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Abstract

Purpose We investigated whether uptake of ['®F] AIF-NOTA-FAPI-04 on positron emission tomography/computed tomog-
raphy (PET/CT) could predict treatment response and survival in patients with pancreatic ductal adenocarcinoma (PDAC).
Methods We prospectively evaluated 47 patients with histopathologically confirmed primary PDAC who provided pre-
treatment ['3F] AIF-NOTA-FAPI-04 scans to detect fibroblast activation protein (FAP) on the tumor surface by uptake
of ['®F] AIF-NOTA-FAPI-04. PDAC specimens were immunohistochemically stained with cancer-associated fibroblast
(CAF) markers. We obtained a second PET scan after one cycle of chemotherapy to study changes in FAPI uptake variables
from before to during treatment. Correlations between baseline PET variables and CAF-related immunohistochemical
markers were assessed with Spearman’s rank test. Cox regression and Kaplan—-Meier methods were used to assess rela-
tionships between disease progression and potential predictors. Receiver operating characteristic (ROC) curve analysis
was used to define the optimal cut-off points for distinguishing patients according to good response vs. poor response
per RECIST v.1.1.

Results The FAPI PET variables maximum and mean standardized uptake values (SUV_,., SUV__.), metabolic tumor
volume (MTV), and total lesion FAP expression (TLF) were positively correlated with CAF markers (FAP, a-smooth muscle
actin, vimentin, S100A4, and platelet-derived growth factor receptor o/p, all P <0.05). MTV was associated with survival
in patients with inoperable PDAC (all P <0.05). Cox multivariate regression showed that MTV was associated with overall
survival (MTV hazard ratio [HR]=1.016, P=0.016). Greater changes from before to during chemotherapy in SUV .,
MTYV, and TLF were associated with good treatment response (all P <0.05). AMTV, ATLF, and ASUV . had larger areas
under the curve than ACA19-9 for predicting treatment response. Kaplan—Meier analysis showed that the extent of change
in MTV and TLF from before to after treatment predicted progression-free survival, with cut-off values (based on medians)
of —4.95 for AMTV (HR=8.09, P=0.013) and —77.83 for ATLF (HR=4.62, P=0.012).

Conclusions A higher baseline MTV on ['®F] AIF-NOTA-FAPI-04 scans was associated with poorer survival in patients with
inoperable PDAC. AMTYV was more sensitive for predicting response than ACA19-9. These results are clinically meaningful
for identifying patients with PDAC who are at high risk of disease progression.

Keywords Fibroblast activation protein - Pancreatic adenocarcinoma - Metabolic tumor volume - Total lesion FAP
expression

Introduction
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Pancreatic cancer is one of the most aggressive and fatal types
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abbaab77 @aliyun.com of cancer; the major histological subtype, pancreatic ductal
59 Jinbo Yue adenocarcinoma (PDAC), accounts for 90% of all pancreatic
jbyue @sdfmu.edu.cn cancer cases [1, 2]. One challenge in managing PDAC involves
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Several studies found that a decrease in the tumor marker car-
bohydrate antigen (CA) 19-9 can be used to monitor response
to chemotherapy and survival in patients with inoperable
PDAC [3-5]. However, serum CA19-9 levels are elevated in
only about 80% of patients with PDAC [6]. Interpretation and
application of CA19-9 levels in PDAC are further compli-
cated by their being affected by chronic pancreatitis, cholesta-
sis, extrapancreatic malignancies, and lack of change despite
the presence of malignancy [7, 8]. ['*F]-fluorodeoxyglucose
(FDG) PET/CT and PET/MR imaging can be useful for
identifying local progression and metastatic spread and for
evaluating response to treatment; however, their sensitivity
for detecting PDAC is low [9]. ['®F]-FDG is a nonspecific
imaging agent with high uptake by both tumors and inflamed
tissues; its relatively high background activity and uptake in
normal organs may mask the presence of other lesions [10,
11]. New imaging agents with higher diagnostic and predictive
efficiency are urgently needed.

Cancer-associated fibroblasts (CAFs) are major com-
ponents of stromal cells that surround cancer cells, which
have important roles in tumor proliferation, invasion, and
metastasis and have been shown to enhance immune resist-
ance [12]. Fibroblast activation protein (FAP) is a dipep-
tidyl peptidase 4 protein that has both endopeptidase and
dipeptidyl peptidase activities [13]. It is highly expressed by
more than 90% of epithelial tumors but is expressed at low
levels in physiological conditions [14, 15]. FAP is expressed
on the surface of CAFs and can regulate the structure and
composition of the extracellular matrix and contribute to
some tumor-promoting activities [16, 17]. FAP inhibitors
(FAPIs) that specifically bind with FAP, linked with che-
lators and radionuclides, have been used in PET to reflect
the biological distribution of FAP [18, 19]. Because FAP is
expressed on the surfaces of CAFs, FAP inhibitors can be
used to visualize CAF [20]. In one example, [*® Ga]-FAPI
PET/CT was shown to have high sensitivity and specificity
for the diagnosis and staging of PDAC.

