Theranostics 2015, Vol. 5, Issue 4

371

Ivyspring

Theranostics

International Publisher

2015; 5(4): 371-377. doi: 10.7150/thno.10760

Research Paper

Kinetic Analysis of Dynamic 11C-Acetate PET/CT
Imaging as a Potential Method for Differentiation of
Hepatocellular Carcinoma and Benign Liver Lesions
Li Huo1, Jinxia Guo2, 3, Yonghong Dang1, Jinqiao Lv1, Youjing Zheng1, Fang Li1, Qingguo Xie3, Xiaoyuan
Chen2 
1.
2.
3.

Department of Nuclear Medicine, Peking Union Medical College Hospital
Laboratory of Molecular Imaging and Nanomedicine (LOMIN), National Institute of Biomedical Imaging and Bioengineering, National
Institutes of Health (NIBIB), Bethesda, Maryland, USA
Department of Biomedical Engineering, and Wuhan National Laboratory for Optoelectronics(WNLO), Huazhong University of Science
and Technology, Wuhan, Hubei, China

 Corresponding authors: Fang Li, M.D., 1 Shuaifuyuan, Dongcheng District, Beijing, China, 100730. Email: lifang@pumch.cn. Xiaoyuan
Chen, Ph.D., 35A Convent Dr, GD937, Bethesda, MD 20892-2281. Email: shawn.chen@nih.gov
© Ivyspring International Publisher. This is an open-access article distributed under the terms of the Creative Commons License (http://creativecommons.org/
licenses/by-nc-nd/3.0/). Reproduction is permitted for personal, noncommercial use, provided that the article is in whole, unmodified, and properly cited.

Received: 2014.10.08; Accepted: 2014.12.27; Published: 2015.01.21

Abstract
Objective: The kinetic analysis of 11C-acetate PET provides more information than routine one
time-point static imaging. This study aims to investigate the potential of dynamic 11C-acetate hepatic PET imaging to improve the diagnosis of hepatocellular carcinoma (HCC) and benign liver
lesions by using compartmental kinetic modeling and discriminant analysis.
Methods: Twenty-two patients were enrolled in this study, 6 cases were with well-differentiated
HCCs, 7 with poorly-differentiated HCCs and 9 with benign pathologies. Following the CT scan, all
patients underwent 11C-acetate dynamic PET imaging. A three-compartment irreversible dual-input model was applied to the lesion time activity curves (TACs) to estimate the kinetic rate
constants K1-k3, vascular fraction (VB) and the coefficient α representing the relative hepatic artery
(HA) contribution to the hepatic blood supply on lesions and non-lesion liver tissue. The parameter Ki (=K1×k3/(k2 + k3)) was calculated to evaluate the local hepatic metabolic rate of acetate
(LHMAct). The lesions were further classified by discriminant analysis with all the above parameters.
Results: K1 and lesion to non-lesion standardized uptake value (SUV) ratio (T/L) were found to be
the parameters best characterizing the differences among well-differentiated HCC, poorly-differentiated HCC and benign lesions in stepwise discriminant analysis. With discriminant
functions consisting of these two parameters, the accuracy of lesion prediction was 87.5% for
well-differentiated HCC, 50% for poorly-differentiated HCC and 66.7% for benign lesions. The
classification was much better than that with SUV and T/L, where the corresponding classification
accuracy of the three kinds of lesions was 57.1%, 33.3% and 44.4%.
Conclusion: 11C-acetate kinetic parameter K1 could improve the identification of HCC from
benign lesions in combination with T/L in discriminant analysis. The discriminant analysis using
static and kinetic parameters appears to be a very helpful method for clinical liver masses diagnosis
and staging.
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INTRODUCTION
Reliable staging of liver lesions is the prerequisite to establish the optimal treatment and determine
the prognosis [1-3]. Both 18F-FDG and 11C-acetate PET
imaging have demonstrated the ability to detect and
stage hepatocellular carcinoma (HCC) [4-6]. Due to
the high expression of the glucose-6-phosphatase enzyme that prevents intracellular accumulation of
18F-FDG, about 40-50% of HCC are not sensitive to
18F-FDG PET [4]. In comparison, 11C-acetate, which is
believed to mainly participate in fatty acid synthesis
in the liver, has been considered as a more promising
tracer than 18F-FDG in terms of detection sensitivity
and specificity, especially for well-differentiated HCC
[4, 6, 7].
However, the benign hepatic lesions, such as the
focal nodular hyperplasia (FNH), hepatic adenoma
and inflammation, with a much higher occurrence
rate than the malignant tumors [8], also accumulate
11C-acetate. There have been reports that 11C-acetate
PET is poor in differentiating HCC from benign lesions [6, 9, 10]. Dominique et al. [9] and Ho et al. [6]
suggested in their studies that dynamic PET with kinetic modeling might improve the understanding of
these lesions for separating benign hepatic tumors
from HCC. The fast kinetics of acetate is an advantage
of 11C-acetate over 18F-FDG, which makes the duration
of dynamic imaging short and can be endured by the
patients. Chen et al. applied an irreversible
three-compartment model with dual input function
from hepatic artery (HA) and hepatic portal vein (PV)
to study the 11C-acetate kinetics in the liver [11]. In
contrast to the routine one time-point static imaging,
quantitative tracer transport rate K1-k3, the local hepatic metabolic rate constant of 11C-acetate
(LHMRAct) and the fraction of HA blood supply from
the dynamic modeling were calculated to characterize
HCC and benign liver lesions in a more comprehensive manner.
There are limited studies investigating systematically acetate kinetics in liver HCC and benign lesions. In this study, we performed 11C-acetate dynamic PET on patients with liver lesions and conducted the kinetic modeling. The purpose is to explore the variance of quantitative parameters between
HCC and benign lesions and investigate whether the
differentiation can be improved when kinetic parameters is introduced in discriminant analysis [12-14].

