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Abstract
Purpose Anatomical and molecular staging strategies are needed for the personalized treatment of localized pancreatic 
ductal adenocarcinoma (PDAC). This study evaluated the performance of  [68 Ga]Ga–FAPI-04 and  [18F]F-FDG PET/CT on 
the disease staging and prognostic value of patients with localized PDAC on contrast-enhanced (CE)-CT images.
Methods Patients with suspected localized PDAC on CE-CT were recruited for static  [68 Ga]Ga-FAPI-04 and 18[F]F-FDG 
and PET/CT, and select patients underwent simultaneous 60-min dynamic 68 Ga-FAPI-04 PET/CT. The diagnostic and 
staging performances of the static PET/CT results were evaluated by delineating regions of interest in the primary tumor, 
whole pancreas, and distal pancreas in both types of scans and then evaluating correlations between the PET/CT findings and 
clinicopathological characteristics. Furthermore, Kaplan–Meier and hazard ratio (log-rank) methods were used to evaluate 
the prognostic value of the combined dynamic  [68 Ga]Ga-FAPI-04 and static  [18F]F-FDG PET/CT method.
Results We included 49 patients with histologically confirmed PDAC adenocarcinomas; 32 underwent 60-min dynamic  [68 Ga]
Ga-FAPI-04 PET/CT imaging simultaneously. The static  [68 Ga]Ga-FAPI-04 method had significantly higher accuracy and uptake 
values than the static  [18F]F-FDG method for primary PDAC lesions, metastatic lymph nodes, and distal metastases. Furthermore, 
18.4% and 10.2% of the patients’ stages changed after using the  [68 Ga]Ga-FAPI-04 and  [18F]F-FDG PET/CT methodologies, 
respectively, compared to the CE-CT-designated stage. The Ki values obtained from dynamic  [68 Ga]Ga-FAPI-04 PET/CT did 
not differ between PDAC and distal obstructive pancreatitis lesions. Pathologically enlarged tumor size, poor differentiation, and 
perineural invasion were associated with increased  [68 Ga]Ga-FAPI-04 uptake but not with  [18F]F-FDG uptake. The preoperative 
prognostic performance of  [68 Ga]Ga-FAPI-04 was better than that of  [18F]F-FDG. Interestingly, combined  [68 Ga]Ga-FAPI-04 
and  [18F]F-FDG uptake results in the whole pancreas could further stratify patients based on their postoperative prognosis.
Conclusion 6[68 Ga]Ga-FAPI-04 PET/CT was more sensitive and accurate than  [18F]F-FDG PET/CT for tumor, node, and 
metastasis staging of PDAC identified on CE-CT. Additionally,  [68 Ga]Ga-FAPI-04 uptake was significantly associated with 
pathologically aggressive tumor features. Combined  [68 Ga]Ga-FAPI-04 and  [18F]F-FDG PET/CT findings improved the 
prognostic value, potentially providing a non-invasive guide for clinical management. Finally, increased fibroblast activity 
in PDAC-induced obstructive pancreatitis may be associated with poor patient survival rates.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the most prev-
alent pancreatic exocrine cancer subtype [1]. Additionally, 
these tumors are aggressive, have a poor prognosis, and are 
prone to hidden extrapancreatic metastases [1, 2]. There-
fore, precise initial staging and identifying distant metasta-
ses are critical for proper management.
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Appropriate imaging approaches are crucial for accu-
rately staging PDAC. Contrast-enhanced computed tomog-
raphy (CE-CT) is the most recommended imaging modal-
ity for evaluating the initial stages of PDAC [1]. However, 
peripancreatic lymph nodes (LNs) and distant metastasis 
assessments are constrained by CE-CT, resulting in errone-
ous staging results in approximately 20% of patients [3]. The 
current recommendations do not advocate positron emission 
tomography (PET)/CT as a routine imaging modality for 
PDAC. However,  [18F]F-fluorodeoxyglucose (FDG) PET 
has improved staging accuracy and, thus, is often advised 
when distant metastases are suspected. Nevertheless, 18[F]
F-FDG PET/CT may occasionally lead to false-positive or 
false-negative interpretations of PDAC lesions [4].

PDAC is distinguished by prominent and voluminous 
desmoplastic stroma, with cancer-associated fibroblasts 
comprising more than 90% of the tumor volume [5]. Fibro-
blast activation protein (FAP), a membrane serine protease, 
is expressed in cancer-associated fibroblasts and pericytes 

and is a potential marker of activated stroma [6–9]. Recent 
studies have shown that  [68 Ga]Ga-labeled FAP-inhibitor 
(FAPI) PET/CT is superior to  [18F]F-FDG for PDAC stag-
ing [8–10]. For example, Deng et al. suggested that  [68 Ga]
Ga-FAPI PET/CT may outperform  [18F]F-FDG PET/CT for 
identifying bone micrometastases and hidden liver metasta-
ses [11]. However, the specificity and accuracy of these two 
modalities for metastasis detection in patients with poten-
tially resectable PDAC have not been well elucidated.

Notably, a prominent manifestation of  [68 Ga]Ga-FAPI 
PET/CT in PDAC, particularly in the pancreatic head, is 
significantly elevated  [68 Ga]Ga-FAPI uptake in the dis-
tal pancreas due to an obstructive inflammatory response, 
which sometimes affects the ability to identify the extent 
of the tumor lesion [9]. For example, patients with PDAC 
and jaundice have a significantly worse prognosis than no 
jaundice groups [12]. Interestingly, our prior study showed 
that preoperative  [68 Ga]Ga-FAPI-04 parameters measured 
in the tumor or total pancreas were significant prognostic 

Fig. 1  The flowchart for patient imaging analysis and management. EUS-FNA, endoscopic ultrasound-guided fine-needle aspiration



4038 European Journal of Nuclear Medicine and Molecular Imaging (2023) 50:4036–4050

1 3

predictors in patients with PDAC after surgery [13]. There-
fore, the clinical significance of  [68 Ga]Ga-FAPI-04 and 
 [18F]F-FDG and uptake in tumor-distal pancreatic tissues 
warrants further investigation.

