in Eqs. 1–4. 
The liver parenchyma was used as background for these 
calculations.

TBRmean =
Mean (VOILesion)

Mean (VOIBackground)
 (1)

CNRmean =
Mean (VOILesion) − Mean (VOIBackground)

STD (VOIBackground)
 (2)

TBRmax =
Max (VOILesion)

Mean (VOIBackground)
 (3)

CNRmax =
Max (VOILesion) − Mean (VOIBackground)

STD (VOIBackground)
 (4)
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Results

An example of whole-body dynamic image acquired at dif-
ferent time points of dynamic PET acquisition of a patient 
with a primary lung tumor and liver metastases is provided 
in Fig. 1. Dynamic PET/CT scanning also led to the genera-
tion of average TACs in tumor lesions and reference tissue, 
which are presented in Fig. 2. In general, the curves derived 
from normal organs demonstrated a peak shortly after the 

lesions and normal organs were evaluated using the Stu-
dent’s t-test. Correlations between the kinetic parameters Ki 
from 2TCM and Ki from Patlak images were investigated 
using Spearman’s rank correlation analysis. Statistical sig-

-
tical analysis was performed with Stata/MP 14.2 (StataCorp 
LLC).

Fig. 1

time points of dynamic PET acquisition of a patient with primary lung 
tumor and multiple liver metastasis. The images shown depict acquisi-
tions at 1 (A), 5 (B), 10 (C), 20 (D), 40 (E) and 60 min (F) after admin-

istration of [18F]FDG. The patient has multiple liver metastases from a 
primary lung tumor. Notably, some liver metastases can be delineated 
already 20 min after tracer injection
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observed less background for normal organs in Patlak Ki 
images compared to sumSUV. In a patient with a lung tumor 
in the right lung and radiation necrosis after radiotherapy, 
the parametric Ki images showed a higher phosphoryla-
tion rate in the lung tumor as compared with the radiation 
necrosis (Fig. 3). The parametric DV images demonstrate 
a low DV in the lung tumor and higher DV in the radiation 
necrosis.

-
ences were observed between the three Patlak approaches 
used (STD Ki, STI Ki and LTI Ki

tracer injection followed by a decreasing uptake over time 
except the kidney. In particular, the kidney showed a longer 
increase up to 8 min followed by a decreasing concentration 
over time. However, tumor lesions exhibited lower initial 
peaks and steadily increasing slope of the TACs.

Visual assessment of different patlak parametric 
images and comparison with the sumSUV

In terms of visual analysis, Patlak Ki images demonstrated 
much better contrast compared to sumSUV images. We 

Fig. 3 sumSUV, Ki and DV of STD Patlak MIP images from a lung 
cancer patient. The Ki images show a higher phosphorylation rate in 
the primary tumor in the right lung as compared to the radiation necro-

sis in the dorsal part of the right lung. DV images demonstrate a higher 
DV in the radiation necrosis than in the primary lung tumor

 

Fig. 2 Time-activity curves (TACs) of [18F]FDG derived 
from whole-body dynamic PET/CT studies using a 
33-frame protocol (y-axis, average SUV; x-axis, time in 
sec). The TACs represent the mean values of all evalu-
ated VOIs corresponding to normal organs and tumor 
lesions. TACs of the blood pool (descending aorta), bone, 
kidney, liver, lung, muscle, spleen and tumor lesions are 
presented
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(Fig. 5E-H) and therefore, LTI Ki images were false posi-
tive. Figure 5 (right side) shows the time-activity curves 
(TACs) derived from this patient and provides an expla-

similar TAC from around 1200 s with the normal surround-
ing liver tissue (reference). Therefore, it not possible to dif-
ferentiate them according to the short-time Patlak method. 
In STI Patlak, the Ki value of the tumor tissue is 0.002991 
which is comparable to 0.002915 of the normal tissue. How-
ever, in LTI Patlak, the Ki value (0.012361) of the tumor 
tissue is much higher than of the normal tissue (0.004515).