MATERIALS AND METHODS
Patients
The study was approved by the Ethics Committee of Peking Union Medical College Hospital. The
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informed consent was obtained from all the patients
prior to the study. Twenty-two patients suffered from
liver lesion (16 males and 6 females; age range, 40-79
y; mean ± SD, 55.7 ± 11.9 y) were enrolled in the study.
All the lesions including HCC and benign lesions
were confirmed by surgical resection and pathological
examination within two weeks after 11C-acetate
PET/CT, and graded according to the well-known
Edmondson-Steiner criteria [15, 16].
11C-Acetate

Synthesis/Preparation

11C-acetate

was synthesized by transferring the
generated by Siemens RDS111 cyclotron into
a fully automated radiochemistry module based on
the procedure described by Mitterhauser et al. [17].
The chemical and radiochemical purities were both
greater than 98%. The product was proved to be sterile by 24 h bacterial culture.
11C-CO
2

PET/CT and Enhanced CT Imaging
PET/CT scans were conducted on the Siemens
Biography 64 True Point PET/CT scanner (Siemens
Medical Solution, Inc.) for all patients. CT transmission scans were acquired first for anatomy observation and providing the data for PET attenuation and
scatter correction. Subsequently, the patient was
scanned over the left ventricle and the whole liver.
About 7 MBq/kg (~ 0.19 mCi/kg) 11C-acetate was
administered intravenously to each patient and the
dynamic PET data were acquired simultaneously.
Each PET scan lasted 10 min and the list mode data
were reconstructed with 2D-OSEM [11, 18, 19]. The
reconstruction frames consisted of 12×10s, 9×20s,
1×60s, and 2×120s. As a reference, the enhanced CT
imaging was also done before the PET/CT scan and
used for the blood supply observation in liver masses.

Image Analysis
Sequential CT and PET images were accurately
registered on Inveon Research Workplace (IRW) 3.0
software (Siemens Preclinical Solution) for further
quantification. The regions of interest (ROIs) were
drawn over lesions and non-lesion regions
slice-by-slice on PET/CT images of the last frame with
the help of experienced clinicians. Final volume of
interest (VOI) was created by combining all the ROIs
(n = 5 ~ 8) for each patient. The average decay-corrected activities in the VOIs were converted to
the standardized uptake value (SUV) using the following
calculation:
activity
concentration
(kBq/ml)/(injection dose (MBq)/body weight (kg)).
To generate the lesion time-activity curves (TACs) for
dynamic analysis, the VOIs on the last frame were
superimposed to all the other frames in dynamic image sequences for each patient and the SUV at each
http://www.thno.org
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time point was calculated. The partial-volume effect
was ignored in the study since all the lesions had sizes
(≥ 1 cm) that were more than three times the PET spatial resolution (~ 2 mm) [19, 20].
Since liver has blood supply from both hepatic
artery (HA, with oxygenated blood) and portal vein
(PV, with nutrient rich blood), both the HA and PV
TACs were used as the input function in 11C-acetate
kinetic modeling. HA TAC was obtained from the
abdominal aorta near the liver [11] through a VOI
defined on the image frame where the peak tracer
accumulation was observed. The VOIs for PV were
defined over the PV based on the aligned CT images.
11C-Acetate