This study evaluated and compared the accuracy of 
 [68 Ga]Ga-FAPI-04 and  [18F]F-FDG PET/CT in disease stag-
ing and the impact on clinical management in patients with 
potentially resectable PDAC without detectable distal metas-
tasis on CE-CT. We also evaluated the association between 
preoperative  [68 Ga]Ga-FAPI-04 and  [18F]F-FDG PET/CT 
uptake and the pathological characteristics of PDAC lesions, 
correlations between FAPI and FDG uptake in pancreatic tis-
sue distal to PDAC lesions and inflammation-related blood 
biochemical levels, and the prognostic relevance of PET/
CT in PDAC lesions and pancreatic tissue postoperatively.

Materials and methods

Patients

The Institutional Ethics Committee of the Peking Union 
Medical College Hospital (Beijing, China, IRB pro-
tocol #ZS1810) approved this single-center prospec-
tive study, and it was registered at ClinicalTrials.gov 
(NCT05275985). Before taking part in this study, every 
participant provided written informed consent. The inclu-
sion criteria included (1) patients with typical imaging fea-
tures of PDAC in CE-CT (hypovascular pancreatic mass 
with irregular margins, obstructing adjacent pancreatic or 
bile duct) and (2) patients who underwent standard staging 
of PDAC without obvious detectable distant metastases by 
conventional imaging. Patients were excluded if they (1) 
had whole cystic or hypervascular pancreatic tumors; (2) 
had previous cancer history and anti-tumor treatment; and 
(3) had severe hepatic and renal insufficiency.

Of the initial sixty-five patients, forty-nine treatment‐
naïve patients (26 males and 23 females) with suspicion 
of primary PDAC finally met the inclusion criteria and 
were consecutively recruited between October 2020 and 
October 2021 finally (Fig. 1). All the enrolled patients 
underwent the routine preoperative staging procedures, 
including medical history assessment (weight loss is 
deemed to be present if there has been a 2 kg or greater 
decrease in weight during the past three months), physi-
cal examination, laboratory tests, and routine whole-body 
CT examination (40 patients underwent chest-abdominal-
pelvic CE-CT while 9 patients underwent abdominopel-
vic CE-CT and separately chest plain CT). For simplicity 
of description, routine whole-body CT examinations are 
substituted with “CE-CT” when compared with PET/CT 
in the result part. Patients’ blood biochemical parameters 
were recorded, including serum carbohydrate antigen 199 

(CA-199), CA125, amylase, lipase, total bilirubin (TBR), 
alkaline phosphatase (ALP), and C-reactive protein (CPR). 
Our group published another research using 68 Ga-FAPI-04 
PET/CT data from 19 patients in this article [13].

CE‑CT imaging analysis

All included patients had undergone CE-CT examinations 
with a pancreas protocol of PUMCH. The protocol of 
CE-CT imaging is listed in the supplemental materials. All 
primary pancreatic lesions were evaluated on the tumor 
size (determined by its longest axis) and local resectabil-
ity on CE-CT by two experienced radiologists (> 5-year 
experience) according to National Comprehensive 

Table 1  The characteristic of the included patients

TBR total bilirubin, ALP alkaline phosphatase, NLR absolute neu-
trophil count divided by absolute lymphocyte count, PLR absolute 
platelet count divided by absolute lymphocyte count, CPR C-reactive 
protein

Characteristic All participants (n = 49)

Number of patients 49
  Male (%) 26 (53.1%)
  Female (%) 23 (46.9%)

Age (years) 60.9 ± 8.9
Weight loss (%) 27 (55.1%)
Blood chemistry

  CA19-9 (U/mL) 177.0 (43.9–529.0)
  CA242 (U/mL) 45.8 (9.6–111.6)
  CA724 (U/mL) 3.4 (1.5–8.3)
  CA125 (U/mL) 15.9 (9.8–29.1)
  Amylase (U/L) 88.3 ± 57.2
  Lipase (U/L) 122.0 (40.0–264.5)
  TBR (μmol/L) 12.7 (8.7–62.7)
  ALP (U/L) 108.0 (70.0–295.0)
  NLR 3.0 ± 1.9
  PLR 156.5 ± 74.4
  CPR (mg/L) 1.2 (0.6–7.6)

Tumor size (cm) 4.0 ± 2.3
Tumor location

  Head/neck (%) 29 (61.2%)
  Body/tail (%) 20 (38.8%)

Standard stage
  I 10 (20.4%)
  II 11 (22.4%)
  III 19 (38.8%)
  IV 9 (18.4%)

Surgery
  Pancreatoduodenectomy (%) 18 (36.7%)
  Distal pancreatectomy (%) 12 (24.5%)
  EUS-FNA (%) 19 (38.8%)
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Cancer Network criteria [14] (Supplementary Table 1). 
The resectability was classified as resectable, borderline 
resectable, or local advanced. Besides, regional LN with a 
short diameter ≥ 0.8 cm was considered positive.

PET/CT imaging analysis

The Supplemental Materials describes the synthesis of radi-
opharmaceuticals, the  [68 Ga]Ga-FAPI-04 and  [18F]F-FDG 
PET/CT protocols, and the methods for image reconstruc-
tion. All patients underwent whole-body static  [68 Ga]Ga-
FAPI-04 and  [18F]F-FDG PET/CT 60 min after a tracer 
injection. Additionally, patients in good physical under-
went 60-min dynamic imaging immediately after the intra-
venous injection of a  [68 Ga]Ga-FAPI-04 bolus in one bed 
centered on the pancreas. In PET/CT scans, we employed 
a semi-automated spatial derivative gradient-based method 
(PET Edge) in by MIM Maestro v6.6 (MIM Software Inc, 
Cleveland, OH) for delineating regions of interest (ROI). 
The basis for image interpretation was identifying areas with 
elevated  [18F]F-FDG/[68 Ga]Ga-FAPI-04 uptake on the PET 
scans. If the PDAC lesions were difficult to distinguish from 
distal obstructive pancreatitis (especially on the  [68 Ga]Ga-
FAPI-04 PET scans), the tumor extent on the corresponding 
low-dose CT and CE-CT was used as an anatomical refer-
ence for delineation.

