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Abstract

Obijective: The kinetic analysis of ''C-acetate PET provides more information than routine one
time-point static imaging. This study aims to investigate the potential of dynamic ''C-acetate he-
patic 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 ''C-acetate dynamic PET imaging. A three-compartment irreversible du-
al-input model was applied to the lesion time activity curves (TACs) to estimate the kinetic rate
constants K,-k;, vascular fraction (VB) and the coefficient a. representing the relative hepatic artery
(HA) contribution to the hepatic blood supply on lesions and non-lesion liver tissue. The pa-
rameter Ki (=K,xk;/(k, + k;)) was calculated to evaluate the local hepatic metabolic rate of acetate
(LHMACct). The lesions were further classified by discriminant analysis with all the above param-
eters.

Results: K, 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, poor-
ly-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: ''C-acetate kinetic parameter K, 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.

Key words: 11C-Acetate, dynamic PET; hepatocellular carcinoma; kinetic modeling; discriminant
analysis
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INTRODUCTION

Reliable staging of liver lesions is the prerequi-
site to establish the optimal treatment and determine
the prognosis [1-3]. Both 8F-FDG and ''C-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 en-
zyme that prevents intracellular accumulation of
18F-FDG, about 40-50% of HCC are not sensitive to
18E-FDG PET [4]. In comparison, 1'C-acetate, which is
believed to mainly participate in fatty acid synthesis
in the liver, has been considered as a more promising
tracer than 8F-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 'C-acetate
PET is poor in differentiating HCC from benign le-
sions [6, 9, 10]. Dominique et al. [9] and Ho et al. [6]
suggested in their studies that dynamic PET with ki-
netic modeling might improve the understanding of
these lesions for separating benign hepatic tumors
from HCC. The fast kinetics of acetate is an advantage
of 'C-acetate over 8F-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 "C-acetate kinetics in the liver [11]. In
contrast to the routine one time-point static imaging,
quantitative tracer transport rate Ki-ks, the local he-
patic metabolic rate constant of !C-acetate
(LHMRACct) and the fraction of HA blood supply from
the dynamic modeling were calculated to characterize
HCC and benign liver lesions in a more comprehen-
sive manner.

There are limited studies investigating system-
atically acetate kinetics in liver HCC and benign le-
sions. In this study, we performed "C-acetate dy-
namic PET on patients with liver lesions and con-
ducted the kinetic modeling. The purpose is to ex-
plore the variance of quantitative parameters between
HCC and benign lesions and investigate whether the
differentiation can be improved when kinetic param-
eters is introduced in discriminant analysis [12-14].

MATERIALS AND METHODS

Patients

The study was approved by the Ethics Commit-
tee of Peking Union Medical College Hospital. The

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 C-acetate
PET/CT, and graded according to the well-known
Edmondson-Steiner criteria [15, 16].

11C-Acetate Synthesis/Preparation

HC-acetate was synthesized by transferring the
11C-CO; 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 ster-
ile by 24 h bacterial culture.

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 transmis-
sion scans were acquired first for anatomy observa-
tion 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) "C-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 12x10s, 9x20s,
1x60s, and 2x120s. 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 (ROls) 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 de-
cay-corrected activities in the VOIs were converted to
the standardized uptake value (SUV) using the fol-
lowing 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 im-
age sequences for each patient and the SUV at each
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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 spa-
tial 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 'C-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

HC-acetate can be quickly taken up by the cell
and converted into the "'C-acetyl-CoA by acetate ki-
nase. Then "C-acetyl-CoA is converted to fatty acid or
cholesterol, and participate in the formation of phos-
phatidylcholine membrane, or be metabolized to CO»
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 "C-acetate accumu-
lation 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 1'C-acetate
kinetics in tumor and non-tumor liver tissue [18, 22].

The model can be described by the following
equations:

ST = Ky (1) — (ky + ka) - Cr (D)
don(®) _ .
ke Gr0) -(2)
C:() = Cp(O) + G (8) + 1, - G (D) ..(3)
Cp(t) = aCua(t) + (1 — @) Cpp (1) ..(4)

Where C; is the tracer concentration in the first
compartment and used as the input function which is
contributed from both hepatic artery (Cua) and he-
patic portal vein (Cpy) as shown in Eq. 4 where o is the
contribution ratio. G and Cp, represent the tracer
concentrations in the interstitial and the intracellular
spaces - the second and third compartment, respec-
tively. Ci is the tracer concentration in the entire tissue
VOI including the Cf, Cin and part of C;, in Eq. 3. Vpin
Eq. 3 is the fractional blood volume.

Kinetic rate constant K; refers to the tracer per-
fusion rate from plasma to the tissue and k; means the
tracer clearance rate back to the plasma. ks is associ-
ated with the rate of 1'C-acetate metabolism. Ki-ks, a

and V,, are derived by fitting tumor or non-tumor
tissue TACs with un-weighted least-squares optimi-
zation method according to Eq. 1- Eq. 4. An iterative
method was used to adjust the estimated parameters
to achieve the minimum least squares difference be-
tween the measured TACs and estimated TACs. The
Akaike Information Criteria (AIC) was used to assess
the fitting [18, 25]. In addition, the combined param-
eter Ki(= Kixks/(katks)), was also calculated to esti-
mate the local hepatic metabolic rate of C-acetate
(LHMRACct) [11, 18].