In this study, we used PET/CT scanning with ['®F] AIF-
NOTA-FAPI-04 (in which NOTA-FAPI-04 was combined
with AICl; and radiolabeled with 18F), which has been con-
firmed safe and highly specific for FAP imaging [21], to
explore whether uptake of ['F] AIF-NOTA-FAPI-04 on
PET/CT could be used as a biomarker of response to therapy
and survival in patients with inoperable PDAC. We reasoned
that imaging that can detect or predict response to therapy
could be useful for early intervention strategies to limit the
progression and extent of disease. In the current study, we
obtained FAPI PET/CT scans once before treatment and
once during treatment through a prospective clinical pro-
tocol and correlated the findings with patient survival. We
also determined the potential value of changes in FAPI PET
variables from before to during chemotherapy for predicting
response to chemotherapy.
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Methods
Patients

This study was designed and implemented in Shandong Can-
cer Hospital from June 2021 to August 2022. The selection
criteria were as follows: (1) histologically confirmed PDAC;
(2) age > 18 years; (3) good performance status (i.e., Eastern
Cooperative Oncology Group score of 0—1); and (4) willing-
ness to participate. The exclusion criteria were as follows:
(1) not having an ['8F] AIF-NOTA-FAPI-04 PET/CT scan
before treatment and (2) history of other malignant disease
within the past 5 years. We obtained an ['®F] AIF-NOTA-
FAPI-04 PET/CT scan from patients with inoperable pan-
creatic cancer before treatment, and we obtained a second
PET scan after one cycle of chemotherapy to study changes
in FAPI uptake variables from before to during treatment.
The patient flow diagram is shown in Fig. 1.

This study was approved by the local institutional review
board, and all patients who underwent ['8F] AIF-NOTA-
FAPI-04 PET/CT scanning provided written informed con-
sent. Any patients who could not understand the study intent,
had major psychiatric illness, or declined to participate were
excluded from the study.

['®F] AIF-NOTA-FAPI-04 scanning

The radiotracer was synthesized as described previously
[21]. Neither fasting nor blood glucose measurements were
required before imaging. Patients were given an intravenous
injection of 4.81 MBg/kg (0.12 mCi/kg) ['3F] AIF-NOTA-
FAPI-04 and instructed to rest for about 60 min before being
scanned with a dedicated PET/CT system (GEMINI TF Big
Bore; Philips Healthcare, Cleveland, OH, USA). Whole-
body CT scans were obtained with attenuation correction
by using a low-dose scanning protocol (300 mAs, 120kV, a
512 %512 matrix, rotation time of 1.0 s, and pitch index of
0.688; reconstructed with a soft-tissue kernel to a slice thick-
ness of 2 mm). Subsequent PET scans were collected in 3D
mode with a 200 X 200 matrix, and images were acquired in
1-min increments per bed position. Patients were instructed
to breathe calmly during image acquisition. Attenuation-cor-
rected PET data were reconstructed by using Body-ctac-SB.
Lstcln, Biograph 3D iterative reconstruction software with
time-of-flight correction.

Imaging analysis

FAPI PET/CT images were obtained from patients once
before treatment and again after one cycle of chemotherapy.
Attenuation-corrected PET images, CT images, and fused
PET/CT images were viewed and analyzed on MIM Maestro
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6.8.8 (MIM Software, Cleveland, OH), with images recon-
structed in the coronal, sagittal, and transaxial planes. Two
nuclear medicine physicians (each with> 15 years of experi-
ence) visually assessed the ['8F] AIF-NOTA-FAPI-04 PET/
CT images with reference to contrast-enhanced CT scans
and reached consensus regarding the presence and location
of primary and metastatic tumor, any controversial neoplas-
tic lesions, and inflammation suggestive of distal obstruc-
tive pancreatitis. These two physicians manually delineated
regions of interest (ROIs) around the primary PDAC tumor
and systemic metastases that showed higher uptake on the
fusion PET/CT scans. The metabolic tumor volume (MTV)
was derived from these ROIs by using a fixed SUV threshold
method, in which a 3D contour was drawn automatically
around voxels with >30% of the SUV_,, [21, 22]. Variables
describing the tumor and metastases were automatically
generated from the PET/CT scans by MIM Software and
consisted of the maximum and mean standard uptake values
(SUV, .« and SUV_ ., MTV, total lesion FAP expression
(TLF) of the primary tumor and systemic metastases, and
SUV can Of the primary tumor (Cancer SUV ..). TLF was
calculated as the product of the SUV . of all the lesions
and the MTV (TLF=SUV .., XMTV) [23]. Changes in
SUV

max {rom before to after one cycle of chemotherapy were

expressed as ASUV_ . =(SUV_,,, after the first cycle minus
the baseline SUV _,,), and changes in other variables were
calculated in the same way.

