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Abstract

Background Fluorine 18 ('F) fluorodeoxyglucose (FDG) positron emission tomography/computed tomography
(PET/CT) has limitations in staging hepatocellular carcinoma (HCC). The recently introduced 18F_|abeled fibroblast-
activation protein inhibitor (FAPI) has shown promising prospects in detection of HCC lesions. This study aimed

to investigate the initial staging and restaging performance of '8F-FAPI PET/CT compared to '®F-FDG PET/CT in HCC.
Methods This prospective study enrolled histologically confirmed HCC patients from March 2021 to September
2022. All patients were examined with '8F-FDG PET/CT and '8F-FAPI PET/CT within 1 week. The maximum standard
uptake value (SUV,,.,), tumor-to-background ratio (TBR), and diagnostic accuracy were compared between the two
modalities.

max)

Results A total of 67 patients (57 men; median age, 57 [range, 32-83] years old) were included. 8F-FAPI PET showed
higher SUV,,,, and TBR values than "®F-FDG PET in the intrahepatic lesions (SUV ., 6.7 vs. 4.3, P<0.0001; TBR: 3.9 vs.
1.7, P<0.0001). In diagnostic performance, '8F-FAPI PET/CT had higher detection rate than '8F-FDG PET/CT in intra-
hepatic lesions [92.2% (238/258) vs 41.1% (106/258), P < 0.0001] and lymph node metastases [97.9% (126/129) vs
89.1% (115/129), P=0.01], comparable in distant metastases [63.6% (42/66) vs 69.7% (46/66), P> 0.05]. 8FE_FAPI PET/
CT detected primary tumors in 16 patients with negative '8F-FDG, upgraded T-stages in 12 patients and identified
4 true positive findings for local recurrence than '8F-FDG PET, leading to planning therapy changes in 47.8% (32/67)

of patients.

Conclusions '8F-FAPI PET/CT identified more primary lesions, lymph node metastases than '8F-FDG PET/CT in HCC,
which is helpful to improve the clinical management of HCC patients.

Trial registration Clinical Trials, NCT05485792. Registered 1 August 2022, Retrospectively registered.
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Background

Hepatocellular carcinoma (HCC) is the most common
type of primary liver cancer, and the fourth leading cause
of cancer-related deaths worldwide [1]. Patients diag-
nosed in early stages of the disease have survival rates
up to 50-70%. However, more than half of patients were
diagnosed with advanced disease, and their 3-year sur-
vival rates were only 20—-30% [2—4]. Therefore, early diag-
nosis and accurate staging for HCC patients are critical
for planning therapy. Morphological imaging modalities,
such as contrast computed tomography (CT) and mag-
netic resonance imaging (MRI), are commonly used in
the diagnosis of HCC, but they are inadequate in detect-
ing distant metastasis [5]. In addition, due to the post-
operative anatomical changes, it is difficult to monitor
the recurrence of HCC based on morphological imag-
ing modalities [6]. Fluorine-18 fluorodeoxyglucose
(*®F-FDG) positron emission tomography/computed
tomography (PET/CT) is an effective imaging tool for
staging for many malignancies. However, 1*F-FDG is not
a useful tracer for detection of primary tumours of HCC
[7]. Because of the low ®F-FDG uptake in well differen-
tiated HCC and the physiological uptake in nomal liver,
the detection rate of 'F-FDG PET/CT for primary HCC
is less than 50% [8].

Fibroblast activation protein (FAP) is a serine protease
that belongs to the dipeptidyl peptidase-IV (DPP-1V)
family located in fbroblast membranes [9]. FAP is over-
expressed in the cancer-associated fibroblasts (CAFs)
of 90% of all epithelial carcinomas, including HCC [10].
Therefore, FAP-targeted radiopharmaceuticals can be
considered a promising approach for the visualization
of CAFs in HCC. Recently, ® Ga labeled fibroblast acti-
vating protein inhibitor (°® Ga-FAPI) has demonstrated
diagnostic value in many types of malignancies [11].
Moreover, several pilot studies with small sample size
have shown ® Ga-FAPI PET/CT is more sensitive than
BE_FDG PET/CT in detecting HCC lesions [3, 12—14].
Although % Ga-FAPI is a promising radiopharmaceuti-
cal for clinical application of malignancies, it still has
some disadvantages, such as high production costs and
short half-life [15—17]. F-FAPI has a longer half-life and
is more widely used to meet the needs of a large num-
ber of patients, and '®F-FAPI is equivalent to ®® Ga-FAPI
in detecting malignant tumors [17]. However, to our
acknowledge, there is no study have explored the clinical
staging value of "*F-FAPI PET/CT in HCC systematically.

