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Abstract 

Background: Dynamic PET with kinetic modeling was reported to be potentially helpful in the assessment of 
hepatic malignancy. In this study, a kinetic modeling analysis was performed on hepatocellular carcinoma (HCC) and 
intrahepatic cholangiocarcinoma (ICC) from dynamic FDG positron emission tomography/computer tomography 
(PET/CT) scans.

Methods: A reversible two-tissue compartment model with dual blood input function, which takes into consid-
eration the blood supply from both hepatic artery and portal vein, was used for accurate kinetic modeling of liver 
dynamic 18F-FDG PET imaging. The blood input functions were directly measured as the mean values over the VOIs 
on descending aorta and portal vein respectively. And the contribution of hepatic artery to the blood input function 
was optimization-derived in the process of model fitting. The kinetic model was evaluated using dynamic PET data 
acquired on 24 patients with identified hepatobiliary malignancy. 38 HCC or ICC identified lesions and 24 healthy liver 
regions were analyzed.

Results: Results showed significant differences in kinetic parameters K1 − k4 , blood supplying fraction fA , and 
metabolic rate constant Ki between malignant lesions and healthy liver tissue. And significant differences were also 
observed in K1 , k3 , fA and Ki between HCC and ICC lesions. Further investigations of the effect of SUV measurements on 
the derived kinetic parameters were conducted. And results showed comparable effectiveness of the kinetic mod-
eling using either SUVmean or SUVmax measurements.

Conclusions: Dynamic 18F-FDG PET imaging with optimization-derived hepatic artery blood supply fraction dual-
blood input function kinetic modeling can effectively distinguish malignant lesions from healthy liver tissue, as well as 
HCC and ICC lesions.
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Background
Hepatobiliary malignancy including hepatocellular carci-
noma (HCC) and intrahepatic cholangiocarcinoma (ICC) 
accounts for over 90% of all primary liver malignancy, 
which is the fifth leading cause of cancer related deaths 
[1]. Distinguishing malignant from benign lesions, as well 
as HCC from ICC, still remains clinically challenging 
despite traditional imaging modalities have been utilized 
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for the assessment of the disease [2]. 18F-fluorodeoxyglu-
cose positron emission tomography (18F-FDG PET) is a 
reliable functional imaging tool that provides valuable 
information for staging, predicting prognosis and evalu-
ating therapeutic response, albeit with relatively limited 
sensitivity in detecting well-differentiated tumors [3]. As 
a glucose analog, the uptake of 18F-FDG is a biological 
process of glucose consumption at cellular levels through 
intra-cellular transportation and phosphorylation. Track-
ing the dynamics of 18F-FDG in  vivo has the potential 
to better understand the different glycolytic character-
istics between normal and tumors cells. Dynamic PET 
with kinetic modeling provides an overall view of tracer 
behavior and quantitative kinetic parameters can be 
derived to characterize the perfusion and metabolism 
process [4]. High correlations between the glycolytic 
enzyme activities and kinetic parameters were reported 
in previous studies. These kinetic parameters have the 
potential to serve as an important complement to the 
commonly used standard uptake values (SUVs) meas-
ured in static PET imaging [5, 6]. Previous studies have 
reported that dynamic PET with kinetic modeling could 
be used for differential diagnosing, pathological grading 
and therapeutic evaluating in hepatic malignancy [7, 8].

The blood input function is essential for quantitative 
analysis in kinetic modeling of dynamic PET [4]. Ear-
lier studies used a single-blood input function (SBIF) 
from the hepatic artery (HA) for kinetic modeling in the 
liver [5, 6],and it was recently shown that FDG kinetics 
in HCC and healthy liver regions could also be modeled 
solely by using a single blood input function from the 
portal vein (PV) [9]. Since the hepatic tissue has blood 
supply from both the PV and the HA, a dual-blood input 
function (DBIF) that takes into consideration the tracer 
concentration in both vessels is believed to produce more 
reasonable results [10, 11]. The arterial input function 
can either be directly obtained by arterial blood sampling 
[5] or be derived from the left ventricle or aortic regions 
in dynamic PET images [12–14].Whereas the portal 
vein input function was usually estimated by using the 
convolution models of arterial input function with pop-
ulation-based parameters, or with individuation-based 
parameters determined together with kinetic modeling 
[10, 15–17]

Despite the previously reported studies, there is still 
no well-established 18F-FDG kinetic model in liver. The 
objective of the present study is to identify a simple and 
solid model for 18F-FDG kinetics in liver. A reversible 
two-tissue compartment model was used in this study. 
Image-derived input functions from both the HA and the 
PV were proposed, with an optimization derived blood 
supply fraction parameter [18] to describe the contribu-
tion of the HA to the blood input function. The efficacy 

of the presented liver kinetic modeling was evaluated 
by comparing the glucose metabolic characterization 
between malignant lesions and the healthy tissue, as well 
as between HCC and ICC. Kinetic parameters derived 
from time-activity curves (TACs) measured with differ-
ent SUVs were also compared to identify the effect of 
SUV measurements on the kinetic modeling.

Methods
Patient selection
This study was approved by the Ethics Committee at 
Peking Union Medical College Hospital and all patients 
signed informed consent. 24 patients (20 male and 4 
female, 36–74 years of age) with advanced HCC or ICC 
were recruited. These patients had received treatments 
including mixed anti-tumor drugs, local radiotherapy, 
transarterial chemoembolization (TACE), radiofre-
quency ablation (RFA) or immune checkpoint inhibitors 
(ICI). The patients were further divided into HCC group 
(9 patients, all male, 38–73 years of age) and ICC group 
(15 patients, 11 male and 4 female, 36–74  years of age) 
according to the prior surgical pathology.