Two imaging specialists (each with> 15 years of experi-
ence) who were blinded to laboratory test results and follow-
up records independently reviewed the contrast-enhanced
CT images obtained at baseline and at 2 months after the
first cycle of chemotherapy and recorded the location and
size of the primary tumor in the axial plane. Responses
were assessed according to RECIST v.1.1 on abdominal
enhanced CT scans. Responses were characterized as com-
plete response (CR), partial response (PR), stable disease
(SD), and progressive disease (PD). Patients with CR or PR
were classified as good responders, and patients with SD or
PD as poor responders.

Clinical variables analysis

At the time of diagnosis (baseline) and after one cycle
of chemotherapy (consistent with PET/CT scan times),
peripheral blood samples were collected and analyzed for
CA19-9, carcinoembryonic antigen (CEA), and neutrophil
to lymphocyte ratio (NLR). Potential correlations between
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these baseline clinical variables and progression-free
survival (PFS) and overall survival (OS) were assessed.
Changes in clinical variables from before to during treat-
ment were also compared with the FAPI uptake variables,
with response to therapy, and with survival. Therapy
response was defined as CR, PR, SD, or PD according to
RECIST v.1.1. OS was defined as the interval between the
date of therapy and death or the last follow-up. PFS was
defined as the interval between the date of therapy and
tumor progression or the last follow-up.

Immunohistochemical analyses

Tissue samples (4 surgical specimens and 26 puncture [core]
biopsies) were stained for immunohistochemical analysis
by conventional methods as follows. Tissues were fixed in
formalin, dehydrated, embedded in paraffin, cut into 5-pm
thick sections (Microm HM 450; GMI, Ramsey, MN, USA),
and placed on glass slides. Staining with antibodies to FAP
(R&D Systems, Q12884, 1:200 dilution), alpha smooth
muscle actin (a-SMA; ServiceBio, GB13044, 1:200 dilu-
tion), platelet-derived growth factor receptor (PDGFR) o/
(Abcam, ab32570, 1:200 dilution), vimentin (ServiceBio,
GB11192, 1:500 dilution), and the calcium-binding protein
S100A4 (ServiceBio, GB11397, 1:500 dilution) was done
according to standard protocols. Representative areas were
selected by a pathologist on a TissueFAXS multispectral
tissue cytometer (TissueGnostics, Austria), and three mul-
tispectral images were intercepted with 20 X resolution field
of view. Semi-quantitative pathology scores were calculated
as the percentage of stained cells (scores of 0 for 0% positive
cells, 1 for 1-25% positive cells, 2 for 26-50% positive cells,
3 for 51-75% positive cells, and 4 for 76-100% positive
cells) X staining intensity (0, no staining; 1, weak staining;
2, moderate staining; and 3, strong staining).

Statistical analysis

Patient characteristics were evaluated with descriptive sta-
tistics. Correlations between baseline PET variables and
CAF-related immunohistochemical markers were assessed
with Spearman’s rank test. Normally distributed measure-
ment data were expressed as means + SD, and non-normally
distributed data as medians (with 25th to 75th percentiles).
Mann-Whitney U tests were used to compare differences
in various ['F] AIF-NOTA-FAPI-04 PET/CT variables
between good responders and poor responders. Cox pro-
portional hazards regression was used to analyze the rela-
tionship between ['®F] AIF-NOTA-FAPI-04 PET/CT uptake
variables and PFS and OS. Kaplan—Meier analysis was used
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to compare survival outcomes in different subgroups, and
comparisons were made with log-rank tests. A receiver oper-
ating characteristic (ROC) curve analysis was used to deter-
mine the best cut-off points for candidate predictors such
as SUV_.., SUV ... MTV, and TLF. Statistical analyses
were done with IBM SPSS Statistics version 24.0 (IBM,
Armonk, NY, USA) and Prism 8.0.1 (GraphPad, San Diego,
CA, USA).