images as compared with sumSUV in a patient with a lung 

one true positive and one false positive, presented in Figs. 4 
and 5. In Fig. 4 we compared sumSUV with STD, STI and 
LTI Patlak Ki images in a patient with liver metastases from 
uveal melanoma. In this case, all Patlak Ki images delin-
eated a small liver metastasis in segment 8 which was not 
clearly visible on sumSUV images (A and B) due to high 
background. The STD Patlak Ki image (C) showed better 
contrast and less background than the LTI Patlak Ki image 
(E) and less noise than the STI Patlak Ki image (D). Another 
patient with multiple liver metastases from uveal melanoma 
is presented in Fig. 5, where LTI Patlak Ki images delin-
eated one lesion in the left liver lobe, which was not visible 
in sumSUV due to the liver equivalent [18F]FDG uptake. 
Interestingly, this liver lesion was a hemangioma in MRI 

Fig. 4 Patient with multiple liver metastases from uveal melanoma: 
All Patlak Ki images demonstrate a small liver metastasis in segment 
8 which is not clearly delineated in the sumSUV (A fused PET-CT and 

B) SUV images due to high background of the liver. The STD Patlak 
Ki image (C) demonstrates better contrast and less background than 
LTI Patlak Ki image (E) and less noise than STI Patlak ki image (D)
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sumSUV images accordingly. Regarding noise, due to the 
limited time frame, the STI Ki images demonstrated the 
worst CNRmean, showing 0.73 fold lower TBRmean as com-
pared with corresponding sumSUV images. The STD Ki 
images revealed similar CNRmean as compared with the LTI 
Ki images, demonstrating that the direct Patlak method can 
handle the noise problem based on a shorter acquisition 
time to generate parametric imaging. The TBRmean of k3 
and Ki from 2TCM was also assessed and will be discussed 
in the next section. The boxplots of TBRmean for sumSUV, 
Ki
Fig. 7.

The results of the Wilcoxon matched-pairs signed-rank 
test, presented in Table 3
and CNR between the four image sets. The best result was 
demonstrated for the LTI Ki image. The superiority of 
TBRmean in LTI Patlak Ki images as compared with sum-
SUV images was evident in 345/346 lesions. The compari-
son of STD with LTI demonstrated that the TBRmean of LTI 
Patlak Ki was higher in 306/346 of tumor lesions. TBRmean 

tumor and atelectasis (Fig. 6). In the sumSUV images (A 
fused PET-CT and B) there is a low [18F]FDG enhancement 
in the atelectasis, but not in any of the Patlak Ki images 
(C, E, G). All DV images (D, F, H) showed enhanced con-
trast in the atelectasis and variable contrast in the primary 
tumor depending on the method used. In particular, LTI DV 
images (H) showed a rim-like uptake in the primary lung 
tumor. The enhanced [18F]FDG uptake in the atelectasis of 
the SUV images was due to the enhanced [18F]FDG trans-
port as demonstrated in the DV images (Fig. 6, right side).

Objective evaluation of image quality and 
comparison between different patlak images and 
sumSUV images

TBR and CNR values for 346 tumor lesions summarized in 
Table 2
Patlak images of STD, STI and LTI were superior to sum-
SUV images in all evaluations, showing 2.9-, 3.3- and 
4.3-fold higher TBRmean as compared with corresponding 

Fig. 5 Another patient with multiple liver metastases from uveal mela-
noma. All images demonstrate a small liver metastasis in the segment 
7 of the right liver lobe. Interestingly, only LTI Patlak ki image (D) 
demonstrated an additional liver lesion in the left lobe. This is a case 
where Patlak revealed a lesion which could not be delineated by sum-
SUV image (A) due to the liver equivalent [18F]FDG uptake in the 
liver lesion. However, MRI revealed a hemangioma: MRI image of 

the arterial phase of a contrast-enhanced T1 Dixon sequence depicted 
a hypointense lesion with discrete peripheral enhancement (E), while 
contrast-enhancement progressed centripetally in the venous (F) and 
delayed images (G). H: T2-weighted images showed the hemangioma 
as typically T2-hyperintense. Time-activity curves (TACs) of blood, 
liver lesion and liver reference (y-axis, average SUV; x-axis, time in 
sec) are illustrated in the right part
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Fig. 6 Patient with a primary lung tumor and atelectasis. The Patlak 
images are true negative compared to the sumSUV image. In the sum-
SUV (A fused PET-CT and B) images there is [18F]FDG enhancement 
in the atelectasis, but not in any of the Patlak Ki images (C, E, G). All 
DV images (D, F, H) showed enhanced contrast in the atelectasis and 