Kinetics Modeling and Parameters
Estimation in Liver
11C-acetate can be quickly taken up by the cell
and converted into the 11C-acetyl-CoA by acetate kinase. Then 11C-acetyl-CoA is converted to fatty acid or
cholesterol, and participate in the formation of phosphatidylcholine membrane, or be metabolized to CO2
via the Kreb’s cycle [21, 22]. Although the metabolism
routes are not well understood, the former one is
considered to be predominant in the liver and tumor
cells [22-24]. Regarding the high 11C-acetate accumulation in lesions and dual blood supply from HA and
PV
in
the
liver
tissue,
an
irreversible
three-compartment model with dual input has been
confirmed previously to be appropriate for 11C-acetate
kinetics in tumor and non-tumor liver tissue [18, 22].
The model can be described by the following
equations:

…(1)
…(2)
…(3)
…(4)
Where Cp is the tracer concentration in the first
compartment and used as the input function which is
contributed from both hepatic artery (CHA) and hepatic portal vein (CPV) as shown in Eq. 4 where α is the
contribution ratio. Cf and Cm represent the tracer
concentrations in the interstitial and the intracellular
spaces – the second and third compartment, respectively. Ct is the tracer concentration in the entire tissue
VOI including the Cf, Cm and part of Cp in Eq. 3. Vb in
Eq. 3 is the fractional blood volume.
Kinetic rate constant K1 refers to the tracer perfusion rate from plasma to the tissue and k2 means the
tracer clearance rate back to the plasma. k3 is associated with the rate of 11C-acetate metabolism. K1-k3, α

and Vb are derived by fitting tumor or non-tumor
tissue TACs with un-weighted least-squares optimization method according to Eq. 1- Eq. 4. An iterative
method was used to adjust the estimated parameters
to achieve the minimum least squares difference between the measured TACs and estimated TACs. The
Akaike Information Criteria (AIC) was used to assess
the fitting [18, 25]. In addition, the combined parameter K1(= K1×k3/(k2+k3)), was also calculated to estimate the local hepatic metabolic rate of 11C-acetate
(LHMRAct) [11, 18].

Statistical Analysis
Unpaired Student t-test was applied to all the
static and dynamic parameters that potentially characterize the tumor or non-tumor tissues. The parameters include: (a) SUV; (b) SUV tumor to non-tumor
liver tissue ratio (T/L); (c) K1; (d) k2; (e) k3; (f) α; (g)
LHMRAct (K1×k3/ (k2+k3)). P value less than 0.05 was
considered statistically significant.

Discriminant Analysis
Discriminant analysis with stepwise method and
Fisher criteria [26-28] was conducted with the R statistical software (www.r-project.org). To identify the
appropriate parameters that can best differentiate
between the HCC and benign lesions, the Wilks’
Lambda test was used to examine the mean values in
each group. The parameters entering and removing
from the analysis were determined with the typical F
probability value of < 0.05 and > 0.1, respectively.
Finally, the linear discriminant functions were constructed by the Fisher criteria with the classification
variables to classify the lesions. The classification
variables were imported into the above discriminant
functions to calculate the discriminant score. The lesion was classified into the group whose discriminant
function has the highest score. The classification results were further validated with the leave-one-out
cross-validation.