Statistical Analysis

Unpaired Student t-test was applied to all the
static and dynamic parameters that potentially char-
acterize the tumor or non-tumor tissues. The param-
eters include: (a) SUV; (b) SUV tumor to non-tumor
liver tissue ratio (T/L); (c) Ki; (d) k2 (e) ks; (f) o; (g)
LHMRACct (Kixks/ (katks)). 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 sta-
tistical 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 con-
structed 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 le-
sion was classified into the group whose discriminant
function has the highest score. The classification re-
sults 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’ in-
formation is summarized in Table 1.

Table 1. The characteristics of all patients

Tumor
size (cm)

Group Patient Sex Age
No. (E/M) (year)

Cirrhosis Final diagnosis*
(ves/no)

I 7 2/5 57.4+13.9 3.04+1.9 7/0 Well-HCC
I 6 0/6 61+13.6  1.55£0.60 4/2 Poor-HCC
I 9 4/5 52489 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 "'C-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 le-
sion 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 Sl1. 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 poor-
ly-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 overlap-
ping 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 com-
pared 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 Ki-ks and o in different types of
lesions and non-lesion liver tissues were compared.
There was a significant difference between: (1)
well-differentiated HCC K; and benign lesion K; (P <
0.05); (2) poorly-differentiated HCC K; and benign
lesion K; (P < 0.05); (3) well-differentiated HCC k3 and
non-lesion liver tissue ks (P < 0.01), (4)
well-differentiated HCC o and non-lesion liver tissue
o (P < 0.01); (5) poorly-differentiated HCC o and
non-lesion liver tissue o (P < 0.01); and (6) benign
lesion a and non-lesion liver tissue a (P < 0.05).

Moreover, statistical analysis was also conducted
on the LHMRACct K; (Supplementary Material: Figure
S3). Significant difference was only found between
well-differentiated HCC K; 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. K; 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:

Y,uynce = 11.674- (%)m +5.481-K, —14.916
..(5)
lesion
Y poor_sicc = 7.790 - (£ )Sw +4715-K, —8.358
..(6)
Y pensgn = 9972 - ({ff’::)m +7.746 - K, — 15.120
.(7)
B
251 - Aorta
20- =+ Portal vein
== Liver
> 151 =%  Tumor

Time (min)

Figure 1. (A) The co-registered transaxial PET/CT images at 0.5 min and 8 min after injection of ''C-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 ROls 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 ac-
curacy for poorly-differentiated HCC and benign le-
sions were 50% and 66.7%, respectively. With
leave-one-out cross-validation (Table 4), the classifi-
cation 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 classifi-
cation 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

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%)

Steps Parameters F Wilks Lambda
0 K1 0.017 0.649
k2 0.221 0.853
ks 0.088 0.775
HMRAct 0.209 0.848
a 0.205 0.846
Suv 0.138 0.812
(Lesion/ Liver)suv 0.034 0.701
1 k2 0.966 0.647
ks 0.091 0.498
HMRAct 0.082 0.492
a 0.263 0.560
SUV 0.157 0.529
(Lesion/Liver)suv 0.030 0.439
2 k2 0.949 0.436
ks 0.172 0.357
HMRAct 0.219 0.367
o 0.570 0.411
SUV 0.582 0.412

Table 3. The classification results of HCC and benign lesions with
lesion to non-lesion SUV ratio and K 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.

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

DISCUSSION

Our study confirmed that the irreversible
three-compartment model with dual input is appro-
priate for analyzing dynamic 'C-acetate PET in the
liver. Both static and kinetic parameters were im-
ported into the stepwise discriminant analysis and it
was found that K; 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 'C-acetate in well dif-
ferentiated HCC in which the tumor cells are more
histologically similar to the normal liver cells. When
the lesion is transformed to poorly differentiated
HCC, ""C-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 iden-
tification of benign lesions.

Ki (ml blood/ml liver tissue/min) represents the
tracer transport rate from blood to liver tissue. Kinetic
analysis found that K; value decreased with increased
blood supply from HA for any ROl Because
HC-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 K; 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 K; may result from the relative low tracer uptake.
In general, K; 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 be-
nign lesions.

The fact that k» and ks did not appear signifi-
cantly in the discriminant analysis may imply that the
dynamic course in the ‘stable period” in 'C-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 differenti-
ation, because some HCC lesions did not show en-
hanced HA blood supply while some benign lesions
were on the contrary, as found in studies of hepatic
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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.

LHMRACct K| 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 C-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 "C-acetate reten-
tion in interstitial space contributed by the high per-
fusion (K1) in benign lesions, not the high 'C-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 ki-
netic parameters could well characterize the liver le-
sions, it’s difficult to differentiate the lesions by sim-
ple statistical analysis. The discriminant analysis was
then introduced to do the lesions classification. The
results with T/L and K; 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,
BF-FDG imaging should be wused for poor-
ly-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 limita-
tion 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 K; in their non-lesion liver tissue ROI
didn’t show significant differences from normal liver

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 ad-
vantage 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. 1'C-acetate kinetic modeling with a
dual input provides a better view of the tracer be-
havior and more quantitative parameters to charac-
terize the metabolism, perfusion and blood supply of
liver lesion. The discriminant analysis with K; 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 clin-
ical practice.

SUPPLEMENTARY MATERIAL

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