Therefore, the aim of this head to head prospective
study was to investigate whether the potential diagnos-
tic value of 'F-FAPI PET/CT is superior to *F-FDG
PET/CT for HCC patients, and to explore the impact of
I8E_FAPI PET/CT on the clinical therapeutic manage-
ment of HCC.
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Materials and methods

Patients

This prospective study was authorized by the ethics com-
mittee of Affiliated Cancer Hospital & Institute of Guang-
zhou Medical University (ethics committee permission
No0.2021-sw07; clinical trial registration: NCT05485792).
From March 2021 to September 2022, A total of 145
patients with suspected HCC were considered as can-
didate participants consecutively. The enrolled patients
met the following criteria: (i) age>18 years old; (ii)
patients with suspected liver malignant lesions based on
traditional diagnostic imaging (CT or MRI or ultrasound)
and clinical symptoms; and (iii) patients who agreed to
receive paired 8F-FDG PET/CT and 8F-FAPI PET/CT
scans within one week. The exclusion criteria were as
follows: (i) restaging patients who have received chemo-
therapy, radiation therapy, or targeted therapy within
3 months prior to scanning; (ii) patients who had another
primary cancer at the time of evaluation; and (iii) unable
to provide pathological findings to confirm HCC. Finally,
a total of 67 patients were enrolled. The flow chart of our
study was depicted in Fig. 1.

18E_FDG/'8F-FAPI PET/CT acquisition and imaging

BE_FDG was automatically synthesized using a PET trace
cyclotron and the F-FDG synthesizer module (Tracer-
lab FXF-N, GE Healthcare). The detailed methodology
for radiolabeling DOTA-FAPI can be found in the Sup-
plementary material. F-FDG and 8F-FAPI PET/CT
were performed using a PET/CT scanner (Discovery 710,
GE Healthcare, Milwaukee, W1, USA) within 1 week. The
imaging preparation and parameters of |F-FDG/!®F-
FAPI PET/CT was performed according to a previously
reported protocol [18].

18E_FDG and '8F-FAPI PET/CT image analysis

All images were visually interpreted independently by
four board certified nuclear medicine physicians. To
reduce individual interpretation bias, *F-FDG PET/CT
images were reviewed by Hao Peng and Shuyi Li, and
I8E_FAPI PET/CT images were reviewed by Shugin Jiang
and Lingi Zhang. A consensus was reached following a
comprehensive discussion in cases of discrepancies.

For visual analysis, lesions were divided into primary
tumor and extrahepatic organs/regions (lymph nodes and
distant metastasis) based on their location. Individual
lymph node was then classified into four regions, includ-
ing the head and neck, thoracic (supraclavicular, medias-
tinal, and axillary lymph nodes), abdominal (para-aortic,
porta hepatic, retroperitoneal, celiac lymph nodes), and
pelvic (parailiac vessels and inguinal lymph nodes). Dis-
tant involvement such as lung, bone, peritoneal and adre-
nal metastasis was categorized as an individual site. A
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Patients with suspected HCC scheduled for *F-FDG/'$F-FAPI PET/CT

(n=145)

A 4

—»

Excluded patients (n=71):

Intrahepatic cholangiocarcinoma (n=16)
Hepatic metastases (n=9)

Other benign liver lesions (n=24)

No histopathological evaluation (n=22)

(n=74)

Patients with HCC confirmed by histopathology

Excluded patients (n=7):

Restaging patients received anti-tumor
treatment (n=4)

Presentation with another primary cancer
(0=3)

A

(n=67)

Final study population

A

Initial staging for

primary tumor (n=59)

A

Restaging for

recurrence (n=8)

Fig. 1 Study flowchart shows inclusion and exclusion criteria. HCC = hepatocellular carcinoma; '®F =fluorine 18; FAPI=fibroblast activation protein
inhibitor; FDG = fluorodeoxyglucose; PET/CT = positron emission tomography/computed tomography

positive lesion was considered when met the following
criteria [19]: (i) a focal area had abnormally elevated '8F-
FDG or '8F-FAPI uptake, accompanied by the abnormal
density/signal in the corresponding sites on CT/MRI;
and (ii) the lesions had typical features from contrast-
enhanced CT (ceCT) or ce-MRL

For semi-quantitative assessment, a region of interest
(ROI) was drawn along the entire lesion on the axial PET
image or anatomical information presented by CT/MRI
(lesions with low or equal tracer uptake), and the maxi-
mum standardized uptake value (SUV,_,,), the diam-
eter of each lesion and the amount of lesions per region
were recorded. The tumor-to-background ratio (TBR)
of each lesion was calculated by dividing the SUV, ., of
the lesion by the SUV_.,, of the background tissue (liver
background for liver lesions; mediastinal blood pool

background for macrovascular invasion, lymph nodes
and peritoneal lesions; lung background for lung lesions;
contralateral adrenal gland background for adrenal gland
lesions; and L5 background for bone lesions). The TNM
stage was assigned based on the eighth edition of the
American Joint Committee on Cancer staging system
[20].