RESULTS
Patients
By surgery and pathological analysis, 7 patients
were proved to have well-differentiated HCC, 6 with
poorly-differentiated HCC. Benign lesions were
found in the remaining 9 patients, (3 focal nodular
hyperplasia (FNH), 1 hemangioma, 2 inflammation
lesions, 1 lymphoid hyperplasia, 1 hepatic adenoma
and 1 angiomyolipoma). In enhanced CT imaging, 4
well-differentiated HCC and 2 poorly-differentiated
HCC lesions were regarded as benign lesions and all
10
benign
lesions
were
diagnosed
as
well-differentiated HCC lesions due to their enhanced
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HA blood supply. An overview of the patients’ information is summarized in Table 1.
Table 1. The characteristics of all patients
Group Patient Sex Age
Tumor
No.
(F/M) (year)
size (cm)
I
7
2/5 57.4±13.9 3.04±1.9

Cirrhosis Final diagnosis*
(yes/no)
7/0
Well-HCC

II

6

0/6

61±13.6

1.55±0.60

4/2

Poor-HCC

III

9

4/5

52±8.9

1.93±1.16

0/9

Benign tumor

*Well-HCC: Well-differentiated HCC; Poor-HCC: Poorly-differentiated HCC.

PET Images, SUV and Time Activity Curves
The transaxial 11C-acetate PET/CT co-registered
images at early and late time points for one patient
with well-differentiated HCC were shown in Figure
1A where aorta, hepatic portal vein and the HCC lesion can be clearly distinguished. The average SUV in
the different groups of lesions and non-lesion liver
tissue and the lesion to non-lesion liver tissue SUV
ratio (T/L) were shown in Supplementary Material:
Figure S1. Significant differences (P < 0.01) were
found in average SUVs between benign lesions and
non-lesion
liver
tissues,
and
between
well-differentiated HCC and non-lesion liver tissues,
as well as in the T/L between the poorly-differentiated HCC and non-lesion liver tissue, and
between well-differentiated HCC and non-lesion liver
tissue. However, there were significant overlaps of
SUV values in different groups, as well as overlapping T/L between HCC and benign lesions, making
the lesion differentiation difficult.
The corresponding TACs of the patient in Figure
1A were plotted in Figure 1 B. The TAC of PV showed
slight delay in reaching maximum uptake as compared to HA [11, 29]. The TACs of aorta and portal
vein had almost the same C-11 activity uptake values
beyond 3 min post-injection, and a relative stable T/L
was observed. For all the patients, the variance of T/L
was less than 15% during this ‘stable period’ (3 ~ 10

min).

Kinetic Parameters
As shown in Supplementary Material: Figure S2,
kinetic parameters K1-k3 and α in different types of
lesions and non-lesion liver tissues were compared.
There was a significant difference between: (1)
well-differentiated HCC K1 and benign lesion K1 (P <
0.05); (2) poorly-differentiated HCC K1 and benign
lesion K1 (P < 0.05); (3) well-differentiated HCC k3 and
non-lesion liver tissue k3 (P < 0.01); (4)
well-differentiated HCC α and non-lesion liver tissue
α (P < 0.01); (5) poorly-differentiated HCC α and
non-lesion liver tissue α (P < 0.01); and (6) benign
lesion α and non-lesion liver tissue α (P < 0.05).
Moreover, statistical analysis was also conducted
on the LHMRAct Ki (Supplementary Material: Figure
S3). Significant difference was only found between
well-differentiated HCC Ki and non-lesion liver tissue
Ki.

Classification by Discriminant Analysis
With all the parameters derived from static and
dynamic scans, Wilks’ Lambda test was performed
step by step as shown in Table 2 until there was no
parameter with significant F value. K1 and T/L were
finally identified as the classification variables with
the minimal F value and Wilks’ Lambda value. The
linear
Fisher
discriminant
function
for
well-differentiated HCC, poorly-differentiated HCC
and benign lesions were defined as follows:

…(5)

…(6)

…(7)

Figure 1. (A) The co-registered transaxial PET/CT images at 0.5 min and 8 min after injection of 11C-acetate into the patient with HCC. Arrows display
the ROIs for aorta (arrow 1), hepatic portal vein (arrow 2) and HCC (arrow 3). (B) The corresponding time activity curves (TACs) for ROIs defined over
aorta, hepatic portal vein, liver and the HCC. Tumor uptake in each time point is represented by standardized uptake value (SUV).
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The classification results for all the lesions were
presented in Table 3. All but one patients with
well-differentiated HCC were diagnosed correctly (1
patient was mis-diagnosed as benign lesion). The accuracy for poorly-differentiated HCC and benign lesions were 50% and 66.7%, respectively. With
leave-one-out cross-validation (Table 4), the classification accuracy of benign lesions was decreased to
55.6%. Details of classification for each patient were
displayed in Supplementary Material: Table S1.
To demonstrate the improvement of the classification with the kinetic parameters, we also conducted
the discriminant analysis of the parameters from static
imaging: SUV and the T/L. A worse classification was
found with accuracy of 57.1% for well-differentiated
HCC, 33.3% for poorly-differentiated HCC and 44.4%
for benign lesions (Table 5).
Table 2. The Wilks’ Lambda test
Steps
0