For each primary PDAC lesion, the maximum stand-
ardized uptake value  (SUVmax), tumor metabolic volume 
(MTV), and total lesion glycolysis (TLG) were determined 
on  [18F]F-FDG PET/CT images, and the  SUVmax, FAP-pos-
itive tumor volume (FTV; the lesion volume of the ROI with 
an SUV threshold of 40%), and the total lesion FAP expres-
sion (TLF; FTV multiplied by the corresponding mean SUV) 
were determined on  [68 Ga]Ga-FAPI-04 PET/CT images.

Furthermore, The ROI of the distal pancreas is the pan-
creatic tissue distal to PDAC lesions and was outlined mainly 

with reference to CT. The ROI of the total pancreas includes 
PDAC lesions as well as distal pancreatic tissues, and nor-
mal pancreatic tissues proximal to PDAC are not included. 
Then the total pancreatic  SUVmax  (TSUVmax), distal  SUVmax 
 (DSUVmax), total/distal pancreatic metabolic volume (TMV/
DMV), and total/distal pancreatic glycolysis (TPG/DPG) 
were determined on  [18F]F-FDG PET/CT images. The 
 TSUVmax,  DSUVmax, total/distal FAPI-avid pancreatic vol-
ume (TFV/DFV), and total/distal pancreatic FAP expression 
(TPF/DPF) were determined on  [68 Ga]Ga-FAPI-04 PET/
CT images. Supplemental Fig. 1 provides examples of the 
primary tumor and total and distal pancreatic ROI outlines.

Tumor, node, metastasis (TNM) stage based on PET/CT

The TNM stage was assessed based on the  [68 Ga]Ga-FAPI-04 
and  [18F]F-FDG PET/CT findings following the eighth edi-
tion of the American Joint Committee on Cancer Staging. 
The T-stage was based on the relationship of the pancreatic 
tumors to nearby vascular structures detected on CE-CT; we 
recorded the location, size (determined by its longest axis), 
and  SUVmax of the primary pancreatic lesions. The N-stage 
was based on positive LNs, classified as positive if the  [68 Ga]
Ga-FAPI-04 or  [18F]F-FDG uptake in the LN was greater than 
that of the surrounding tissue. We recorded the numbers, size 
(determined by the shortest axis), and  SUVmax of the positive 
LNs for each PET/CT scan. The M-stage was based on aber-
rant tracer uptake; CT images were used to evaluate distant 
metastases. We recorded the locations, numbers, and  SUVmax 
of the distal metastases. TNM staging was performed before 
and after  [68 Ga]Ga-FAPI-04 and  [18F]F-FDG PET/CT. We 
also assessed the  [68 Ga]Ga-FAPI-04 and  [18F]F-FDG PET/
CT findings beyond routine whole-body CT examinations 
(Supplementary Table 2).

The Supplemental Materials present the standard TNM 
staging assessments of PDAC. The TNM stages determined 

Table 2  The comparison of  [68 Ga]Ga-FAPI-04 and  [18F]F-FDG PET/CT in detecting lesions

Total Number [68 Ga]Ga-
FAPI-04 positive 
number

[18F]F-FDG 
positive 
number

P value [68 Ga]
Ga-FAPI-04 
 SUVmax

[18F]F-FDG  SUVmax P value

Primary lesions 49 49 (100%) 41 (83.7%)  < 0.01 15.4 ± 8.4 6.7 ± 4.1  < 0.01
Total metastatic regional LNs 115 71 (61.7%) 42 (36.5%)  < 0.01 4.6 ± 1.8 3.7 ± 0.9  < 0.001
Metastatic regional LNs 

(≥ 0.8 cm)
43 41 (95.3%) 35 (81.4%) 0.09 5.4 ± 1.9 3.8 ± 0.9  < 0.001

Metastatic regional LNs 
(< 0.8 cm)

72 30 (41.7%) 7 (9.7%)  < 0.01 3.6 ± 0.8 3.0 ± 0.8 0.12

Metastatic regional LNs (by histo-
pathology)

76 37 (48.7%) 19 (25.0%)  < 0.05 4.7 ± 1.8 4.1 ± 1.5 0.22

Metastatic regional LNs (by 
follow-up imaging)

39 34 (87.2%) 23 (60.0%)  < 0.05 4.5 ± 1.8 3.6 ± 0.8  < 0.05

Distant metastatic lesions 46 46 (100%) 22 (47.8%)  < 0.01 5.0 ± 2.2 3.1 ± 1.2  < 0.05
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by the two PET/CT modalities were compared with the 
standard TNM classification. In addition, the sizes of the 
PDAC lesions measured on both PET/CT image types were 
compared to the standard size. A difference ± 0.5 cm was 
considered consistent, and a difference greater than ± 0.5 cm 
was considered a discrepancy.

Patient management

The management of the patients was discussed and decided 
by the multidisciplinary team mentioned above. Tumor 
radical resection was performed for patients with resectable 
disease. Neoadjuvant chemotherapy or chemoradiation was 

recommended for patients with borderline resectable and 
local advanced disease. Systemic chemotherapy was the 
primary treatment modality for patients with distant metas-
tases. Before the chemotherapy, all patients underwent endo-
scopic ultrasound-guided fine-needle aspiration (EUS-FNA) 
to obtain a pathology diagnosis. Patients’ management was 
recorded before and after two kinds of PET/CT (Supplemen-
tary Table 2).