Results
Patient characteristics

From June 2021 to June 2022, 47 patients with a histologi-
cally confirmed diagnosis of PDAC (22 in the head, 16 in the
body, and 9 in the tail of the pancreas) were prospectively
enrolled in a protocol at Shandong Cancer Hospital and
Research Institute and provided baseline ['8F] AIF-NOTA-
FAPI-04 PET/CT scans (Fig. 1). Patient characteristics are
shown in Table 1. Ten of those 47 patients were referred
to surgery, and the other 37 with inoperable PDAC (i.e.,
those who had unresectable [cTNM stage [I-1V] disease at
baseline) provided scans at baseline for analysis. Of those
37 patients, 8 received concurrent chemoradiotherapy and
29 received only chemotherapy. Among those 29 patients,
17 provided a second ['®F] AIF-NOTA-FAPI-04 PET/CT
scan after one cycle of chemotherapy; of those 17 patients,
6 patients were classified as good responders (i.e., had CR or
PR) and 11 patients as poor responders (i.e., had SD or PD).

['8F1-FAPI-04PET/CT uptake and CAF biomarkers

To investigate whether the biological distribution of ['®F]
AIF-NOTA-FAPI-04 PET/CT reflects the expression of
CAF-related markers in PDAC, we tested tumor tissues from
10 patients who were referred for surgery and 20 patients
with inoperable disease. A ['8F] AIF-NOTA-FAPI-04 PET/
CT image of a patient with high FAPI uptake in the pancreas
and physiological uptake levels in the gallbladder, bile ducts,
and bladder is shown in Fig. 2a. Regarding the immunohisto-
chemical staining results, FAP staining was observed in both
the cell membrane and cytoplasm of tumor specimens, and
staining for a-SMA, PDGFRo/p, vimentin, and S100A4 was
observed in the cytoplasm (Fig. 2b). Spearman’s rho showed
that FAP staining was positively correlated with ['*F] AIF-
NOTA-FAPI-04 PET/CT uptake variables (SUV ., Cancer
SUV eans MTV, and TLF; P for all <0.05) (Fig. 2c). Expres-
sions of a-SMA, vimentin, PDGFRo/p, and S100A4 were
also positively correlated with SUV .., Cancer SUV
MTYV, and TLF (P for all <0.05) (Fig. 2c).

mean’
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Table 1 Patient characteristics

Characteristics Number
of cases
(%)

Age, years

>60 22 (47)

<60 25(53)
Sex

Male 27 (57)

Female 20 (43)
ECOG score

0 31 (66)

1 16 (34)
Pancreatic tumor location

Head 22 (47)

Body 16 (34)

Tail 9 (19)
c¢TNM stage

1l 3(6)

I 24(51)

v 20(43)
T status

T1-2 17 (36)

T3 11 (23)

T4 19 (40)
N status

NO 21 (45)

N1 16 (34)

N2 10 (21)
M status

MO 27 (57)

Ml 20 (43)
Non-surgical therapy*

AG 21 (57)

FOLFIRINOX 8(22)

Concurrent chemoradiotherapy 8(22)

“Given to 37 patients with inoperable disease

Abbreviations: ECOG, Eastern Cooperative Oncology Group; AG,
gemcitabine and albumin-bound paclitaxel; FOLFIRINOX, oxalipl-
atin, irinotecan, fluorouracil, and leucovorin

Baseline ['®F] AIF-NOTA-FAPI-04 PET/CT uptake
variables predict PFS and OS in patients
with inoperable PDAC

We analyzed baseline ['8F] AIF-NOTA-FAPI-04 PET/
CT uptake variables in 37 patients with inoperable PDAC
patients for their potential ability to predict survival. We
used ROC curve analysis to identify cut-off values for vari-
ables that were the most sensitive for predicting OS before
therapy. Those cut-off values were 31.92 for MTV (area-
under-the-curve value [AUC]=0.699, P=0.049), 7.72

for | o TLF (AUC=0.705, P=0.042), and 3.52 for NLR
(AUC=0.715; P=0.033) (Fig. 3a).

In Cox univariate regression analysis, high MTV and high
NLR were associated with higher risk of disease progres-
sion (P for both <0.05), and high MTV, high | o5, TLF, and
high NLR were associated with worse OS (P for all <0.05)
(Table 2). A correlogram showing significant positive cor-
relations between MTV, | g, TLF, and NLR is shown in
Fig. 3b. In univariate analysis, four covariates with clinical
impact (that is, age, sex, CA19-9 level, and cTNM) were not
associated with PFS, but MTV was an independent predictor
of PFS (hazard ratio [HR]=1.011, 95% confidence interval
[CI] 1.002-1.020, P=0.015, Fig. 3c). Because of the sig-
nificant correlation between MTV and | o5, TLF (Spearman’s
correlation r=0.883, P <0.001), we only included MTV and
clinical parameters (that is, age, sex, CA19-9 level, cTNM,
and ECOG score) in the multivariate analysis. Finally, MTV
was found to be an independent predictor of OS (MTV
HR=1.016, 95% CI 1.003-1.029, P=0.016) (Fig. 3d).