18F‑FDG PET/CT scan
PET/CT scans were performed on a PoleStar m660 PET/
CT scanner (SinoUnion Healthcare, Beijing, China) at 
Peking Union Medical College Hospital (PUMCH) [19]. 
CT transmission scans (120  kV, 160 effective mA) were 
conducted first for attenuation correction and image 
fusion. The dynamic PET studies were performed over 
the liver region right after intravenous administration of 
3.70—5.55  MBq/kg (0.10—0.15  mCi/kg) 18F-FDG and 
lasted for 60 min. A 50-frame sampling protocol consist-
ing of 6 frames of 5 s, 3 frames of 10 s, 6 frames of 20 s, 
14 frames of 30 s, 10 frames of 60 s, 5 frames of 120 s and 
6 frames of 300 s was used. The interval between frames 
was gradually extended as the radioactivity decreased 
during the PET scan. Dynamic PET images were then 
reconstructed using ordered subset expectation maxi-
mization (OSEM) algorithm with 2 iterations and 10 
subsets.

Image analysis
Delineation of volumes of interest (VOIs) was done on 
a MIM workstation (MIM Software Inc, Cleveland, OH, 
USA). FDG avid tumor lesions with SUV more than 1.5-
fold greater than the background uptake of normal liver 
tissues were selected. The VOIs were drawn over tumor 
lesions on the dynamic PET images of each patient. For 
tumor lesions, a fixed threshold of 40% SUVmax method 
was used, with manually adjustment slice by slice. For 
comparison, a reference VOI using a 2-3  cm diameter 
sphere was also delineated on the normal liver tissues for 
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each patient. In addition, the VOIs of descending aorta 
and PV were also manually drawn slice by slice to obtain 
arterial and venous input function, respectively. The cor-
responding lesion volume was measured, and TACs con-
sisting of SUVmax as well as SUVmean extracted from 
each frame were respectively generated.

Figure  1a shows the transaxial 18F-FDG PET/CT in 
a patient with ICC where VOIs of the aorta, the PV, the 
healthy tissue and the tumor lesion were delineated. The 
corresponding measured TACs of this patient are plotted 
in Fig. 1b.

Kinetic modeling
A two-tissue compartment model with dual blood input 
functions was used in this study to describe the 18F-FDG 
kinetics in the liver. The kinetic model was implemented 

in-house using MATLAB (MathWorks, Natick, MA, 
USA). As shown in Fig.  2, CHA(t) represents the meas-
ured 18F-FDG concentration in the HA and CPV (t) in 
the PV. The parameter fA refers to the fraction of the 
HA contributing to the liver blood inflow. Therefore, the 
18F-FDG concentration in the dual blood supply as well 
as in the plasma compartment Cp(t) , can be described as 
follows:

where Cf (t) and Cm(t) denotes the free-state 18F-FDG 
concentration and the metabolized 18F-FDG 6-phos-
phate concentration in the hepatic tissue compartment 
respectively.

Kinetic rate constants K1(ml/min/ml) represents the 
18F-FDG delivery rate from blood to the hepatic tissue 

CP(t) =
(

1− fA
)

CPV (t)+ fACHA(t)

Fig. 1 a Representative transaxial PET/CT images of a 73-year-old female patient with ICC. Arrows display the VOIs of aorta, PV, healthy tissue and 
tumor lesion, b typical TACs of the corresponding delineated VOIs
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and k2(1/min) represents the clearance rate back to the 
blood. k3(1/min) is associated with the phosphorylation 
rate of 18F-FDG into 18F-FDG 6-phosphate by hexoki-
nase and k4(1/min) with the dephosphorylation rate by 
phosphatase.
CT (t) is the output function of the kinetic model and it 

is the collective concentration including the blood capil-
lary and hepatic tissue compartments, where vB is blood 
volume fraction representing the partial volume effect 
caused by capillaries:

In this study, kinetic parameters K1 − k4 , hepatic arte-
rial blood supplying fraction fA and blood volume frac-
tion vB were unknown constant parameters and denoted 
as a vector, θ = [K1, k2, k3, k4, fA, vB].

Estimation of kinetic parameters
Using the nonlinear least square estimation (NLS), the 
above unknown constant parameters were estimated by 
iteratively fitting the output function CT (t) with the TAC 
Cmeas(t) measured by PET:

where N  is the number of frames, and a uniform 
weighting factor wi = 1/N  , was used for each frame 
[17]. The weighted residual sum of squares (WRSS) is 
iteratively updated till it reaches the smallest, indicat-
ing the best curve fitting between CT (t) and Cmeas(t) . 
The optimization problem was solved by Trust-region 
Algorithm and implemented using MATLAB version 
9.5, R2018b (MathWorks, Natick, MA, USA). The ini-
tial parameters for iterations were set as K1=1.0, k2
=1.0, k3=0.01, k4=0.01, vB=0.01 and fA=0.25 based on 
the population empirical values. For each VOI, a spe-
cific set of kinetic parameters K1 − k4 , fA and vB were 

CT (t) = vB × CP(t)+ CF (t)+ CM(t)

ˆθ = arg min
θ

WRSS(θ)

WRSS(θ) =

N
∑

i=1

wi[Cmeas(ti)− CT (ti; θ)]
2

estimated, and the combined metabolic rate constant 
Ki = K1 × k3/(k2 + k3) was also calculated.

Comparison of SUV measurements
In order to evaluate the effect of different SUV measure-
ments on the kinetic analysis, both the SUVmean and 
SUVmax measurements were used to respectively gener-
ate the TACs for reference and tumor lesion VOIs, and 
the two kinds of TACs went through the aforementioned 
kinetic analysis and results were compared. It is worth-
while to note that for the blood input functions, however, 
SUVmean measured over the descending aorta and PV 
VOIs were used to calculate CHA(t) and CPV (t) respec-
tively, assuming a homogeneous tracer distribution in the 
blood flow.