Histology and survival analysis for surgery patients

All macro- and microscopic analyses of all surgical speci-
mens were carried out by a board-certified and experienced 

Fig. 2  A The additional finding and effect of patient management by  [18F]F-FDG PET/CT and  [68 Ga]Ga-FAPI-04 PET/CT. B Alterations in 
TNM status  ([18F]F-FDG PET/CT and [.68 Ga]Ga-FAPI-04 PET/CT vs. standard TNM staging) in PDAC patients (n = 49)
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oncologist (H.Z.) blinded to patients' clinical status. According 
to the WHO categorization system [15], the degree of differ-
ence in PDAC was classified into well, moderately, or poorly 
differentiated. For each PDAC specimen, the following details 
were recorded: tumor size (long axis diameter), grade of differ-
entiation, perineural invasion (present or absent), N metastasis 
(absent or present, and the number if present) were recorded 
for each PDAC specimen.

For those who underwent surgery, routine (once every three 
to six months) laboratory and chest-abdominal-pelvis CE-CT 

and plain CT examinations were performed postoperatively. 
Recurrence-free survival (RFS) was calculated from the pre-
operative  [68 Ga]Ga-FAPI-04 and  [18F]F-FDG PET/CT exams 
until the first observed cancer recurrence. Overall survival 
(OS) was calculated from preoperative PET/CT imaging until 
death. Patients without incidents were censored at the most 
recent clinical assessment in November 2022.

Finally, for Kaplan–Meier analyses, the surgical patients 
were divided into groups based on the median values of the 
following: (1)  [68 Ga]Ga-FAPI-04  SUVmax and  [18F]F-FDG 

Fig. 3  (A) The TAC curve of PDAC and obstructive pancreati-
tis lesions in 1-h dynamic  [68  Ga]Ga-FAPI-04 PET/CT. (B–M) 
A 72-year-old female with PDAC lesions in the pancreatic head 
underwent 1-h dynamic  [68  Ga]Ga-FAPI-04 PET/CT and static 
 [18F]F-FDG PET/CT. (B–D) The images of maximum intensity 
projection (MIP) and axial fusion from the  [68  Ga]Ga-FAPI-04 
were reconstructed at 10  min. The MIP image showed intense 
uptake in the PDAC lesions companies with increased uptake of 
the distal obstructive pancreatitis. The  SUVmax of PDAC and pan-
creatitis were 24.2 and 29.0, respectively. (E–G) Representative the 

images of  [68 Ga]Ga-FAPI-04 MIP and axial fusion at 30 min. The 
obstructive pancreatitis lesions were still indistinguishable from 
PDAC lesions on PET. The  SUVmax of PDAC and pancreatitis were 
24.5 and 27.4, respectively. (H–J) The  [68 Ga]Ga-FAPI-04 MIP and 
axial fusion at 60  min showed intense uptake of PDAC and dis-
tal obstructive pancreatitis. The  SUVmax of PDAC and pancreati-
tis were 25.2 and 23.1, respectively. K-M. The pancreas-centered 
MIP image of static  [18F]F-FDG PET/CT at 60  min. The PDAC 
lesions showed unevenly elevated uptake  (SUVmax = 10.8) without 
increased uptake in the distal pancreas
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 SUVmax; (2)  [68 Ga]Ga-FAPI-04 FTV and  [18F]F-FDG MTV; 
(3)  [68 Ga]Ga-FAPI-04 TLF and  [18F]F-FDG TLG; (4)  [68 Ga]
Ga-FAPI-04  TSUVmax and  [18F]F-FDG  TSUVmax; (5)  [68 Ga]
Ga-FAPI-04 TFV and  [18F]F-FDG TMV; and (6)  [68 Ga]Ga-
FAPI-04 TPF and  [18F]F-FDG TPG.

Statistical analysis

PASW (version 18.0; SPSS, Inc., Chicago, IL, USA) and 
GraphPad Prism 8 statistical software were used to perform the 
statistical analyses. The mean ± standard deviation or median 
and interquartile range were used to express quantitative values. 

The statistical methods were detailed in a list in the supplemen-
tal materials. Statistical significance was set at P < 0.05.

Results

Clinical characteristics of patients

We recruited 49 patients; Table 1 presents their clinical 
characteristics. All patients had a final histological PDAC 
diagnosis, 30 underwent radical surgery, and 19 underwent 
endoscopic ultrasound-guided fine-needle aspiration. The 

Fig. 4  A 55-year-old female patient with abdominal pain and weight 
loss for two months. The MIP, PET, and axial fusion from the  [68 Ga]
Ga-FAPI-04 (A–D) showed increased uptake in the PDAC lesions 
in the pancreas.  (SUVmax = 12.5) and multiple liver metastases with 
focal  [68  Ga]Ga-FAPI-04 uptake  (SUVmax = 1.4–3.0). (E–H) The 
image of MIP, PET, and axial fusion of 18[F]F-FDG showed moder-
ate uptake in the primary pancreatic lesion  (SUVmax = 7.2) and mul-

tiple liver metastases  (SUVmax = 2.1–2.7). The tumor size showed in 
 [68 Ga]Ga-FAPI-04 PET/CT was larger than in  [18F]F-FDG PET/CT. 
Besides, the number of liver lesions detected in  [18F]F-FDG PET/
CT was less than  [68 Ga]Ga-FAPI-04 PET/CT. (I–N) The axial arte-
rial phase and venous phase of CE-CT images at the time of inclu-
sion showed dilated bile ducts, but no liver metastases were observed. 
(O–Q) CT scan after two months shows multiple liver metastases

Table 3  The correlation 
between imaging and 
pathological features in PDAC 
lesions (n = 30)

Bold values indicate that the corresponding correlation coefficients are statistically significant
S tumor size, D tumor differentiation, St pathological TNM stage, P perineural invasion, L lymph nodes 
metastases, Ln the number of metastatic lymph nodes
* P < 0.05; **P < 0.01