variable contrast in the primary tumor depending on the method used. 
In particular, LTI DV images (H) showed a rim-like uptake in the pri-
mary lung tumor. The DV enhancement in the atelectasis is related to 
higher perfusion-related [18F]FDG transport but not phosphorylation, 
explaining the enhanced SUV
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PET/CT. The results of the semi-quantitative and quantita-
tive evaluation are presented in Table 4.

lesions compared to all normal organs except kidney. For 
2TCM, Table 4 shows that k3 and Ki revealed the most sig-

tissues. In particular, k3 -
uated tumor lesions except normal lung, whereas Ki was 

-
ing the Patlak model, Ki
higher values in tumors as compared with normal tissues for 
each Patlak approach (STD, STI, LTI) except for the kidney 
when using the LTI approach. The boxplots of sumSUV, k3 
and Ki of 2TCM and Ki of Patlak models (STD, STI and 

are illustrated in Fig. 8.
The TBRmean of 2TCM Ki and k3 are also demonstrated 

in Table 2. In particular, Ki of 2TCM has similar TBRmean 
values (9.86) to the Ki of the Patlak (8.08–11.94). In con-
trast, 2TCM k3 showed the highest TBRmean values (58.67) 
as compared to all other Ki parameters (STD, STI, LTI, 
2TCM) and was almost 21-fold higher than sumSUV. As 
mentioned in the materials and methods section, liver paren-
chyma was used as background for the calculation of TBR. 

of STI Patlak Ki was higher than STD Patlak Ki in only 
225/346 of tumor lesions.

Comparison of kinetic parameters between VOI 
based 2TCM and patlak model for normal tissue and 
tumor lesions

Three hundred and forty six (346) [18F]FDG-positive tumor 
lesions, as well as normal organs, including the liver, kid-
ney, spleen, lung, muscle and bone, were evaluated both 
semi-quantitatively and quantitatively by means of dynamic 

Table 2 i imaging and VOI-based 2TCM parameters. Please note that normal 
liver parenchyma was used as background

Patlak 2TCM
sumSUV STD Ki STI Ki LTI Ki Ki k3

TBRmean 2.78 ± 2.07 8.08 ± 6.38 9.25 ± 8.09 11.94 ± 13.31 9.86 ± 8.97 58.67 ± 119.80
TBRmax 4.48 ± 3.82 14.43 ± 12.08 18.45 ± 17.81 19.70 ± 22.93 * *
CNRmean 22.73 ± 28.86 29.21 ± 27.12 12.95 ± 13.85 29.64 ± 29.62 * *
CNRmax 44.23 ± 53.09 54.97 ± 49.92 27.25 ± 30.13 51.15 ± 52.54 * *
*No max and SD available for VOI-based 2TCM

Table 3 The positive rank number of Wilcoxon signed-rank for four 
sets of TBRmean and CNRmean. The number of tumor tissue is 346. Four 
sets of TBRmean
CNRmean i 
with STD Patlak Ki
Positive Rank 
of TBRmean / 
CNRmean

LTI Patlak 
Ki

STI Patlak 
Ki

STD Patlak 
Ki

sum-
SUV

LTI Patlak Ki 1
STI Patlak Ki 248*/331* 1
STD Patlak Ki 306*/187 225*/21** 1
sumSUV 345*/313* 345*/63** 342*/287* 1

p = 0.0000) 
p = 0.0000)

Fig. 7 Boxplots of TBRmean for sumSUV, STD Ki, STI Ki, 
LTI Ki and 2TCM Ki
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This means that 2TCM k3 has the highest discriminatory 
ability between tumor lesion and normal liver tissue.

Table 5 shows the correlations between Ki parameters as 
calculated with all approaches (STD, STI, LTI, 2TCM) and 

lesions, normal tissues. Correlation analysis showed a very 
p = 0.00) between 

each Ki, including Ki from 2TCM and Ki from Patlak 

focused on the correlations between 2TCM Ki and paramet-
ric Patlak Ki values. 2TCM Ki revealed the highest correla-
tion (r = 0.95) with the LTI Patlak Ki in tumor lesions group 
and demonstrated the highest correlation with the STD Pat-
lak Ki in all tissues group and normal tissues group (r = 0.93 
and r = 0.74 respectively).