Statistical analysis
The fitting outcomes of the two kinds of TACs were com-
pared using the corrected Akaike Information Criterion 
(AICc), due to the limited number of time frames. A 
smaller AICc value indicates a better curve fitting [20].

Clinical data evaluation
The student’s t-test was used to assess the significance of 
difference in FDG kinetic parameters between the tumor 
lesions and the normal tissues (reference VOI), as well as 
in the lesions between HCC group and ICC group. The 
lesion volume and SUVmax extracted from the last 5 min 
of dynamic images were also reported. Quantitative 
data were expressed as mean ± standard deviation (SD). 
All statistical analysis were performed using SPSS 23.0 
software (IBM SPSS, Chicago, IL, USA) and a P-value 
of < 0.05 was considered statistically significant.

Results
Clinical characteristics
For 10 out of the 24 patients enrolled in the study, more 
than one lesion was identified. In the HCC group, 9 
patients (all males, 38–73 years of age) with 13 available 
lesions were studied. In the ICC group, 15 patients (11 

Fig. 2 Two-tissue compartment model with dual-blood input function (DBIF)
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males and 4 females, 36–74  years of age) with 25 avail-
able lesions were studied. The total number of lesions in 
all the patients was 38. For each patient, tumor lesions as 
well as a reference normal liver tissue VOI were deline-
ated. Clinical characteristics are summarized in Tables 1 
and 2.

TAC curve fitting
Figure  3 shows the mean and standard deviation of 
AICc values for both the tumor lesions and the refer-
ence tissue, using SUVmax and SUVmean measure-
ments respectively. In general, the AICc scores using 
SUVmean measurement are better compared to those 
using SUVmax measurement, due to the overall much 
smoother TACs averaged over the VOI when calculat-
ing the SUVmean. However, the curve fitting results, as 
shown in Fig. 4, demonstrated similar good quality of fit-
ting for both TACs using either SUVmean or SUVmax 
measurements.

Comparison of kinetic parameters
As all VOIs were classified into the reference tissue or 
the tumor lesion group, Table 3 lists the mean and stand-
ard deviation of the kinetic parameters K1 − k4 , blood 
supplying fraction fA , and metabolic rate constant Ki of 
the above two groups, derived from TACs of both the 
SUVmean and SUVmax measurements. The scatterplots 
with group mean and standard deviation of these kinetic 
parameters are further shown in Fig. 5.

As shown in Table  3 and Fig.  5, kinetic parameters 
derived using SUVmean and SUVmax measurements 
respectively exhibit similar effectiveness in differentiating 

the reference tissues from tumor lesions. For reference 
tissues, the Ki was 0.002 ± 0.004 and 0.002 ± 0.006 with 
the SUVmean and SUVmax measurements respectively; 
for tumor lesions, however, the Ki was 0.050 ± 0.033 and 
0.062 ± 0.048 with the SUVmean and SUVmax meas-
urements respectively, indicating a much higher meta-
bolic rate in lesions. The HA blood supply fraction fA 
was 0.09 ± 0.14 and 0.28 ± 0.30 for the reference tissues, 
with the SUVmean and SUVmax measurements respec-
tively; while for tumor lesions, the fA was estimated to 
be 0.58 ± 0.34 and 0.71 ± 0.34 with the SUVmean and 
SUVmax measurements respectively, indicating a much 
higher portion of HA blood supply in lesions compared 
with normal liver tissue. The student’s t-test shows signif-
icant difference when comparing the results from the ref-
erence tissues and tumor lesions, using either SUVmean 
or SUVmax measurements, except for one case when 
comparing the k2 between the reference tissues and 
tumor lesions obtained with the SUVmax.

To further investigate the relation of kinetic analysis 
and pathology, the tumor lesion VOIs were divided into 
HCC and ICC group. The kinetic parameters derived 
from TACs with both SUVmean and SUVmax measure-
ments are provided in the mean ± SD format and listed 
in Table 4. And Fig. 6 shows the scatterplots with group 
mean and standard deviation of these kinetic parameters.

In general, kinetic parameters derived using SUVmean 
and SUVmax measurements respectively perform similar 
in terms of HCC and ICC differentiation. The Ki for HCC 
was 0.067 ± 0.041 and 0.087 ± 0.062 with the SUVmean 
and SUVmax measurements respectively; while for ICC, 
the Ki was 0.041 ± 0.025 and 0.049 ± 0.033 with the 

Table 1 Patient and clinical characteristics of HCC group

TACE, transcatheter arterial chemoembolization; RFA, Radio Frequency Ablation; ICI, immune checkpoint inhibitor

Patient number Gender Age Previous treatment Liver cirrhosis Lesion number Lesion size  (cm3) Lesion SUVmax

1 M 59 Surgery, TACE, ICI  + 2 106.61 9.61

3.95 9.47

2 M 64 RFA, ICI  + 1 1.78 4.69

3 M 67 Liver transplantation, 
radiotherapy, ICI

– 1 0.47 4.53

4 M 73 Surgery, TACE, RFA, ICI – 1 213.25 9.42

5 M 46 Surgery, TACE, ICI  + 3 2.9 20.05

1.63 20.96

0.89 15.65

6 M 61 Surgery, TACE, RFA, ICI  + 1 4.4 7.39

7 M 71 Surgery, TACE, RFA, ICI  + 1 3.37 5.82

8 M 50 TACE, ICI  + 2 1.46 4.38

2.30 3.31

9 M 38 TACE, radiotherapy, ICI  + 1 18.14 8.15

Mean ± SD 58.78 ± 11.85 27.78 ± 62.72 9.49 ± 5.87
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SUVmean and SUVmax measurements respectively, indi-
cating a decreased metabolic rate in ICC compared to 
HCC lesions. The HA blood supply fraction also shows a 
decrease, with fA of 0.79 ± 0.27 and 0.89 ± 0.22 for HCC, 
with the SUVmean and SUVmax measurements respec-
tively; and 0.47 ± 0.33 and 0.62 ± 0.36 for ICC, with the 

SUVmean and SUVmax measurements respectively. The 
student’s t-test shows significant difference in K1 , k3 , fA 
and Ki between HCC and ICC, using either SUVmean or 
SUVmax measurements. The k4 derived using SUVmax 
also shows significant difference of almost a magnitude 
between HCC and ICC, while for the same parameter 
derived using SUVmean, no significant difference was 
observed between HCC and ICC.