PET/CT parameters S D St P L Ln

FDG  SUVmax 0.54** 0.33 0.02 0.27 0.25 0.18
FDG MTV 0.33 0.09  − 0.09 0.15 0.14 0.08
FDG TLG 0.51* 0.28 0.03 0.28 0.24 0.17
FAPI  SUVmax 0.37* 0.69** 0.10 0.59** 0.12 0.18
FAPI FTV 0.37* 0.43* 0.05 0.22 0.17 0.10
FAPI TLF 0.53** 0.74** 0.06 0.46** 0.20 0.19
FDG TMV 0.08 0.11 0.17 0.21 0.49** 0.29
FDG TPG 0.49**  − 0.03  − 0.05  − 0.12 0.25 0.04
FAPI  TSUVmax 0.46* 0.72**  − 0.03 0.54** 0.12 0.11
FAPI TFV 0.17 0.16 0.26 0.16 0.49** 0.25
FAPI TPF 0.22 0.39* 0.09 0.34 0.35 0.15
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Fig. 5  The difference in  [18F]F-FDG and  [68  Ga]Ga-FAPI-04 PET/CT parameters between different histopathology groups: A   [18F]F-FDG 
 SUVmax, B  [68Ga]Ga-FAPI-04  SUVmax, C  [18F]F-FDG MTV, D  [68Ga]Ga-FAPI-04 FTV, E   [18F]F-FDG TLG and F  [68Ga]Ga-FAPI-04 TLF
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time interval between imaging and surgery or biopsy did not 
exceed 20 days. During the follow-up period (median: 17 
[range, 11–26] months), 24 of 30 patients who underwent 
surgery experienced recurrences, and 12 died. Of the 19 
patients who did not undergo radical surgery, 10 received 
neoadjuvant chemotherapy (borderline resected/locally 
advanced without distal metastases), and nine were treated 
with systemic chemotherapy because of distal metastases.

Primary PDAC lesion assessment: T‑staging

Overall, 34 of 49 patients had resectable lesions. Based on 
CE-CT, seven patients had borderline resectable lesions, and 
eight had locally advanced PDAC lesions (Fig. 1). The  [68 Ga]
Ga-FAPI-04 positivity rate for PDAC lesions was significantly 
higher than that of  [18F]F-FDG (100% vs. 83.7%, P < 0.01). 
Eight patients showed no increased uptake on  [18F]F-FDG 
PET/CT (Supplemental Fig. 2), mainly in the resectable group 
(n = 6). In the primary PDAC lesions, the mean  [68 Ga]Ga-
FAPI-04  SUVmax was significantly higher than that of  [18F]

F-FDG PET/CT (Table 2). However, the  [68 Ga]Ga-FAPI-04 
 SUVmax did not differ between the FDG-positive and FDG-
negative groups  (SUVmax = 16.1 ± 8.7 vs. 13.1 ± 4.8, P = 0.34).

Since PET/CT was performed as a low-dose CT scan with-
out intravenous contrast, vascular invasion of the primary pan-
creatic lesions was primarily assessed using CE-CT. In this 
investigation, bias in the primary lesion’s size was the key fac-
tor influencing PET/CT for T-stage evaluations in patients with 
PDAC. The size was incorrectly underestimated in  [18F]F-FDG 
PET/CT relative to the CE-CT findings in eight patients. Five 
patients had erroneous size evaluations (one underestimation 
and four overestimations) after  [68 Ga]Ga-FAPI-04 PET/CT. 
Therefore, the  [68 Ga]Ga-FAPI-04 PET/CT was more accurate 
than the  [18F]F-FDG PET/CT for assessing the T-stage (Fig. 2).

Kinetic modeling of 68 Ga‑FAPI‑04 between PDAC 
and obstructive pancreatitis

In total, 28 patients had PDAC-induced distal obstructive 
pancreatitis with increased radioactivity uptake on  [68 Ga]

Table 4  The univariate analysis 
of predictive factors for RFS 
and OS for surgery patients 
(n = 30)

The bold values indicate that the corresponding P value are less than 0.05

Variables RFS OS

HR 95% CI P value HR 95% CI P value

Size > 3.2 cm 2.39 0.96–5.94  < 0.05 1.73 0.47–6.42 0.40
CA125 > 13.8 U/mL 2.67 0.93–7.64  < 0.05 3.98 0.72–21.94  < 0.05
CA199 > 153.0 U/mL 1.26 0.54–2.97 0.82 1.47 0.39–5.51 0.55
Amylase 0.87 0.39–1.95 0.71 0.39 0.11–1.36 0.15
Lipase 1.44 0.65–3.21 0.34 1.04 0.30–3.60 0.95
TBR 2.15 0.95–4.88  < 0.05 2.69 0.74–9.79 0.09
ALP 1.73 0.77–3.92 0.15 1.51 0.43–5.36 0.48
CPR 2.13 0.94–4.82  < 0.05 1.20 0.35–4.18 0.76
PDAC lesions

  FDG  SUVmax > 5.4 1.31 0.59–2.92 0.48 1.01 0.29–3.47 0.99
  FDG MTV > 12.4 0.91 0.39–2.14 0.83 2.35 0.66–8.36 0.15
  FDG TLG > 40.8 1.33 0.59–2.98 0.46 1.32 0.38–4.62 0.65
  FAPI  SUVmax > 11.9 2.90 1.27–6.67 0.004 5.24 1.50–18.32 0.02
  FAPI FTV > 18.1 1.91 0.84–4.34 0.08 2.84 0.77–10.45 0.07
  FAPI TLF > 136.0 1.84 0.81–4.17 0.11 7.34 2.01–26.87 0.001

Total pancreas
  FDG TMV > 30.9 1.45 0.64–3.27 0.33 2.61 0.72–9.47 0.10
  FDG TPG > 81.9 1.57 0.69–3.57 0.22 2.57 0.71–9.30 0.10
  FAPI  TSUVmax > 14.5 3.65 1.50–8.92 0.004 5.24 1.50–18.32 0.02
  FAPI FPV > 45.6 1.85 0.80–4.29 0.09 4.65 1.25–17.30 0.008
  FAPI TPF > 284.5 3.83 1.53–9.61 0.004 18.39 5.71–59.20 0.0003