Reference standard

All patients were diagnosed HCC (at least one lesion)
based on histological evaluation of biopsy or surgi-
cal specimens. Due to ethical and technical issues, not
all lesions are pathologically confirmed, especially for
intrahepatic foci, lymph node metastasis and distant
metastasis. When histopathology was unavailable for
positive PET/CT findings, a combination of clinical and
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multimodality radiographic (including PET/CT, contrast-
enhanced CT, MRI, and ultrasound) follow-up for more
than 6 months was taken as the reference standard of
diagnosis to validate the PET/CT findings [18]. Follow-up
imaging findings that were considered malignant lesions
had either progress or response to anticancer therapy in
terms of reduction in size and/or number of lesions.

Statistical analysis

Quantitative variables are presented as the median [range
(minimum to maximum)], and categorical variables are
presented as frequencies (percentages). The diagnostic
performance for HCC of '®F-FDG PET and '®F-FAPI PET
was compared using the McNemar’s test. The SUV_ .
and TBR obtained from '*F-FDG PET and '®F-FAPI
PET images were compared using the paired Wilcoxon
signed-rank test. All statistical tests were performed
using SPSS Statistics 17.0 (SPSS Inc., Chicago, IL, USA)
software. P<0.05 was considered statistically significant.

Results

Patients characteristics

Sixty-seven patients with histological proven HCC (57
men and 10 women; median age, 57 [range, 32—83] years
old) were enrolled in our study (Fig. 1). The most com-
mon etiology was hepatitis B infection (n=46, 68.7%),
and eighteen patients presented with cirrhosis. Fifty-
nine treatment-naive patients received paired *F-FDG
and !'8F-FAPI PET examinations for initial staging, and
8 patients with recurrent HCC underwent paired exami-
nations for restaging. 26.9% (18 of 67) of patients had
intrahepatic lesions invading macrovascular, and 19.4%
(13 of 67) of patients were identified to have extrahepatic
metastasis (6 patients with lymph node metastasis and 9
patients with distant metastasis) (Table 1).

18F_FDG PET and "8F-FAPI PET in detection of intrahepatic
lesions

In the initial staging group of 59 patients (a total of 234
lesions), the detecting rate of I8E_FAPI PET for intra-
hepatic lesions is significantly higher than !*F-FDG
PET among patients with T1-3 stages (detail in Table 2,
Figs. 2 and 3) [T1: 93.8% (15/16) vs. 31.3% (5/16),
P=0.0006; T2: 100% (13/13) vs. 38.5% (5/13), P=0.0016;
T3: 100% (14/14) vs. 35.7% (5/14), P=0.0006; T4: 100%
(16/16) vs. 100% (16/16), P>0.05], and the lesions
in T2-4 stage patients were more clearly character-
ized by higher activity (median SUV_,,, T2: 9.9 vs. 5.3,
P=0.0339; T3: 10.9 vs. 5.5, P=0.0085; T4: 12.9 vs. 14.5,
P=0.0457) and clearer boundaries (median TBR, T2: 5.0
vs. 1.7, P=0.0002; T3: 6.6 vs. 2.1, P=0.0001; T4: 10.2 vs.
3.1, P<0.0001) in '8F-FAPI PET than in '*F-FDG PET
(Supplementary Fig. 1a & b).
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Table 1 Baseline patient characteristics of the enrolled patients

Description of patients 67
Age [years, median (IQR)] 57(32-83)
M:F radio 57:10
Cirrhosis/Non-Cirrhosis 18/49
Etiology (HBV/HCV/AH) 46/1/1
Clinical biochemical testing

AFP (>20 ng/ml) 33

CEA (>5U/ml) 21

CA19-9 (>37U/ml) 9
Patient status

Staging 59

Recurrence detection after treatment 8
Tumor number

Solitary 32

Multifocal 35
Macrovascular invasion (Yes/No) 18/49
Tumor staging (Initial evaluation)

T 16

T2 13

T3 14

T4 16
Extrahepatic Lesions (N/total) 13/67

Lymph node metastasis 7

Distant metastasis 9

M male, F female, HBV Hepatitis B virus, HCV Hepatitis C virus, AH Alcoholic
hepatitis, QR interquartile range, AFP alpha-fetoprotein, CEA carcinoembryonic
antigen, CA 719-9 carbohydrate antigen 199

In the evaluation of recurrent tumors in 8 patients (a
total of 24 lesions), there was no statistically significance
in the sensitivity of detecting recurrent tumors between
F-FAPI PET and '®F-FDG PET [100% (8/8) vs. 50.0%
(4/8), P=0.0769], while the TBR of 8F-FAPI PET/CT
was significantly higher than that of 8F-FDG PET/CT
for local recurrence (median TBR: 5.4 vs 1.4, P=0.0078)
(Table 2 and Fig. 4).