Discussion

LAFOV and total body PET/CT systems have opened up 
new possibilities, particularly in oncological imaging, due 
to their higher sensitivity, the ability to perform WB imaging 
in a short time and due to the fact that these systems allow 
WB dynamic studies and therefore WB parametric imaging. 
This aspect is of particular importance for the assessment 
of pharmacokinetics of various, especially novel, radiophar-
maceuticals [5]. Another aspect is the question if dynamic 
imaging can be introduced into clinical routine. This will be 
only the case if dynamic scanning and parametric imaging 

e.g., a change in patient staging by up- or downstaging or a 
therapeutic decision.

Parametric imaging is a method of feature extraction 
method that allows the visualization of an isolated param-
eter of tracer kinetics based on dedicated mathematical 
models and a voxel-wise calculation. The advantage over a 
VOI-based pharmacokinetic analysis is the direct visualiza-

transport rates (K1, k2, etc.), instead of calculating absolute 
numbers [12 18F]FDG, Patlak imaging 

i 
images, which are related to the phosphorylated [18F]FDG, 
and the distribution volume or DV images, which are related 
to the perfusion-dependent and transported but not metabo-
lized [18F]FDG.

The published data focusing on [18F]FDG demonstrate 
higher contrast of the parametric Patlak images compared to 
the summed [18F]FDG images approximately one hour after 

a patient or lesion basis. Fahrni et al. evaluated 18 oncologi-

to Patlak Ki images [14]. The authors also demonstrated a 
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including one true positive, one false positive and one true 
negative.

Most of the published work is based on so-called post-
processing parametric Patlak images, which are based on 
the reconstructed PET images. However, software tools are 
available from manufacturers that allow the so-called direct 
image reconstruction of Patlak images based on the sino-
grams obtained [16–18]. This approach produces two sets of 

the perfusion-related part of [18
i 

Sari et al. used both direct and indirect Patlak imaging 
in 24 oncological patients (49 tumor lesions) studied with 
[18F]FDG and LAFOV PET-CT (Biograph Vision Quadra) 
[8]. The authors reported that both direct and indirect 
Patlak imaging demonstrated superior TBR as compared 
with static SUV images. Regarding CNR, they reported 
a twofold higher CNR for direct than for indirect Patlak 
in tumor lesions, which is concordant with our results 

higher TBR and CNR for Ki as compared to SUV, which 
is comparable to our results. Overall, the results from 40 
proven malignant lesions suggested a slightly improved 
sensitivity (from 92.5 to 95%) and accuracy (from 90.24 to 

i over 

positive on SUV and negative on Ki .
Dias et al. investigated the impact of direct Patlak imag-

ing in 109 oncological tumor patients with a Standard-Axial-
Field-of-View (SAFOV) digital PET system of 26 cm FOV 
by using a multibed protocol [15]. The authors could not 

-
cal lesions detected by direct Patlak as compared to conven-
tional static images. However, they reported a higher TBR 
and CNR ratio for Ki images as compared to SUV. These 

i than 
in the SUV images. In our study, we observed three dis-

Rho
(All tissues/
Tumor lesions/
Normal tissues)

2TCM Ki STD Patlak Ki STI Patlak Ki LTI 
Pat-
lak 
Ki

2TCM Ki 1
STD Patlak Ki 0.9226*#/ 0.9232*/0.7146*# 1
STI Patlak Ki 0.8898*/0.8182*/0.6777* 0.9693*/0.9118*/0.9342* 1
LTI Patlak Ki 0.9058*/0.9529*#/0.7000* 0.9600*/0.9698*/0.8760* 0.9602*/0.8951*/ 

0.9105*
1

p = 0.0000) # The highest correlation between 2TCM Ki and Patlak Ki

Table 5 Spearman’s rank cor-
relation test result of four sets of 

2TCM Ki revealed the highest 
correlation (r = 0.95) with the LTI 
Patlak Ki in tumor lesions group 
and demonstrated the highest 
correlation with the STD Patlak 
Ki in all tissues group and normal 
tissues group (r = 0.93 and 0.74 
respectively)