Distal pancreas
  FDG  DSUVmax > 2.0 1.01 0.40–2.55 0.99 0.52 0.12–2.36 0.38
  FDG DMV > 15.3 1.77 0.79–3.97 0.13 2.01 0.57–7.04 0.26
  FDG DPG > 25.4 1.41 0.63–3.13 0.37 1.80 0.52–6.25 0.35
  FAPI  DSUVmax > 8.0 2.42 0.90–6.46  < 0.05 2.57 0.58–11.29 0.23
  FAPI DFV > 22.2 1.39 0.62–3.12 0.39 1.74 0.48–6.31 0.34
  FAPI DPF > 55.5 1.54 0.60–3.25 0.35 1.84 0.51–6.42 0.31
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Ga-FAPI-04 PET/CT, of which 13 obstructive pancreatitis 
lesions were indistinguishable from the PDAC lesions on 
PET images  (SUVmax = 13.3 ± 9.5). In contrast, only five 
patients had obstructive pancreatitis with increased uptake 
on 18[F]F-FDG PET/CT, and all were distinguishable from 
the pancreatic cancer lesions  (SUVmax = 4.0 ± 1.0).

Moreover, 32 patients underwent a 60-min dynamic  [68 Ga]
Ga-FAPI-04 PET/CT examination, and 23 had obstructive pan-
creatitis with increased uptake. Figure 3 presents the time-activ-
ity curves (TAC). The SUV degree of decline was greater in the 
pancreatitis lesions than in the PDAC lesions, but within one 
hour, significant differences between the two were not observed 
 (SUVmax = 11.15 ± 5.3 vs. 9.4 ± 7.2 at 1 h, P = 0.31). Further-
more, the pancreatitis lesion and PDAC dynamic Ki values did 
not differ (0.23 ± 0.24 vs. 0.32 ± 0.26; P = 0.19).

Metastatic regional LN diagnoses: N‑staging

In total, 76 metastatic LNs were pathologically confirmed in 16 
patients. In the patient-based analysis, the sensitivity and accu-
racy of  [68 Ga]Ga-FAPI-04 for N-staging were 56.3% (9/16) 
and 76.7% (23/30), respectively; these values were better than 
those for  [18F]F-FDG (sensitivity: 31.3% [5/16]; accuracy: 
63.3% [19/30]). Notably, PET/CT did not overestimate the 
T-stage. The LN metastasis detection rates were 48.7% (37/76) 
for  [68 Ga]Ga-FAPI-04 and 25.0% (19/76) for  [18F]F-FDG.

Based on the follow-up radiographic examinations, 39 
metastatic LNs were diagnosed in 14 of 19 patients who did 
not undergo surgery. The  [68 Ga]Ga-FAPI-04 and  [18F]F-FDG 
PET/CT sensitivities were 100.0% and 71.4%, respectively. 
 [68 Ga]Ga-FAPI-04 PET/CT detected significantly more meta-
static LNs than  [18F]F-FDG PET/CT (87.2% vs. 60.0%; n = 34 
vs. 23, respectively), none of which were false positives.

[68 Ga]Ga-FAPI-04 had a significantly higher  SUVmax than 
 [18F]F-FDG (P < 0.001) in the metastatic LNs. Compared 
to CE-CT,  [68 Ga]Ga-FAPI-04 and  [18F]F-FDG PET/CT 
showed additional findings in the regional LN assessments 
(Supplemental Fig. 3). All additional  [68 Ga]Ga-FAPI-04 dis-
coveries were beneficial, but the  [18F]F-FDG findings were 
both beneficial and detrimental (Fig. 2 and Table 2).

Distant metastatic lesion diagnoses: M‑staging

Nine patients with PDAC had distant metastases, includ-
ing six with liver metastasis, one with peritoneal and 

bone metastasis, one with peritoneal metastasis, and one 
with lymph node metastasis in the supraclavicular fossa. 
 [68 Ga]Ga-FAPI-04 and  [18F]F-FDG PET/CT outperformed 
CE-CT for detecting metastatic lesions (Fig. 4).  [68 Ga]Ga-
FAPI-04 PET/CT correctly identified distant metastases in 
nine (100%) patients, but 18[F]F-FDG PET/CT only iden-
tified liver metastases in five of nine (55.5%) patients. In 
total, 46 distant metastases were confirmed, with a detec-
tion efficiency of 100% for 68 Ga-FAPI-04 PET/CT com-
pared to only 47.8% for  [18F]F-FDG PET/CT. The  [68 Ga]
Ga-FAPI-04  SUVmax for distant metastases was also higher 
than that of  [18F]F-FDG (Table 2, P < 0.05).

In summary, compared to CE-CT,  [68 Ga]Ga-FAPI-04 PET 
detected more lesions in 18 of 49 patients (36.7%) and  [18F]
F-FDG PET/CT in 17 of 49 patients (34.7%). Most noticeably, 
seven of these patients had metastases to regional LNs, and 
four had distal metastatic lesions only on  [68 Ga]Ga-FAPI-04 
PET/CT. The TNM staging of 75.5% (37/49) and 55.1% 
(20/36) of the patients was accurately evaluated using  [68 Ga]
Ga-FAPI-04 PET/CT and  [18F]F-FDG PET/CT, respectively.

Clinical management

Both  [18F]F-FDG and  [68 Ga]Ga-FAPI-04 PET/CT showed 
additional distant metastasis findings that could be valuable 
for treatment selection compared to CE-CT.  [18F]F-FDG 
PET/CT helped five patients’ management (Fig. 2). Addi-
tional  [68 Ga]Ga-FAPI-04 PET/CT findings resulted in treat-
ment changes in nine patients (18.4%) compared to the pro-
posed treatment based on CE-CT (Fig. 2). In addition,  [68 Ga]
Ga-FAPI-04 PET/CT findings modified the treatment plan 
of four patients (8.1%) relative to the treatment plan based 
on the  [18F]F-FDG PET/CT findings (Fig. 3). These patients 
with appropriate patients’ management change by  [68 Ga]
Ga-FAPI-04 PET/CT had higher serum carbohydrate anti-
gen (CA)19–9 and CA125 levels and larger tumor sizes than 
patients with no treatment effects (Supplemental Table 3).