As shown in Table 2, F-FAPI PET/CT depicted 92.2%
of the intrahepatic lesions (238 of 258), which was much
better than 41.1% (106 of 258) of F-FDG PET/CT
(P<0.0001). According to tumour size, F-FAPI PET
detected significantly more intrahepatic lesions than '°F-
FDG PET among different sizes subgroups, especially
in the early stage HCC (Fig. 3) [<2 cm: 88.1% (97/110)
vs. 25.5% (28/110), P<0.0001;>2 cm and<5 cm: 89.9%
(80/89) vs. 38.2% (34/89), P<0.0001; >5 cm: 100% (59/59)
vs. 74.6% (44/59), P<0.0001]. Besides, there were also
significant differences in '*F-FAPI PET and '*F-FDG PET
uptake among different tumor size groups (all P<0.0001,
Supplementary Fig. 1c & d).

A total of 18 patients had macrovascular invasion
(16 patients for initial staging; 2 patients for restaging).
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Table 2 Comparison of '®F-FDG PET/CT and '8F-FAPI PET/CT for the intrahepatic lesions of 67 patients
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Description of

No. of patients

'8F-FDG PET/CT

'8F-FAPI PET/CT

Pvalue

lesions (No. of lesions) (FDG vs. FAPI)
Positive Median SUV,,,, MedianTBR Positive Median SUV,,,, Median TBR SUV,ax TBR
detection of  (range) (range) detection of (range) (range)
lesions(%) lesions(%)

Total 67 35(52.2%) 53(2.3-22.5) 2.1(1.0-152)  66(98.5%) 9.9(0.4-24.1) 6.0(0.8-30.0) <0.0001  <0.0001

Primary Tumor 59 31(53.4%) 5.6(2.3-22.5) 22(1.0-15.2)  58(98.3%) 9.9(04-24.1) 6.7(0.8-30.0) <0.0001  <0.0001
T 16 5(31.3%) 375(23-11.2) 1.5(1.0-4.3) 15(93.8%) 4.65(04-15.2) 3.6(0.8-27.8) 0.1305 <0.0001
T2 13 5(38.5%) 53(2.3-22.5) 1.7(1.4-9.8) 13(100%) 9.9(4.6-15.6) 5.0(1.5-15.0) 0.0339 0.0002
T3 14 5(35.7%) 5.5(3.7-15.5) 2.1(1.3-64) 14(100%) 10.9(3.3-24.1) 6.6(2.6-30.0) 0.0085 0.0001
T4 16 16(100%) 14.5(4.1-18.4) 35(1.9-152)  16(100%) 12.9(2.2-22.9) 10.2(4.1-22.5) 0.0457 <0.0001

RecurrentTumor 8 4(50.0%) 36(24-11.8) 14(1.0-5.2) 8(100%) 9.8(2.9-16.8) 54(2.6-12.9) 0.0781 0.0078

Tumor Size(cm)

Total 67(258) 106(41.1%) 4.3(1.3-22.5) 1.7(0.5-15.2)  238(92.2%) 6.7(0.4-24.1) 3.9(0.8-30.0) <0.0001  <0.0001
<2 NA(110) 28(25.5%) 3.7(1.3-9.8) 1.5(0.5-4.3) 97(88.1%) 59(1.2-183) 3.1(0.8-22.9) <0.0001  <0.0001
>2,<5 NA(89) 34(38.2%) 42(2.2-13.8) 1.6(0.8-10.3)  82(92.1%) 6.5(04-22.4) 3.8(0.8-30.0) <0.0001 <0.0001
>5 NA(59) 44(74.6%) 7.1(3.7-22.5) 25(13-152)  59(100%) 11.2(22-24.1) 6.6(2.6-26.1) <0.0001  <0.0001

No. of lesions
Solitary 32(32) 12(37.5%) 4.35(2.3-22.5) 1.7(1.0-9.8) 31(96.9%) 6.35(04-15.6) 5.15(0.8-27.8) 0.0152 <0.0001
Multifocal 35(226) 94(41.6%) 43(13-184) 1.7(05-152)  207(91.6%) 6.7(1.2-24.1) 3.8(0.8-30.0) <0.0001  <0.0001
Macrovascular 18(18) 18(100%) 5.6(2.7-23.3) 35(14-123)  16(88.9%) 4.65(0.5-8.2) 29(1.2-4.6) 0.007 0.043

invasion

Bold fonts indicate significant difference between FDG and FAPI (P<0.05)
'8 F Fluorine 18, FDG fluorodeoxyglucose, FAP! fibroblast activation protein inhibitor, PET/CT positron emission tomography/computed tomography, HCC

hepatocellular carcinoma, SUV,,,, maximum standardized uptake value, TBR Tumor-to-background ratio, NA Not applicable
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Fig. 2 Nine representative patients with HCC underwent "8F-FDG & '8F-FAPI PET/CT imaging. '8F-FAPI PET/CT outperformed.'®F-FDG PET/CT
in detecting primary tumors (Patient No. 32, 33, 34, 49), intrahepatic subfoci (Patient No. 13, 38, 42, 47, 48), supraclavicular lymph node metastases
(Patient No. 13, 48), retroperitoneum lymph node metastases (Patient No. 48), and comparable in detecting distant metastases (Patient No. 48)

There was no statistically significance in the sensi-
tivity of detecting macrovascular invasion between
I8E_FAPI PET and |F-FDG PET [88.9% (16/18) vs.