1

2

Parameters
K1
k2
k3
HMRAct
α
SUV
(Lesion/Liver)suv
k2
k3
HMRAct
α
SUV
(Lesion/Liver)suv
k2
k3
HMRAct
α
SUV

F
0.017
0.221
0.088
0.209
0.205
0.138
0.034
0.966
0.091
0.082
0.263
0.157
0.030
0.949
0.172
0.219
0.570
0.582

Wilks Lambda
0.649
0.853
0.775
0.848
0.846
0.812
0.701
0.647
0.498
0.492
0.560
0.529
0.439
0.436
0.357
0.367
0.411
0.412

Table 3. The classification results of HCC and benign lesions with
lesion to non-lesion SUV ratio and K1 in discriminant analysis
Classification results (Num. / probability)
Total

Well-HCC

Poor-HCC

Benign

Well-HCC (7)

6 (85.7%)

0

1 (14.3%)

Poor-HCC (6)

1 (16.7%)

3 (50.0%)

2 (33.3%)

Benign (9)

1 (11.1%)

2 (22.2%)

6 (66.7%)

*Well-HCC: Well-differentiated HCC; Poor-HCC: Poorly-differentiated HCC.

Table 4. The classification results of HCC and benign lesions with
leave-one-out cross-validation in discriminant analysis
Classification results (Num. / probability)
Total

Well-HCC

Poor-HCC

Benign

Well-HCC (7)

6 (85.7%)

0

1 (14.3%)

Poor-HCC (6)

1 (16.7%)

3 (50.0%)

2 (33.3%)

Benign (9)

2 (22.2%)

2 (22.2%)

5 (55.6%)

*Well-HCC: Well-differentiated HCC; Poor-HCC: Poorly-differentiated HCC.

Table 5. The classification results of HCC and benign lesions with
SUV and lesion to non-lesion SUV ratio in discriminant analysis
Classification results (Num. / probability)
Total

Well-HCC

Poor-HCC

Benign

Well-HCC (7)

4 (57.1%)

0

3 (42.9%)

Poor-HCC (6)

0 (0.0%)

2 (33.3%)

4 (66.7%)

Benign (9)

3 (33.3%)

2 (22.2%)

4 (44.4%)

*Well-HCC: Well-differentiated HCC; Poor-HCC: Poorly-differentiated HCC.