Discussion
Kinetic modeling allows quantification of biochemical 
process of a tracer in a certain region from measured 
tissue TACs and input functions. In this study, a revers-
ible ( k4 ≥ 0 ) two-tissue compartment model with DBIF, 
which takes into consideration the blood supply from 
both the HA and the PV, was used for accurate kinetic 
modeling of liver dynamic 18F-FDG PET imaging. 
While in previous studies [14–16], the PV input func-
tion was estimated by using the convolution models 
of arterial input function, the PV input function in the 

Table 2 Patient and clinical characteristics of ICC group

TACE = transcatheter arterial chemoembolization; RFA = Radio Frequency Ablation, ICI = immune checkpoint inhibitor

Patient number Gender Age Previous treatment Lesion number Lesion size  (cm3) Lesion SUVmax

1 M 36 RFA, ICI 3 0.74 9.24

0.86 14.81

0.51 17.43

2 M 42 Surgery 3 1.11 7.80

2.40 9.94

1.25 11.57

3 M 70 Surgery, radiotherapy, chemother-
apy, gamma knife radiotherapy, ICI

1 2.95 5.10

4 M 61 ICI 1 106.97 12.05

5 M 47 Surgery, chemotherapy, RFA, ICI 3 1.82 4.49

5.29 2.95

82.40 5.26

6 F 73 Radiotherapy, chemotherapy, 
gamma knife radiotherapy, RFA, ICI

1 2.79 7.67

7 M 49 Surgery, chemotherapy, ICI 2 5.01 4.30

15.85 5.01

8 M 52 Surgery, TACE, RFA, ICI 1 2.71 4.78

9 M 74 ICI 1 27.08 5.42

10 F 44 Surgery, chemotherapy, RFA, ICI 1 6.95 8.93

11 F 54 Surgery, chemotherapy 1 0.92 4.64

12 M 62 Surgery, chemotherapy, ICI 2 6.04 7.97

5.22 6.83

13 M 55 TACE, chemotherapy, ICI 1 29.35 11.19

14 M 74 Surgery, TACE, ICI 2 8.72 4.22

2.82 4.41

15 F 56 Surgery, chemotherapy, TACE, RFA 2 4.08 5.04

4.80 5.97

Mean ± SD 56.60 ± 12.19 13.15 ± 25.89 7.48 ± 3.65

Fig. 3 AICc values (mean ± SD) of TACs measured by SUVmax and 
SUVmean
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presented study was directly measured as the mean val-
ues over the VOIs on the PV. And similar to that pro-
posed by Wang et al. [15], the contribution of the HA to 
the blood input function, denoted as fA , was optimiza-
tion-derived in the process of model fitting, instead of 
using a population-based fixed parameter [14]. Evalu-
ations of the kinetic model showed significant differ-
ences (in most cases p < 0.0001 ) in kinetic parameters 

K1 − k4 , blood supplying fraction fA , and metabolic 
rate constant Ki between malignant lesions and healthy 
liver tissue.

It is known that the blood supply to healthy hepatic 
tissue and malignant lesions is different. The healthy 
hepatic tissue is mainly supplied by the PV, which carries 
70%-80% of overall inflow. While the malignant lesions 
such as HCC is a hypervascular tumor mainly supplied 

Fig. 4 Example Curve fitting results of the TAC measured by SUVmax and SUVmean

Table 3 Mean and standard deviation of kinetic parameters estimated from TACs with SUVmean and SUVmax, comparing tumor 
lesions and reference tissues

****, ***, **, and * denote statistical significance at the 0.1%, 1%, 5%, and 10% levels, respectively

Parameters SUVmean SUVmax

Reference Lesion P value Reference Lesion P value

K1 1.66 ± 0.61 0.59 ± 0.39  < 0.0001**** 1.81 ± 0.75 0.95 ± 0.58  < 0.0001****

k2 1.18 ± 0.50 0.69 ± 0.36  < 0.0001**** 1.01 ± 0.46 0.79 ± 0.44 0.064

k3 0.001 ± 0.002 0.088 ± 0.102 0.0001**** 0.001 ± 0.003 0.073 ± 0.090 0.0002***

k4 0.043 ± 0.048 0.009 ± 0.013 0.0001**** 0.060 ± 0.049 0.006 ± 0.010  < 0.0001****

fA 0.09 ± 0.14 0.58 ± 0.34  < 0.0001**** 0.28 ± 0.30 0.71 ± 0.34  < 0.0001****

νB 0.005 ± 0.015 0.016 ± 0.021 0.029 0.011 ± 0.020 0.025 ± 0.023 0.021

Ki 0.002 ± 0.004 0.050 ± 0.033  < 0.0001**** 0.002 ± 0.006 0.062 ± 0.048  < 0.0001****
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by the HA, so the proportion of arterial supply is signifi-
cant higher in tumor lesions than in the healthy tissue. 
The results in this study are in consistence with these 

previous findings, with a significant increase of fA in 
tumor lesions compared with the healthy liver tissue [21, 
22].