100% (18/18), P=0.486], and the SUV,,

and TBR of 18

paired macrovascular invading lesions on ®F-FAPI PET/
CT images were significantly lower than on F-FDG
PET/CT images (P=0.007 and P=0.043, respectively)
(Table 2).
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(A 18F-FDG PET/CT

B BF-FAPI PET/CT

Fig. 3 A 41-year-old male patient (Patient No. 51) with HCC (moderately differentiated) was confirmed by biopsy. '8F-FDG PET/CT displayed
moderate uptake in the section Il of the liver; However, the corresponding CT scan showed more nodules in other lobes of the liver. "8F-FAPI PET/CT
detects greater radiotracer in primary lesions and other intrahepatic subfoci on both MIP (large arrow) and axial images (small arrow)

A ¥F-FDG PET/CT

B 18E_FAPI PET/CT |

Fig.4 A 57-year-old male patient (Patient No. 50) with recurrent HCC (moderately differentiated) was confirmed by postoperative pathology.
'8F-FDG PET/CT displayed no uptake in this lesion, although the corresponding CT scan showed lamellar low-density shadow in right lobe
of the liver. 8F-FAPI PET/CT revealed intense uptake (SUV, ..« 9.0; TBR 6.0) in the recurrent lesion on both maximum intensity projection (MIP) (large

arrow) and axial images (small arrow)

8E_-FDG PET and "8F-FAPI PET for assessment of lymph
node metastasis

According to the diagnostic criteria for lymph node
metastases, 129 lymph nodes lesions in 7 patients were
evaluated. The sensitivity of '®F-FAPI PET in detecting
lymph node metastases was 97.9% (126/129), which was
higher than ®F-FDG PET [89.1% (115/129), P=0.01].
The TBR of *F-FAPI PET in lymph node metastasis was
significantly higher than that in ®F-FDG PET (6.3 vs

4.5, P<0.0001), while there was no significant difference
in SUV_ .. (7.3 vs 7.6, P=0.7475) (Table 3 and Fig. 2).
Sixty-four of 129 (48.8%) lymph node metastasis were
greater than 1.0 cm in short diameter, and the detecting
rate of '®F-FAPI PET and '®F-FDG PET for these lymph
nodes both were 100%. For lymph node in short diameter
(1.0 cm), the sensitivities of ®F-FAPI PET is signifi-
cantly higher than F-FDG PET (Fig. 5) [95.4% (62/65)
vs. 78.5% (51/65), P<0.0001]. The TBR of '*F-FAPI PET
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Table 3 Comparison of '®F-FDG PET/CT and '8F-FAPI PET/CT for the extrahepatic lesions

Description  No. of '8F-FDG PET/CT '8F-FAPI PET/CT Pvalue

of lesions patients (No. (FDG vs. FAPI)

of lesions)
Positive Median Median TBR  Positive Median MedianTBR  SUV,,,, TBR
detectionof SUV,,, (range) detectionof SUV, .. (range)
lesions(%) (range) lesions(%) (range)

Lymph node  7(129) 115(89.1%) 76(1.2-207)  45(05-17.3)  126(97.9%) 73(20-21.8)  63(14-265) 07475 <0.0001

metastasis
Head 3(16) 13(81.3%) 4.8(1.2-14.7) 2.1(0.5-9.2) 16(100%) 7.7(3.0-13.9) 52(1.5-174) 0.0148 <0.0001

and neck

regions
Thoracic 2(15) 15(100%) 11.5(3.1-164) 7.2(1.3-10.3) 15(100%) 13.1(85-21.2) 164(4.7-26.5) 0.0267 <0.0001

regions
Abdominal  7(86) 81(94.2%) 7.95(1.8-20.7) 49(0.8-17.3)  83(96.5%) 69(2.0-218) 53(14-169 00772 02818

regions
Pelvic 2(12) 6(50%) 28(1.7-106)  1.3(0.8-6.6) 12(100%) 7.1(3.0-138)  74(23-106) 0.1763  0.0005
regions

Lymph node size(cm)
<1 NA(65) 51(78.5%) 5.2(1.2-16.7) 3.3(0.5-13.9) 62(95.4%) 6.2(2.0-21.8) 50(14-23.1) 0.1253 0.0016
>1 NA(64) 64(100%) 10.55(3.1- 6.75(1.3-17.3)  64(100%) 9.35(3.1-21.2)  10.15(2.0— 03771  0.0004

20.7) 26.5)

Distant lesions  9(66) 46(69.7%) 5.0(0.7-25.4) 6.5(0.6-84.7)  42(63.6%) 2.75(0.5-204) 7.45(1.7-30.0) 0.0139 0.82
Lung 6(24) 7(29.1%) 14(0.7-102)  6.5(3.5-51.0)  8(37.5%) 1.65(0.5-10.5) 13.0(1.7-28.0) 0.7196  0.0639
Bone 3(24) 24(100%) 11.1(5.2-254) 24.15(2.9- 16(66.7%) 3.0(1.1-20.4) 6.3(2.8-30.0)  0.0007 0.0014