Relationships between PET/CT and biochemical 
features

Supplemental Table 4 illustrates the relationships between 
PET/CT parameters and biochemical features. The serum 
CA125 level had a stronger correlation with PET parameters 
than the serum CA199 level. Serum CPR significantly cor-
related with pancreatic  [18F]F-FDG and  [68 Ga]Ga-FAPI-04 
avid volume and uptake in PDAC lesions, as well as in the 
total pancreas. The blood inflammatory indicators amylase, 
lipase, TBR, and ALP correlated the most strongly with the 
PET imaging characteristics of the distal pancreas. The cor-
relation between the imaging parameters and these blood 
biochemical indicators was significantly higher with  [68 Ga]
Ga-FAPI-04 PET/CT than with  [18F]F-FDG PET/CT.

Fig. 6  Representative Kaplan Meier plots of RFS in 30 resectable 
PDAC patients. The Kaplan Meier plots stratified by A the median of 
 [18F]F-FDG and  [68 Ga]Ga-FAPI-04  SUVmax, B the median of  [18F]
F-FDG  TSUVmax (=  SUVmax) and  [68  Ga]Ga-FAPI-04  TSUVmax, 
C the median of  [18F]F-FDG MTV and  [68 Ga]Ga-FAPI-04 FTV, D 
the median of  [18F]F-FDG TMV and  [68 Ga]Ga-FAPI-04 TFV, E the 
median of  [18F]F-FDG TLG and  [68 Ga]Ga-FAPI-04 TLF, and F the 
median of  [18F]F-FDG TPG and  [68 Ga]Ga-FAPI-04 TPF
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Relationships between PET/CT parameters 
and tumor pathological features

Table  3 presents the correlations between  [68  Ga]Ga-
FAPI-04 and  [18F]F-FDG uptake and tumor histopathologi-
cal characteristics in the 30 patients who underwent surgery, 
and Fig. 5 illustrates the differences in PET/CT parameters 
between the different pathological groups.  [18F]F-FDG 
uptake positively correlated with lesion size, and  [68 Ga]
Ga-FAPI-04 uptake strongly and positively correlated with 
tumor size, differentiation level, and perineural invasion.

Survival analysis for surgery patients

Table 4 presents the univariate analysis results for RFS and 
OS in the 30 patients who underwent radical surgery. The 
multivariate analysis (Supplemental Table 5) showed that 
 [68 Ga]Ga-FAPI-04  TSUVmax was a significant independent 
prognostic factor for RFS (hazard ratio [HR] = 4.41, P < 0.01), 
and  [68 Ga]Ga-FAPI-04 TPF was an independent prognostic 
factor for OS (HR = 16.16, P < 0.05). Furthermore,  [68 Ga]
Ga-FAPI-04 PET/CT demonstrated superior performance for 
preoperative prognostication compared to  [18F]F-FDG PET/
CT. Interestingly, the group with concurrent high tumor and 
pancreatic  [18F]F-FDG and  [68 Ga]Ga-FAPI-04 uptake had a 
worse RFS and OS prognoses, especially based on the PET/
CT parameters in the total pancreas (Figs. 6 and 7).

Discussion

Clinical staging is essential for predicting survival and selecting 
management options for patients with PDAC. Therefore, for 
potential surgical candidates with PDAC who have no evident 
distant metastases on conventional CE-CT, it is crucial to utilize 
whole-body PET/CT for a more accurate staging assessment. 
18[F]F-FDG PET/CT had a limited role in PDAC staging and 
surgical planning [4], which allowed for the refinement of PET 
descriptors to help stratify patients with PDAC and improve the 
method’s prognostic accuracy. We found that the sensitivity and 
accuracy were better with the new  [68 Ga]Ga-FAPI-04 PET/CT 
M-staging strategy than with the  [18F]F-FDG PET/CT strategy. 
Therefore, in vivo quantification of tumor and total pancreatic 
metabolism and microenvironment activation by  [18F]F-FDG 
and  [68 Ga]Ga-FAPI-04 PET/CT could ultimately help with 

prognostic stratification. Overall, we found that quantitative 
uptake assessments on PET/CT allowed for preoperative stag-
ing and identified additional PET/CT-related prognostic factors, 
which were the key findings of this study.

In our study, 16.3% of primary PDAC lesions were non-
FDG-avid, but the  [68 Ga]Ga-FAPI-04  SUVmax did not differ 
between the FDG-avid and non-FDG-avid lesions. Reports 
suggest that in vitro and in vivo FDG absorptions are criti-
cally dependent on the cellularity of tumor cells. Therefore, 
awareness of the potential for false-negative results owing 
to low cellularity, even in large PDAC lesions, is impor-
tant [16]. In addition, PDAC manifests as a hypo-[68 Ga]
Ga-FAPI-04-uptake mass localized in the pancreatic head 
and neck and presents an oversized tumor volume compared 
to its presentation on CE-CT. In addition, we discovered that 
for pancreatic head/neck PDAC lesions,  [68 Ga]Ga-FAPI-04 
PET/CT tends to overestimate the size of tumors compared 
to CE-CT. This finding may also be related to the misleading 
uptake of drugs for obstructive pancreatitis, and other stud-
ies have shown that 3-h delayed scans may help differenti-
ate malignant lesions from pancreatitis [8, 9]. Together, this 
suggests that PDAC and pancreatitis have different hemo-
dynamic characteristics. However, we performed a 60-min 
dynamic  [68 Ga]Ga-FAPI-04 PET/CT examination in patients 
with PDAC, and the radiokinetics for pancreatic cancer and 
pancreatitis were comparable. Thus, discriminating primary 
tumors from obstructive pancreatitis lesions using the SUV or 
kinetic parameters is impractical in most patients with PDAC. 
Additionally,  [68 Ga]Ga-FAPI-04 was inferior to CE-CT for 
assessing the extent of PDAC lesions. Although previous 
research showed that FAP radionuclide-targeted therapy 
is feasible in animal experiments [17], our dynamic study 
indicates that kind of therapy may not be suitable for PDAC 
patients combined with distal obstructive pancreatitis.