Fig. 5 Kinetic parameters estimated from TACs of SUVmax and SUVmean, comparing healthy tissue and tumor lesions

Table 4 Mean and standard deviation of kinetic parameters estimated from TACs of SUVmax, and SUVmean, comparing HCC and ICC

****, ***, **, and * denote statistical significance at the 0.1%, 1%, 5%, and 10% levels, respectively

Parameters SUVmean SUVmax

HCC ICC P value HCC ICC P value

K1 0.39 ± 0.19 0.69 ± 0.43 0.0217* 0.63 ± 0.32 1.11 ± 0.62 0.0135*

k2 0.59 ± 0.38 0.74 ± 0.35 0.2197 0.61 ± 0.31 0.88 ± 0.48 0.0764

k3 0.145 ± 0.150 0.058 ± 0.047 0.0103* 0.120 ± 0.131 0.049 ± 0.046 0.0185*

k4 0.015 ± 0.016 0.006 ± 0.011 0.069 0.013 ± 0.013 0.002 ± 0.005 0.0009***

fA 0.79 ± 0.27 0.47 ± 0.33 0.0052** 0.89 ± 0.22 0.62 ± 0.36 0.0194*

νB 0.015 ± 0.017 0.017 ± 0.023 0.74 0.028 ± 0.023 0.023 ± 0.023 0.57

Ki 0.067 ± 0.041 0.041 ± 0.025 0.0209* 0.087 ± 0.062 0.049 ± 0.033 0.0207*
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18F-FDG is transported across the cell membrane by 
glucose transporters (Gluts), and phosphorylated by 
hexokinase into 18F-FDG-6-phosphate, which cannot 
be metabolized and trapped in the cells. Meanwhile, the 
dephosphorylation of 18F-FDG-6-phosphate back into 
18F-FDG by phosphatase occurs at the same time. High 
levels of glucose-6-phosphatase are found in normal liver, 
leading to dephosphorylation of 18F-FDG, which subse-
quently no longer accumulates in cells and redistributes 
back into the circulation. The results in this study showed 
that compared with healthy liver tissue, the phospho-
rylation rate k3 and metabolic rate constant Ki exhibit 
significant increase in tumor lesions. This is in accord-
ance with previous studies that demonstrated increased 

hexokinase activity in malignant tissue using immunohis-
tochemistry [22–24].In addition, k4 of healthy liver were 
significantly higher than that of tumor lesions, reflecting 
higher dephosphorylation activity in healthy liver tissues. 
In our results, the K1 shows significant decrease in tumor 
lesions compared with healthy liver, although previous 
study showed increased Gluts in malignance [23]. The 
decreased K1 observed in this study may be the result 
of a significant increase in the HA supply to the lesions, 
because with a much higher portion of HA supply, ade-
quate blood perfusion and oxygen supply to the hepatic 
tissues can still be achieved at a decreased transport rate. 
But it is also worthwhile to note that the antiangiogenic 
effect caused by the treatments that the patients received 

Fig. 6 Kinetic parameters estimated from TACs of SUVmax and SUVmean, comparing HCC and ICC
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prior to our study may also have contributions. In addi-
tion, 7 out of the 9 HCC patients in this study reported a 
history of liver cirrhosis. Liver cirrhosis is characterized 
by nodular regeneration of liver tissue with the destruc-
tion of the lobular and vascular architecture. Decreased 
glucose metabolism and decreased expression level of 
GLUT-4 was reported in liver cirrhosis patients [28, 29]. 
This may also contribute to the decreased K1 observed in 
this study. Nevertheless, the overall differences observed 
in our study is consistent with previous literature reports 
[23, 25, 26], and the results indicate that the presented 
DBIF model can be used to describe the 18F-FDG kinetics 
in both the malignant and healthy liver regions.

The derived kinetic parameters were further ana-
lyzed to distinguish HCC from ICC in our study. It was 
reported that pathological overlap can be observed 
between HCC and ICC, which made the differentiation 
difficult in practice [27]. Our results showed that using 
the presented DBIF model, HCC and ICC can be further 
differentiated with K1 , k3 , fA and Ki ( p < 0.05 ). K1 of the 
HCC are smaller than those of ICC, while k3 , fA , and Ki 
are higher in HCC than in ICC. This indicates that ICC 
tumors accumulate 18F-FDG from blood to tissue faster, 
while HCC tumors convert 18F-FDG into its metabolite 
in the tissue more actively with higher blood supply from 
HA. This is in accordance with previous studies using 
transcriptomic analysis which revealed up-regulation of 
GLUT-1 in ICC relative to HCC, and down-regulation of 
lipid pathways, suggesting metabolic differences between 
HCC and ICC [28]. Despite the observed differences in 
kinetic parameters between HCC and ICC, it is also 
worthwhile to note that the patients’ prior treatments 
may have impact on the FDG dynamic processes in these 
lesions.

The presented study also investigated the effect of 
SUV measurements on derived kinetic parameters with 
the proposed DBIF kinetic model. Despite the fact that 
SUVmax is most commonly used for lesion diagnosis in 
static PET imaging and almost no interobserver variabil-
ity was found for the measurement [29], it is less com-
monly used in dynamic PET imaging for TACs extraction 
due to its vulnerability to noise. However, it is well 
known that tumor lesions had heterogeneous metabo-
lism, meaning uneven uptake of 18F-FDG in the lesions, 
and SUVmax is more preferred to reflect the heteroge-
neity. We compared the kinetic parameters derived with 
SUVmean and SUVmax respectively. In general, with the 
proposed DBIF kinetic model, SUVmax performs simi-
lar to SUVmean in differentiating malignant and healthy 
liver tissue as well as in differentiating HCC and ICC, 
as shown in the results. No significant difference was 
found for kinetic parameters except for K1 using either 
SUVmean or SUVmax, as shown in Fig. 7. These findings 

suggest the robustness of the kinetic analysis to the SUV 
measurements using the proposed DBIF kinetic model. A 
potential perspective is the proposed model to be imple-
mented on a voxel-by-voxel manner to derive paramet-
ric images [30–32] which will allow further study of liver 
heterogeneity. In this case, the VOI will become a voxel 
and the SUV on each individual voxel will be used. Our 
comparison between SUV measurements suggests that 
the parametric images are predictable when extending 
the proposed DBIF kinetic model to the voxel level.