84.7)
Peritoneal 1017) 14(82.4%) 3.9(1.3-7.7) 1.7(0.6-3.3) 17(100%) 4.8(2.3-7.0) 5.3(2.6-7.8) 0.0731 <0.0001
Adrenal 1(1) 1(100%) 5.6(NA) 1.9(NA) 1(100%) 4.8(NA) 4.8(NA) - -
gland
Total 13(195) 161(82.6%) 6.3(0.7-254)  5.1(0.5-84.7)  168(86.2%) 64(0.5-21.8)  6.6(14-30.00 0.2538 0.0007

Bold fonts indicate significant difference between FDG and FAPI (P<0.05)

'8 F Fluorine 18, FDG fluorodeoxyglucose, FAP! fibroblast activation protein inhibitor, PET/CT positron emission tomography/computed tomography, HCC
hepatocellular carcinoma, SUV,,,, maximum standardized uptake value, TBR Tumor-to-background ratio, NA Not applicable

in metastasis lymph node (<1.0 cm) were significantly
higher than '®F-FDG PET (5.0 vs. 3.3, P=0.0016), but
there was no significance in SUV__ between two agents
(Supplementary Fig. 1e & f).

'8F-FDG PET and "8F-FAPI PET in evaluation of distant
metastasis

A total of 66 distant metastatic lesions in 9 patients
were confirmed based on the reference standards. There
was no statistically significant difference in sensitiv-
ity between 'F-FAPI PET/CT and '8F-FDG PET/CT
in detecting distant metastatic lesions [42 (63.6%) vs 46
(69.7%), P=0.58)] (Supplementary Fig. 1g).

Regarding the 3 patients with bone metastasis,
8E_FAPI PET had a significant lower sensitivity than '*F-
FDG PET [66.7% (16/24) vs. 100% (24/24), P=0.004],
and '®F-FDG PET/CT showed higher SUV,,, and TBR
than '8F-FAPI PET/CT in bone metastasis evaluation
(median SUV,,: 11.0 vs 3.0, P=0.0007; median TBR:
24.15 vs 6.3, P=0.0014) (Table 3). Only one patients was
diagnosed with peritoneal metastasis (17 lesions, Patient

22 Supplementary Table S1). In contrast to the SUV, ..,
the differences between '®F-FAPI and '®F-FDG imaging
were significant quantified by the TBR (median SUV_,:
4.8 vs 3.9, P=0.0731; median TBR: 5.3 vs 1.7, P<0.0001)
(Table 3).

Changes in staging and therapeutic management

In the initial assessment of 59 patients, *F-FAPI imag-
ing detected primary HCC tumors in 16 patients with
18F_FDG-negative. These patients received the available
treatment as early as possible since SF-FAPI detected
the primary lesion [11 patients were treated with sur-
gery or ablation; 4 patients with transcatheter arterial
chemoembolization (TACE) plus systemic therapy; and
1 patients with TACE plus systemic therapy plus radio-
therapy]. With more intrahepatic subfoci revealed by
I8E_FAPI PET than ®F-FDG PET/CT, the TNM staging
was upgraded in 12 patients (12/59, 20.3%) (four from IB
to II, eight from II to IIIA). As a result, instead of the pre-
viously planned surgical treatment, four patient received
TACE and systemic chemotherapy, while eight patients
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Fig.5 A 62-year-old male patient (Patient No. 13) with HCC (moderately differentiated) was confirmed by biopsy. Compared with '®F-FDG PET/
CT, '8F-FAPI PET/CT revealed more intrahepatic subfoci (white arrow in axial images) and more lymph node metastases (red arrow in axial, coronal
images). There was a lymph node in right upper mediastinum, showing low-uptake in '8F-FAPI but intense uptake in "®F-FDG, final pathological
findings confirmed inflammatory

received palliative systemic treatment and radiation
(Table 4 and Fig. 6).

Among the other 8 patients with recurrence, ®F-FAPI
PET identified '®F-FDG-negative locally recurrent
tumors in 4 patients (50%) (Table 5), resulting in cancel-
lation of dynamic review and administration of surgery
or ablation treatment (Fig. 6).

Discussion

Our study have demonstrated *F-FAPI PET/CT plays a
complementary role for ®F-FDG PET/CT examination in
HCC. The results showed ®F-FAPI PET/CT is superior
to F-FDG PET/CT in detecting intrahepatic lesions,
lymph node metastasis and peritoneal metastasis. In
visual analysis, '®F-FAPI PET/CT had higher detec-
tion rate than F-FDG PET/CT in intrahepatic lesions
(92.2% vs 41.1%, P<0.0001), lymph node metastases
(97.9% vs 89.1%, P=0.01). In semiquantitative analysis,
the SUV, . and TBR of intrahepatic lesions on '*F-FAPI
PET/CT were both higher than those on *F-FDG PET/
CT (all p<0.01). Although in lymph node and peritoneal
metastasis, the SUV, .. on 'F-FAPI PET/CT was not
significantly higher than those on ®F-FDG PET/CT (all
p>0.05), the TBR on '®F-FAPI PET/CT was higher than
those on 8F-FDG PET/CT (all p<0.01).