 

Fig. 8 Boxplots of sumSUV, k3 and Ki of 2TCM and Ki

 

1 3

634



European Journal of Nuclear Medicine and Molecular Imaging (2025) 52:623–637

volunteers.
Overall, the selection of the time frame has an impact 

on the Patlak analysis. This means that even for a simple 
parametric method like Patlak imaging, there are still some 
variables that need to be adjusted. From this point of view, 
the indirect Patlak method has an advantage because the 
equilibrium time can be easily and quickly adjusted. As 
there is no generally accepted threshold for the equilibrium 
time, we wanted to compare the standard approach and 

results demonstrate that the contrast is higher for the long 
time protocols. The selection of the appropriate time frame 
for Patlak analysis is crucial. Our original idea was to com-
pare the standard Patlak approach using the last 30 min of 
the 60 min acquisition with a long time protocol consisting 
of 59 min by excluding only the initial part of the curve with 
the peak of the tracer uptake. Additionally to the exclusion 

-
parable to the 59Min-LTI results, which are presented in the 
supplement.

The impact of the applied dose with this LAFOV sys-
tem has been investigated in our previous works [23, 24]. 
The standard dose for [18F]FDG in Germany is 3 MBq/kg. 
We decided to use 2 MBq/kg in order to reduce the radia-
tion exposure in patients, taking also into consideration that 
most of them have been studied longitudinally. In terms 
of image quality it would have been probably better not 
to reduce the radiopharmaceutical dose, but this was con-
sidered a reasonable compromise for performing dynamic 
[18F]FDG PET/CT studies in oncological patients combined 
with a standard static PET/CT protocol, which is necessary 
for clinical purposes.

In most published papers, researchers either used VOI-
based pharmacokinetic modeling depending on the tracer, 
such as 1TCM or 2TCM, or they used mostly parametric 

tumor lesions, but not the combination of both [23, 25–27], 
with only few exceptions [28]. In this work, we performed 

tumor lesions. In particular, we found that Ki from Patlak 
imaging performed better in normal lung but k3 based on 
2TCM performed better in normal liver. Therefore, a combi-

allow for a better image segmentation of normal organs as 
well as improved compartment modelling may lead to better 
results and help to calculate parametric images with better 
TBR in the whole body [29, 30].

between the work of Sari et al. and our data. Firstly, Sari et 
-

rect Patlak calculations. Secondly, the authors used the 
surrounding tissue and not the normal liver parenchyma 
as background tissue. The choice of background tissue 
is controversial and there is no general recommendation 
on the reference tissue, which should be used. However, 
the liver is used as reference in several papers and most 

-
ria [19] for lymphoma and also in all sets of PERCIST 
criteria [20] .Other groups working with the Biograph 
Vision Quadra have also recently used the liver as a back-
ground [21]. We decided to use the normal liver paren-

response criteria. We could demonstrate that TBR for LTI 
Patlak Ki were higher than for STD Patlak Ki and CNR 
for LTI Patlak Ki was comparable with CNR for STD Pat-
lak Ki (Table 2). Furthermore, the authors compared the 
relationship between SUV and Ki values. They report a 
very strong correlation between SUV values and MRFDG 
values estimated using the direct Patlak method (r = 0.96) 
and the indirect Patlak method (r = 0.94). We focused on 
the correlation between Ki of 2TCM and Patlak. We found 
the highest correlation between the Ki of the VOI-based 
2TCM with the Ki of LTI Patlak (r = 0.95) in tumor lesions 
group and the highest correlation with the STD Patlak Ki 
in all tissues group and normal tissues group (r = 0.93 and 
r = 0.74 respectively). We would also like to emphasize 
that our results are based on a larger cohort of 50 patients 
and 346 tumor lesions.