The comparison between results derived using 
SUVmean and SUVmax respectively, however, also 
reveals some interesting findings. For healthy liver, 
the HA blood supply fraction fA was estimated to be 
0.28 ± 0.30 using SUVmax, indicating that the HA 
accounts for about 28% blood supply to healthy liver, 
which is consistent with clinical experience value of 
20–30% [11]. While using SUVmean, fA was estimated to 
be 0.09 ± 0.14, which is considerably lower than expecta-
tion. Moreover, the estimated fA for tumor lesions using 
SUVmean is 0.58 ± 0.34 and is comparably less than the 
0.71 ± 0.34 by using SUVmax. This suggests that in gen-
eral, using SUVmean tends to underestimate the HA 
blood supply while using SUVmax tends to provide a 
more reasonable estimation of the blood supplies to liver 
tissues. Also, when comparing the results between the 
HCC and ICC, it is interesting to note that using SUV-
max, a significant reduction ( p = 0.0009 ) in k4 was found 
in ICC compared with HCC, suggesting a significantly 
decreased dephosphorylation in ICC compared with 
HCC.

There are several limitations in our study. Firstly, all 
the patients have been treated with different therapies 
prior to the dynamic FDG scan. The inhomogeneity of 
the patients included in the study and the different treat-
ment protocols used prior to our study may have an 
impact on both FDG-avidity and the blood input func-
tions. A more controlled study is needed to further 
validate the results obtained in this study. Secondly, 
the dynamic PET was performed allowing patients to 
breathe freely, which may lead to mismatch between 
CT and PET images or slight position change of lesions. 
Motion correction or respiratory-gated PET could be 
performed to increase the accuracy of lesion delineation. 
Moreover, the VOIs size of the PV in some cases were 
small. And we did not consider the influence of partial 
volume effect in those VOIs. In addition, we have con-
sulted a lot of literature on whether the upper limit of 
K value should be set [17, 33–35]. From the perspec-
tive of mathematical formula deduction, the value of K 
can exceed 1, but some literature mentioned that the 
value representing the rate should be artificially set at 
an upper limit of 1 in consideration of the physiological 
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implications [36]. The feasibility and rationality of this 
view need further study and discussion. Lastly, the 
data of one-hour dynamic FDG imaging was difficult 
to obtain because of poor patients compliance, which 
made it difficult to recruit patients. The limited number 
of patients could affect the strength of our results. Fur-
ther investigations with a larger number of patients are 
required.

Conclusion
In this study, we proposed to use a reversible two-tis-
sue compartment model with DBIF and optimization-
derived HA blood supply fraction for the accurate 
kinetic modeling of liver dynamic 18F-FDG PET imag-
ing. The kinetic model was found to effectively distin-
guish malignant lesions and healthy liver tissue, and it 
can also be used to further differentiate between HCC 
and ICC lesions. Both SUVmean and SUVmax were 

Fig. 7 Comparison of kinetic parameters estimated from TACs using SUVmax and SUVmean respectively
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used to derive the kinetic parameters, and results sug-
gest comparable effectiveness in performance between 
the two SUV measurements.

Abbreviations
HCC: Hepatocellular carcinoma; ICC: Intrahepatic cholangiocarcinoma; 
18F-FDG PET: 18F-fluorodeoxyglucose positron emission tomography; SUVs: 
Standard uptake values; SBIF: Single-blood input function; DBIF: Dual-blood 
input function; TACs: Time-activity curves; OSEM: Ordered subset expectation 
maximization; NLS: Nonlinear least square estimation; WRSS: Weighted residual 
sum of squares; AICc: Corrected Akaike Information Criterion; SD: Standard 
deviation; TACE: Transcatheter arterial chemoembolization; RFA: Radio fre-
quency ablation; ICI: Immune checkpoint inhibitor.

Acknowledgements
Not applicable.

Authors’ contributions
JW and XW provided the relevant data, YS and BL analyzed and interpreted 
the data. JW and YS were major contributors in writing the manuscript. All 
authors read and approved the final manuscript.

Funding
This work was sponsored in part by the National Natural Science Foundation 
of China (Grant No. 82071967), CAMS initiative for innovative medicine (No. 
CAMS-2018-I2M-3-001), and Tsinghua University-Peking Union Medical Col-
lege Hospital Initiative Scientific Research Program (No. 52300300519).

Availability of data and materials
The datasets generated and analyzed during the current study are not publicly 
available due to the security of data but are available from the corresponding 
author on reasonable request.

Declarations

Ethics approval and consent to participate
All procedures performed in studies involving human participants were in 
accordance with the ethical standards of the institutional and/or national 
research committee and with the 1964 Helsinki declaration and its later 
amendments or comparable ethical standards. Written informed consent to 
undergo 18F-FDG PET/CT imaging was obtained from all patients, and the 
consent form and study protocol were approved by the Ethical Committee of 
PUMCH (IRB protocol # ZS-1238).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Nuclear Medicine, Chinese Academy of Medical Sciences 
and Peking Union Medical College Hospital, Beijing, People’s Republic 
of China. 2 Department of Biomedical Engineering, Tsinghua University, Beijing, 
People’s Republic of China. 3 Division of Nuclear Medicine, Department of Bio-
medical Imaging and Image-Guided Therapy, Medical University of Vienna, 
Vienna, Austria. 4 Department of Liver Surgery, Chinese Academy of Medical 
Sciences and Peking Union Medical College Hospital, Beijing, People’s Repub-
lic of China. 5 Beijing Key Laboratory of Molecular Targeted Diagnosis and Ther-
apy in Nuclear Medicine, Chinese Academy of Medical Sciences and Peking 
Union Medical College Hospital, Beijing, People’s Republic of China. 