In our study, we demonstrated that ®F-FDG is less
effective than '®F-FAPI in displaying intrahepatic lesions,
which was consistent with previous research results [3,
1214, 18]. The uptake of ®F-FDG in malignant tumors
largely depends on the presence of facilitated glucose
transporters, including type 1 (Glut 1), while Glut 1 is
rarely expressed in HCC [7, 21]. Therefore, *F-FDG

PET/CT was not recommended for detecting HCC. FAP
is overexpressed in CAFs of 90% epithelial carcinomas
[10], including HCC, and liver background uptake is low
on 8E-FAPI PET/CT [18]. Therefore, '®F-FAPI PET/CT
is superior to 'F-FDG PET/CT in detecting intrahepatic
lesions. Futhermore, our study compared *F-FDG and
18E_FAPI for HCC patients with different T stages, the
ability of '®F-FAPI PET/CT to display intrahepatic lesions
was better than that of '*F-FDG PET/CT among patients
with T2-T4 stages, and F-FAPI PET/CT showed signifi-
cantly higher TBR and similar SUV, . in patients with
T1 stage. The above results suggest that F-FAPI PET/
CT can improve the ability to detect HCC lesions. In
the LI-RADS classification, the diagnosis of HCC lesion
with diameter <2 cm was difficult, and at least two typi-
cal imaging manifestations of HCC on ce-CT/ce-MRI/US
were required to grade LR-4 [22]. Our results also dem-
onstrated that in addition to LI-RADS, *F-FAPI PET/CT
can provide more information by detecting more HCC
lesions <2 cm than "*F-FDG PET/CT (88.1% (97/110) vs.
25.5% (28/110), P<0.0001).

Although lymph node metastasis is not common in
HCC, it represents the aggressive biological behavior of
HCC with poor prognosis [23, 24]. It has been reported
that FDG PET/CT is superior to conventional evalua-
tions in detecting occult metastases in patients with
invasive HCC. The accuracy of conventional imaging
in the diagnosis of lymph node metastasis (short diam-
eter of lymph node >1 cm] was less than 50% [25]. In
visual analysis, our study showed that ®F-FAPI PET/
CT detected a little more lymph node metastasis than
BE_FDG PET/CT. In semi-quantitative analysis, the
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Table 4 Comparison of '®F-FDG PET based and '8F-FAPI PET based TNM restaging

Patient No TNM staging TNM staging Additional finding Staging change Primary
(FDG PFT based) (FAPI PFT based) ("®F-FAPI PET) lesion

detected

1 T2NOMO T3NOMO Multifocal intrahepatic foci Up -

2 T2NOM1 T3NOM1 Multifocal intrahepatic foci Up -

4 T2NOMO T2NOMO - None Yes

6 TINOMO TINOMO - None Yes

7 T2NOMO T3NOMO Multifocal intrahepatic foci Up -

10 TINOMO TINOMO - None Yes

15 T3NOMO T2NOMO Multifocal intrahepatic foci Up -

16 TINOMO TINOMO - None Yes

18 TINOMO TINOMO - None Yes

19 T2NOMO T3NOMO Multifocal intrahepatic foci Up -

21 T2NOMO T3NOMO Multifocal intrahepatic foci Up -

23 TINOMO TINOMO - None Yes

25 TTINOMO TINOMO - None Yes

26 TINOMO TINOMO - None Yes

27 T2NOMO T2NOMO - None Yes

28 T3NOM1 T2NOM1 Multifocal intrahepatic foci Up -

29 T2NOMO T2NOMO - None Yes

30 T3NOMO T3NOMO - None Yes

31 TINOMO TINOMO - None Yes

36 T2NOM1 T2NOM1 - None Yes

44 T2NOM1 TINOM1 Multifocal intrahepatic foci Up -

51 T2NOMO T1NOMO Multifocal intrahepatic foci Up -

55 T2NOMO T1INOMO Multifocal intrahepatic foci Up -

56 TINOMO TINOMO - None Yes

60 T2NOMO T1NOMO Multifocal intrahepatic foci Up -

63 TINOMO TINOMO - None Yes

65 T3NOMO T2NOMO Multifocal intrahepatic foci Up -

66 TINOMO TINOMO - None Yes

Bold fonts indicate the changing segment in TNM stanging after '8F-FAPI PET/CT imaging

'8 F Fluorine 18, FDG fluorodeoxyglucose, FAP! fibroblast activation protein inhibitor, PET positron emission tomography, TNM Tumor Node Metastasis

SUV,,,, of lymph node metastasis on ®F-FAPI PET/
CT was not significantly higher than that on *F-FDG
PET/CT, which could be attributed to HCC that metas-
tasizes to lymph nodes is more aggressive and usually
requires more FDG. However, the TBR on '®F-FAPI
PET/CT was higher than that of ¥F-FDG PET/CT,
which can increase our diagnosis confidence of lymph
node metastasis. In additionally, two histology-con-
firmed inflammatory lymph nodes in paratracheal show
BE_FDG false-positive uptake but 8F-FAPI negative
uptake, intended that '8F-FAPI showed the potential
ability to differentiate metastatic and nonmetastatic
lymph nodes, which was consistent with previous
research results [26, 27].