Wu et al. evaluated the impact of the time used for Pat-
lak imaging in 65 patients with [18F]FDG and a total body 
PET-CT scanner (uExplorer) [22]. In this paper a voxelwise 
Patlak analysis was applied to generate Ki images based 
on IDIF as well as on a population -based- input function 

40–60, and 44–60 min) and found that the Ki images gen-
erated by the PBIF-based Patlak model using a 20-min 

images with IDIF from 40-min dynamic data. We used an 
IDIF in the descending aorta on at least 7 sequential images 
to create a VOI and did not use a PBIF. Therefore, we can-
not compare our results to the work of Wu et al. concerning 
the impact of input function. Our goal was not to shorten the 

for high quality Patlak images regarding TBR and CNR. 
Also Wu et al. reported on a better image quality, image 
noise and lesion conspicuity for longer time series than for 
shorter times. A limitation of the work of Wu et al. is that 
they did not focus on oncological patients but used [18F]
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-
mal tissue. In particular, Patlak Ki works better in normal 
lung and k3 of 2TCM works better in normal liver. Com-
pared to 2TCM, the Patlak imaging is simple, stable and 
in particular the indirect Patlak method is fast. A combina-

helpful in parametric imaging to get the best TBR in the 
whole body in future studies.

Supplementary Information The online version contains 
supplementary material available at https://doi.org/10.1007/s00259-
024-06879-4.

Author contributions All authors made substantial contributions to 
the conception and design of the work and interpretation of data. LP 
generated the Patlak images, analyzed the data, performed the statisti-
cal analysis, and drafted the manuscript. CS performed the PET/CT 
studies and evaluations, contributed to data interpretation, and revised 
the manuscript. JH and PC were involved in the management of the 
patients, contributed to data interpretation, and revised the manuscript. 
ADS designed the study, performed the PET/CT evaluations, contrib-
uted to data interpretation, and revised the manuscript. All authors read 

Funding Open Access funding enabled and organized by Projekt 
DEAL. The authors declare that no funds, grants, or other support were 
received during the preparation of this manuscript.

Data availability The datasets generated during and/or analysed dur-
ing the current study are available from the corresponding author on 
reasonable request.

Declarations

Ethical approval All procedures performed in studies involving human 
participants were in accordance with the ethical standards of the insti-
tutional and/or national research committee and with the 1964 Helsinki 
declaration and its later amendments or comparable ethical standards.

Consent for publication Consent to publish has been received from 
all participants.

Consent to participate Informed consent was obtained from all par-
ticipants enrolled in the study.

Competing interests

Open Access  This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

Limitations

There are some limitations in our work. Firstly, we did not 
evaluate the long time Patlak using the direct approach for 
technical reasons. Another limitation is that it would be 
probably preferable to compare Patlak modeling with 2TCM 
voxel-wise parametric imaging. Patlak imaging is a linear 
approach and not comparable to the more complex iterative 

and limitation is that 2TCM is based on several assump-
tions and is operator dependent, depending for example on 
the type of input function, delay correction, local minimum 

Some of these problems can be handled manually for VOI-
based approaches, but cannot be easily solved for voxel-
based parametric imaging. Therefore, in the current work 
we couldn’t assess 2TCM parametric imaging and compare 
it directly with Patlak imaging. However, we will soon have 
access to the appropriate software for such evaluations and 
will make this comparison in a future work [31]. A technical 
limitation is the fact that we could not use more frames for 
the reconstruction of a dynamic data acquisition due to the 
large data volume. This may have an impact on short time 
indirect Patlak calculations (STI). However, this fact does 

-
-

prior to treatment. It is well known that it is impossible to 

all patients had additional imaging with either diagnostic, 
contrast-enhanced CT or MRI. For example, we managed 

i 
image by additional liver MRI.

Conclusion

Dynamic [18F]-FDG PET/CT is feasible with the new 
LAFOV PET/CT scanner and produces Patlak Ki images 
of good visual quality and better lesion contrast than SUV 
images, regardless of the Patlak methods used (direct or 
indirect, short-time or long-time). In few cases, Patlak 

sumSUV and added further useful clinical information. 
However, Patlak imaging does not increase lesion detec-
tion rate as compared with the sumSUV images. In addi-
tion, the TBR of LTI Patlak Ki
higher than that of STD Patlak Ki images. Our results dem-
onstrate, that the time window used for Patlak reconstruc-
tion plays a more important role than the use of (in)direct 
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