Received: 24 November 2020   Accepted: 17 May 2021

References
 1. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2018. Ca-a Cancer J Clin. 

2018;68(1):7–30.
 2. Peng J, Zheng J, Yang C, Wang R, Zhou Y, Tao Y-Y, Gong X-Q, Wang W-C, 

Zhang X-M, Yang L. Intravoxel incoherent motion diffusion-weighted 
imaging to differentiate hepatocellular carcinoma from intrahepatic 
cholangiocarcinoma. Sci Rep. 2020;10(1):1–7.

 3. Asman Y, Evenson AR, Even-Sapir E, Shibolet O. F-18 Fludeoxyglucose 
positron emission tomography and computed tomography as a 
prognostic tool before liver transplantation, resection, and loco-ablative 
therapies for hepatocellular carcinoma. Liver Transpl. 2015;21(5):572–80.

 4. Schmidt KC, Turkheimer FE. Kinetic modeling in positron emission 
tomography. Q J Nucl Med. 2002;46(1):70–85.

 5. Okazumi S, Isono K, Enomoto K, Kikuchi T, Ozaki M, Yamamoto H, Hayashi 
H, Asano T, Ryu M. Evaluation of liver-tumors using fluorine-18-fluorode-
oxyglucose PET—characterization of tumor and assessment of effect of 
treatment. J Nucl Med. 1992;33(3):333–9.

 6. Torizuka T, Tamaki N, Inokuma T, Magata Y, Sasayama S, Yonekura Y, Tanaka 
A, Yamaoka Y, Yamamoto K, Konishi J. In-vivo assessment of glucose-
metabolism in hepatocellular-carcinoma with FDG-PET. J Nucl Med. 
1995;36(10):1811–7.

 7. Park J-W, Kim JH, Kim SK, Kang KW, Park KW, Choi J-I, Lee WJ, Kim C-M, 
Nam BH. A prospective evaluation of F-18-FDG and C-11-acetate PET/CT 
for detection of primary and metastatic hepatocellular carcinoma. J Nucl 
Med. 2008;49(12):1912–21.

 8. Huo L, Guo J, Dang Y, Lv J, Zheng Y, Li F, Xie Q, Chen X. Kinetic analysis 
of dynamic C-11-acetate PET/CT imaging as a potential method for 
differentiation of hepatocellular carcinoma and benign liver lesions. 
Theranostics. 2015;5(4):371–7.

 9. Geist BK, Wang J, Wang X, Lin J, Yang X, Zhang H, Li F, Zhao H, Hacker 
M, Huo L, et al. Comparison of different kinetic models for dynamic 
F-18-FDG PET/CT imaging of hepatocellular carcinoma with various, also 
dual-blood input function. Phys Med Biol. 2020;65(4):045001.

 10. Munk OL, Bass L, Roelsgaard K, Bender D, Hansen SB, Keiding S. Liver 
kinetics of glucose analogs measured in pigs by PET: Importance of dual-
input blood sampling. J Nucl Med. 2001;42(5):795–801.

 11. Chouillard EK, Gumbs AA, Cherqui D. Vascular clamping in liver surgery: 
physiology, indications and techniques. Ann Surg Innov Res. 2010;4:2–2.

 12. Chen K, Bandy D, Reiman E, Huang SC, Lawson M, Feng D, Yun LS, Palant 
A. Noninvasive quantification of the cerebral metabolic rate for glucose 
using positron emission tomography, F-18-fluoro-2-deoxyglucose, the 
Patlak method, and an image-derived input function. J Cereb Blood Flow 
Metab. 1998;18(7):716–23.

 13. Geist BK, Baltzer P, Fueger B, Hamboeck M, Nakuz T, Papp L, Rasul S, 
Sundar LKS, Hacker M, Staudenherz A. Assessing the kidney function 
parameters glomerular filtration rate and effective renal plasma flow with 
dynamic FDG-PET/MRI in healthy subjects. EJNMMI Res. 2018;8:1–9.

 14. van der Weerdt AP, Klein LJ, Boellaard R, Visser CA, Visser FC, Lammertsma 
AA. Image-derived input functions for determination of MRGlu in cardiac 
F-18-FDG PET scans. J Nucl Med. 2001;42(11):1622–9.

 15. Kudomi N, Jarvisalo MJ, Kiss J, Borra R, Viljanen A, Viljanen T, Savunen 
T, Knuuti J, Iida H, Nuutila P, et al. Non-invasive estimation of hepatic 
glucose uptake from F-18 FDG PET images using tissue-derived input 
functions. Eur J Nucl Med Mol Imaging. 2009;36(12):2014–26.

 16. Winterdahl M, Keiding S, Sorensen M, Mortensen FV, Alstrup AKO, Munk 
OL. Tracer input for kinetic modelling of liver physiology determined 
without sampling portal venous blood in pigs. Eur J Nucl Med Mol Imag-
ing. 2011;38(2):263–70.

 17. Wang G, Corwin MT, Olson KA, Badawi RD, Sarkar S. Dynamic PET of 
human liver inflammation: impact of kinetic modeling with optimization-
derived dual-blood input function. Phys Med Biol. 2018;63(15):155004.

 18. Keiding S. Bringing physiology into PET of the liver. J Nucl Med. 
2012;53(3):425–33.

 19. Huo L, Li N, Wu H, Zhu W, Xing H, Ba J, Wang T, Li F, Zhang H. Performance 
evaluation of a new high-sensitivity time-of-flight clinical PET/CT system. 
EJNMMI Phys. 2018;5:1–17.