Lung is the most common extrahepatic metastasis site
of HCC [28]. Once Lung metastasis occurred in HCC,
the patient would be classified into advanced stage and

require systemic treatment [1]. In visual analysis and
semi-quantitative analysis, ®F-FAPI PET/CT and '°F-
FDG PET/CT showed similar performance on lung
metastasis. The background of lung on '8F-FAPI PET/
CT is as low as that of 8F-FDG PET/CT. Besides, in our
study, the diameter of more than half of lung metastasis
were less than 1 cm, which may lead to less radiopharma-
ceuticals uptake.

With regard to macrovascular invasion and bone
metastasis, the number of lesions detected by *F-FDG
PET/CT was higher than that of **F-FAPI PET/CT, and
the SUV,,, and TBR on ®F-FDG PET/CT were higher
than those on '®F-FAPI PET/CT. Several studies have
proved that HCC with higher FDG uptake usually dis-
plays more aggressive biological behavior [29-31]. The
exist of macro and microvascular invasion provide the
route for tumor cells to access the portal or systemic
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Fig. 6 Overview of impact of '8F-FAPI PET/CT on staging and therapeutic management in HCC, therapeutic management was altered in 31 of 67

individuals

Table 5 Comparison of '®F-FDG PET and '8F-FAPI PET in post treatment patients

Patient No Primary treatment Local recurrence detection Distant metastasis detection /-}gditional finding
'®F-FDG PET '8F-FAPI PET '8F-FDG PET '8F-FAPI PET (TF-FAPLPET)

3 surgery - + - - Local recurrence
32 systemic therapy + + - - -

33 TACE + + - - -

45 TACE and RFA - + - - Local recurrence
48 surgery and systemic therapy + + -

49 TACE - + + + Local recurrence
50 surgery and systemic therapy - + - - Local recurrence
58 RFA and systemic therapy + + - - -

'8 F Fluorine 18, FDG fluorodeoxyglucose, FAP! fibroblast activation protein inhibitor, PET positron emission tomography, TNM Tumor Node Metastasis, TACE

transcatheter arterial chemoembolization, RFA radiofrequency ablation

circulation, have correlation with the presences of dis-
tant metastases [32]. And both macrovascular inva-
sion and distant metastases were the indicator of the
aggressiveness of the primary HCC [33, 34]. Although
F-FDG PET/CT is less sensitive in detecting intrahe-
patic lesions of HCC, it is valuable in detecting macro-
vascular invasion and bone metastasis. In addition, our
study only found one adrenal metastasis lesion which
detected both on F-FAPI PET/CT and ®F-FDG PET/
CT with equivalent uptake.

In this study, ®*F-FAPI PET/CT identified more intra-
hepatic lesions, lymph node metastases and peritoneal

metastases than F-FDG PET/CT in HCC, especially
in intrahepatic lesions, and upgraded the T staging in 12
patients. Although 'F-FDG PET/CT had advantage in
detecting macrovascular invasion and bone metastasis,
there was no change in the staging of patients. Therefore,
compared with 18F_FDG PET/CT, 8F-FAPI PET/CT has
a greater impact on the initial staging of HCC patients.
In addition, in this study, half of the HCC patients (4/8)
for restaging found recurrent lesions on ®F-FAPI PET/
CT, which were negative on ®F-FDG PET/CT. There-
fore, *F-FAPI PET/CT may demonstrated great value
for HCC patients staging and restaging.
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Our research also has some limitations. First of all,
lymph node metastasis and distant metastasis were
followed up by imaging, without pathological results.
Secondly, the sample size of distant metastatic lesions
is small, the diagnostic value of 8F_FAPI PET/CT and
BE_FDG PET/CT for HCC in distant metastatic lesions
needs to be further explored with a larger sample size.
Thirdly, I8F_FAPI is not as widely used as 68 Ga-FAPI,
and more research is needed to confirm its reliability.

Conclusion

In summary, This prospective study confirmed that
I8E_FAPI PET/CT is a promising technique in staging
of HCC and is complementary to 'F-FDG PET/CT.
I8F_FAPI PET/CT had advantages in detecting intra-
hepatic lesions, lymph node metastasis and peritoneal
metastasis compared to '*F-FDG PET/CT, which is help-
ful to improve the clinical management of HCC patients.
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