DISCUSSION
Our study confirmed that the irreversible
three-compartment model with dual input is appropriate for analyzing dynamic 11C-acetate PET in the
liver. Both static and kinetic parameters were imported into the stepwise discriminant analysis and it
was found that K1 and T/L are the best classification
variables to differentiate different types of lesions in
the liver.
As reported in the study by Ho et al. [4], we also
found hypo-metabolic foci of 11C-acetate in well differentiated HCC in which the tumor cells are more
histologically similar to the normal liver cells. When
the lesion is transformed to poorly differentiated
HCC, 11C-acetate uptake is decreased. There is thus
significant difference in T/L between these two types
of lesions. For benign liver lesions, there is a large
variation in the T/L ratio. Hence, T/L ratio can be a
good indicator for HCC staging, but not for the identification of benign lesions.
K1 (ml blood/ml liver tissue/min) represents the
tracer transport rate from blood to liver tissue. Kinetic
analysis found that K1 value decreased with increased
blood supply from HA for any ROI. Because
11C-acetate accumulation in HA is earlier and much
higher than in PV at the beginning of tracer injection
[29], HCC lesions with enhanced HA blood supply
had lower K1 to reach the tracer concentration in the
‘stable period’ than benign lesions and non-lesion
liver tissue. That the HCC with similar HA blood
supply as the benign or non-lesion liver tissue yet had
low K1 may result from the relative low tracer uptake.
In general, K1 is a good reflection of HA and PV blood
supply ratio and the tracer uptake in the liver tissue,
allowing us to easily differentiate the HCC from benign lesions.
The fact that k2 and k3 did not appear significantly in the discriminant analysis may imply that the
dynamic course in the ‘stable period’ in 11C-acetate
dynamic imaging doesn’t play an important role in
differentiating HCC from benign lesions. The HA
blood supply ratio was not good either for differentiation, because some HCC lesions did not show enhanced HA blood supply while some benign lesions
were on the contrary, as found in studies of hepatic
http://www.thno.org
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hemodynamics or perfusion [30-34], which explains
why the benign lesions have been frequently
mis-diagnosed as HCC in enhanced CT imaging.
LHMRAct Ki is a parameter regarded not to be
affected by the tissue microenvironment, such as the
heterogeneity of vascular permeability and variance
of blood flow or perfusion, thus more sensitive than
SUV to reflect the real 11C-acetate metabolism [35].
The significant difference of LHMRAct between
well-differentiated HCC and non-lesion liver tissue
further indicated the well-differentiated HCC lesions
were 11C-acetate avid. The benign lesions presented
significant higher value than non-lesion liver tissue in
SUV but not in Ki. It can be inferred that the tracer
concentration was mainly from the 11C-acetate retention in interstitial space contributed by the high perfusion (K1) in benign lesions, not the high 11C-acetate
metabolism. Given the large overlapping value and
the insignificant difference among the lesion groups,
Ki was also unable to differentiate them.
Although the combination of the static and kinetic parameters could well characterize the liver lesions, it’s difficult to differentiate the lesions by simple statistical analysis. The discriminant analysis was
then introduced to do the lesions classification. The
results with T/L and K1 outperform that with static
parameters, and showed best sensitivity was obtained
for well-differentiated HCC, then for benign lesions.
Comparable classification accuracy in leave-one-out
cross-validation demonstrated the robustness of the
discriminant functions. Poorly-differentiated HCC
was not well identified even when kinetics analysis
was added. To avoid these unsatisfactory results,
18F-FDG
imaging should be used for poorly-differentiated HCC diagnosis. Among the benign
lesions in our patients, two inflammation lesions were
regarded as the poorly-differentiated HCC, while 3
FNH lesions were correctly classified in the benign
group. There is a possibility that our method is more
useful for FNH lesions than for inflammation lesions.
The angioma and benign lymphoid hyperplasia were
classified correctly. The angiomyolipoma lesion, as
well as the hepatic adenoma lesion, were
mis-classified as the well-differentiated HCC in the
leave-one-out-cross-validation. The small number of
samples of each type of benign lesions was a limitation of our study (lack of statistical power). Study
with more HCC and benign lesions are required in
future.
Cirrhosis is usually thought to cause increased
HA blood supply that makes the diagnosis of liver
lesions more difficult [4, 36]. In this study, 11 patients
with HCC were found to have cirrhosis in liver tissue,
but the SUV and K1 in their non-lesion liver tissue ROI
didn’t show significant differences from normal liver
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tissue in other objects. Thus, it is reasonable to group
all the non-lesion liver tissue together for comparison.
Another point worth mentioning is the diameters of
most lesions in our study were between 1 cm and 2
cm, a size with low diagnosis accuracy in dynamic CT
and static PET [4, 37], which demonstrated the advantage of our method in differentiation of small liver
lesions.

CONCLUSIONS
The ability of liver lesion differentiation and
staging with parameters from static PET imaging
analysis is limited. 11C-acetate kinetic modeling with a
dual input provides a better view of the tracer behavior and more quantitative parameters to characterize the metabolism, perfusion and blood supply of
liver lesion. The discriminant analysis with K1 and
T/L improves the accuracy of the differentiation and
staging of HCC and benign lesions, which potentiates
clinical diagnosis and therapy of liver masses. For the
future clinical application of our approach, a further
study with larger patient group may be necessary.
Also the computation efficiency needs to be addressed
for the calculation of kinetic parameters in daily clinical practice.

SUPPLEMENTARY MATERIAL
Fig.S1 - Fig.S3, Table S1.
http://www.thno.org/v05p0371s1.pdf
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