 20. Golla SSV, Adriaanse SM, Yaqub M, Windhorst AD, Lammertsma AA, van 
Berckel BNM, Boellaard R. Model selection criteria for dynamic brain PET 
studies. EJNMMI Phys. 2017;4:1–10.

 21. Matsui O, Kobayashi S, Sanada J, Kouda W, Ryu Y, Kozaka K, Kitao A, Naka-
mura K, Gabata T. Hepatocelluar nodules in liver cirrhosis: hemodynamic 



Page 13 of 13Wang et al. BMC Med Imaging           (2021) 21:90  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

evaluation (angiography-assisted CT) with special reference to multi-step 
hepatocarcinogenesis. Abdom Imaging. 2011;36(3):264–72.

 22. Muto J, Shirabe K, Sugimachi K, Maehara Y. Review of angiogenesis in 
hepatocellular carcinoma. Hepatol Res. 2015;45(1):1–9.

 23. Paudyal B, Paudyal P, Oriuchi N, Tsushima Y, Nakajima T, Endo K. Clinical 
implication of glucose transport and metabolism evaluated by F-18-FDG 
PET in hepatocellular carcinoma. Int J Oncol. 2008;33(5):1047–54.

 24. Paudyal B, Oriuchi N, Paudyal P, Higuchi T, Nakajima T, Endo K. Expression 
of glucose transporters and hexokinase II in cholangiocellular carcinoma 
compared using F-18-2-fluro-2-deoxy-D-glucose positron emission 
tomography. Cancer Sci. 2008;99(2):260–6.

 25. Lee M, Jeon JY, Neugent ML, Kim J-W, Yun M. 18F-Fluorodeoxyglucose 
uptake on positron emission tomography/computed tomography is 
associated with metastasis and epithelial-mesenchymal transition in 
hepatocellular carcinoma. Clin Exp Metas. 2017;34(3–4):251–60.

 26. Lee SM, Kim HS, Lee S, Lee JW. Emerging role of F-18-fluorodeoxyglucose 
positron emission tomography for guiding management of hepatocel-
lular carcinoma. World J Gastroenterol. 2019;25(11):1289–306.

 27. Vijgen S, Terris B, Rubbia-Brandt L. Pathology of intrahepatic cholangio-
carcinoma. Hepatobiliary Surg Nutr. 2017;6(1):22–34.

 28. Kwee SA, Okimoto GS, Chan OTM, Tiirikainen M, Wong LL. Metabolic 
characteristics distinguishing intrahepatic cholangiocarcinoma: a nega-
tive pilot study of F-18-fluorocholine PET/CT clarified by transcriptomic 
analysis. Am J Nucl Med Mol Imaging. 2016;6(1):73–83.

 29. Huang Y-E, Chen C-F, Huang Y-J, Konda SD, Appelbaum DE, Pu Y. Inter-
observer variability among measurements of the maximum and mean 
standardized uptake values on F-18-FDG PET/CT and measurements of 
tumor size on diagnostic CT in patients with pulmonary tumors. Acta 
Radiol. 2010;51(7):782–8.

 30. Messa C, Choi Y, Hoh CK, Jacobs EL, Glaspy JA, Rege S, Nitzsche E, Huang 
SC, Phelps ME, Hawkins RA. quantification of glucose-utilization in liver 

metastases—parametric imaging of FDG uptake with pet. J Comput 
Assist Tomogr. 1992;16(5):684–9.

 31. PetitTaboue MC, Landeau B, Osmont A, Tillet I, Barre L, Baron JC. Estima-
tion of neocortical serotonin-2 receptor binding potential by single-
dose fluorine-18-setoperone kinetic PET data analysis. J Nucl Med. 
1996;37(1):95–104.

 32. Gunn RN, Lammertsma AA, Hume SP, Cunningham VJ. Parametric imag-
ing of ligand-receptor binding in PET using a simplified reference region 
model. Neuroimage. 1997;6(4):279–87.

 33. Choi Y, Hawkins RA, Huang SC, Brunken RC, Hoh CK, Messa C, Nitzsche 
EU, Phelps ME, Schelbert HR. Evaluation of the effect of glucose-ingestion 
and kinetic-model configurations of FDG in the normal liver. J Nucl Med. 
1994;35(5):818–23.

 34. Cui Y, Bai J, Chen Y, Tian J. Parameter estimation for whole-body kinetic 
model of FDG metabolism. Prog Nat Sci-Mater Int. 2006;16(11):1164–70.

 35. Liu G, Hu P, Yu H, Tan H, Zhang Y, Yin H, Hu Y, Gu J, Shi H. Ultra-low-
activity total-body dynamic PET imaging allows equal performance to 
full-activity PET imaging for investigating kinetic metrics of F-18-FDG in 
healthy volunteers. Eur J Nucl Med Mol Imaging. 2021. https:// doi. org/ 10. 
1007/ s00259- 020- 05173-3.

 36. Dimitrakopoulou-Strauss A, Pan L, Sachpekidis C. Kinetic modeling and 
parametric imaging with dynamic PET for oncological applications: gen-
eral considerations, current clinical applications, and future perspectives. 
Eur J Nucl Med Mol Imaging. 2021;48(1):21–39.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1007/s00259-020-05173-3
https://doi.org/10.1007/s00259-020-05173-3

	Dynamic 18F-FDG PET imaging of liver lesions: evaluation of a two-tissue compartment model with dual blood input function
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Patient selection
	18F-FDG PETCT scan
	Image analysis
	Kinetic modeling
	Estimation of kinetic parameters
	Comparison of SUV measurements
	Statistical analysis
	Clinical data evaluation

	Results
	Clinical characteristics
	TAC curve fitting
	Comparison of kinetic parameters

	Discussion
	Conclusion
	Acknowledgements
	References