LN metastasis is crucial for clinical management as it is an 
independent prognostic indicator [18]. However, identifying 
pathological LN metastases in PDAC was limited using preop-
erative CE-CT exams because malignant LNs may be smaller 
than 0.8 cm, and CT nodal enlargement is not very specific for 
indicating metastasis. In our investigation,  [68 Ga]Ga-FAPI-04 
PET/CT detected more metastatic LNs than  [18F]F-FDG PET/
CT, redefining clinical N-staging. Moreover, the fundamental 
benefit of PET/CT as a whole-body imaging technique is its 
ability to identify distant metastases, which is a crucial factor 
in treatment decision-making. We found that both the sensi-
tivity and accuracy of  [68 Ga]Ga-FAPI-04 PET/CT were bet-
ter than  [18F]F-FDG PET/CT for metastatic staging. PDAC 
patients with a higher risk of metastasis (such as higher serum 
CA19-9 and CA125 levels, and bigger tumor sizes) on clinical 
indicators might more likely to see extra findings with  [68 Ga]
Ga-FAPI-04 PET/CT in addition to CE-CT.

We found that  [68 Ga]Ga-FAPI-04 uptake, rather than  [18F]
F-FDG uptake, in localized PDAC is significantly correlated 

Fig.7  Representative the Kaplan Meier plots of OS in 30 resectable 
PDAC patients. The Kaplan Meier plots stratified by A the median of 
 [18F]F-FDG and  [68 Ga]Ga-FAPI-04  SUVmax, B the median of  [18F]
F-FDG  TSUVmax (=  SUVmax) and  [68  Ga]Ga-FAPI-04  TSUVmax, 
C the median of  [18F]F-FDG MTV and  [68 Ga]Ga-FAPI-04 FTV, D 
the median of  [18F]F-FDG TMV and  [68 Ga]Ga-FAPI-04 TFV, E the 
median of  [18F]F-FDG TLG and  [68 Ga]Ga-FAPI-04 TLF, and F the 
median of  [18F]F-FDG TPG and  [68 Ga]Ga-FAPI-04 TPF

◂



4049European Journal of Nuclear Medicine and Molecular Imaging (2023) 50:4036–4050 

1 3

with aggressive pathological characteristics. We further dis-
covered a substantial association between  [68 Ga]Ga-FAPI-04 
uptake of the distal pancreas and blood biochemical inflam-
matory markers. Besides,  [68  Ga]Ga-FAPI-04 PET/CT 
showed improved performance for preoperative prognosti-
cation in comparison to  [18F]F-FDG. Since previous article 
showed that obstructive pancreatitis is associated with shorter 
OS in patients with PDAC [12]. We delineated the ROI of the 
whole pancreas (including both PDAC and obstructive pan-
creatitis lesions) and found that  [68 Ga]Ga-FAPI-04 and  [18F]
F-FDG uptake in the whole pancreas can be combined to fur-
ther stratify postoperative patients’ prognoses. The combina-
tion of  [68 Ga]Ga-FAPI-04 and  [18F]F-FDG PET/CT imaging 
can provide clinicians with more comprehensive information 
for devising the optimal treatment plan. For instance, when 
patients exhibit lower uptake in both  [68 Ga]Ga-FAPI-04 and 
 [18F]F-FDG, their postoperative prognosis is better, and more 
aggressive treatment strategies and closer follow-ups may be 
needed. Conversely, for PDAC patients with higher uptake 
in both  [68 Ga]Ga-FAPI-04 and  [18F]F-FDG, their prognosis 
is the worst, and more conservative treatment strategies can 
be considered. Besides, we appreciated that patients with 
pancreatic head cancer and with preoperative obstructive 
pancreatitis may be a candidate for intensive treatment, such 
as neoadjuvant treatment [15]. Fibrous stroma and exces-
sive extracellular matrix were also associated with shorter 
survival of patients with adenocarcinoma [19, 20]. This 
prognostic variability among individuals with PDAC likely 
reflects the heterogeneity of tumor metabolism and tumor 
microenvironment activity [21] since tumor progression, 
including metastasis, is associated with cellular components 
in the malignant niche, which dramatically modifies metabo-
lism to accommodate a changing microenvironment [22, 23].

This study had some limitations. First, this was a single-
center study with a modest sample size. Therefore, addi-
tional studies involving larger patient groups are required 
to verify these findings. Second, the prognostic assessment 
of nonsurgical patients was clinically significant; however, 
fewer nonsurgical patients were recruited in this study to 
allow for statistical analyses. Third, distant metastatic 
lesions were not diagnosed pathologically but by follow-up 
imaging, which may cause a bias in the results due to chemo-
therapy. Therefore, assessments of pathological and molecu-
lar responses using  [68 Ga]Ga-FAPI-04 PET/CT in patients 
with PDAC after neoadjuvant chemotherapy are warranted.

Conclusion

[68 Ga]Ga-FAPI-04 PET/CT performed better than  [18F]F-FDG 
PET/CT for disease staging, with increased sensitivity and 
accuracy in patients with PDAC without radiographic metasta-
sis. Additionally, the aggressive pathological characteristics of 

PDAC significantly correlated with  [68 Ga]Ga-FAPI-04 rather 
than  [18F]F-FDG. Finally,  [68 Ga]Ga-FAPI-04 uptake is a non-
invasive stromal signature associated with patient survival, 
and simultaneous  [68 Ga]Ga-FAPI-04 and  [18F]F-FDG uptake 
examinations improve the accuracy of PDAC diagnoses.
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