In ROC cut-off analyses for PFS and OS, having an
MTYV of > 50.10 was found to be associated with poor PFS
(HR=2.33,95% CI 0.57-5.6, P=0.032) (Fig. 4a). As for
OS, having an MTV value of >31.92, a | 3G, TLF value
of >7.72, and an NLR of > 3.53 were all associated with
poor OS (MTV HR=4.10, 95% CI 1.37-12.30, P=0.045,
Fig. 4b; | o, TLF HR=4.06, 95% CI 1.36-12.12, P=0.019,
Fig. 4c; and NLR HR =4.27, 95% CI 1.00-18.34, P=0.004,
Fig. 4d).

Changes in ['®F] AIF-NOTA-FAPI-04 PET/CT variables
can predict treatment response and PFS for patients
with inoperable PDAC

We next explored whether changes in FAPI uptake variables
from before to after one cycle of chemotherapy in 17 patients
with inoperable PDAC could predict response to chemo-
therapy and survival. Representative CT and ['®F] AIF-
NOTA-FAPI-04 PET/CT imaging results for good respond-
ers and poor responders, classified according to RECIST
(v.1.1), are shown in Fig. 5a. The extent of change (from
baseline to during chemotherapy) in SUV ., SUV ...,
MTYV, TLF, and the clinical variables CA19-9, CEA, and
NLR in good responders and poor responders are shown in
Table 3. Greater changes in SUV .., MTV, and TLF were
noted in the good responders than in the poor responders
(SUV,,,» —3.63+£5.29 good vs. 2.16 +4.77 poor, P =0.044;
MTYV, —28.38 (— 65.30 to— 14.74) good vs. 2.38 (—4.95 to
14.95) poor, P=0.002; TLF, —191.77 (—275.15 to—105.37)
good vs. 7.68 (—77.83 to 150.69) poor, P=0.005, Table 3,
Fig. 5b). The extent of change in other variables did not dif-
fer between good responders and poor responders.

ROC curves were generated to assess the predictive
accuracy of changes in ['®F] AIF-NOTA-FAPI-04 PET/CT

@ Springer
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Fig.2 a Representative ['F] AIF-NOTA-FAPI-04 PET/CT scans of
a patient with pancreatic adenocarcinoma; red arrows point to the
pancreatic tumor. b Immunohistochemical stains of putative biomark-
ers of cancer-associated fibroblasts in representative tumor tissue
sections, grouped as high expression (left) or low expression (right).
FAP, fibroblast activation protein; a-SMA, a-smooth muscle actin;
PDGFR, platelet-derived growth factor receptor; S100A4, calcium-

variables for identifying good responders and poor respond-
ers. The AMTV AUC value (0.968; P=0.002) was higher
than that for ATLF (AUC=0.924, P=0.005) and ASUV ..
(AUC=0.803, P=0.044) (Table 4, Fig. 5c). The ACA19-9
was smaller than these values and was not significant
(AUC=0.697, P=0.191). Kaplan—Meier analyses showed
that good responders had better PFS (HR =8.86, 95% CI
2.40-32.79, P=0.007) and OS (HR =NA, P=0.0483) than
poor responders (Suppl. Figure 1a, b).

The extent of change in any ['®F] AIF-NOTA-FAPI-04 vari-
able was not associated with the extent of change in the clini-
cal variables CEA, CA19-9, or NLR (Fig. 6a). Cox univariate
regression analysis showed that AMTV (P=0.003), ATLF
(P=0.008), ACA19-9 (P=0.035), and ANLR (P=0.019)
were associated with PDAC disease progression (Table 5).
Because AMTYV had a significant positive correlation with
ATLF, we included only AMTV, ACA19-9, and ANLR in the
multivariable analysis. Findings from that analysis showed that
only AMTYV (P=0.02) remained an independent predictor of
PES (Table 5, Fig. 6b). Finally, Kaplan—Meier analyses of PFS
in patients grouped by median AMTV, ATLF, or ACA19-9
values showed that AMTV and ATLF could distinguish good
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binding protein. ¢ Correlations between measures of uptake of fibro-
blast activation protein inhibitor (FAPI; SUV ., Cancer SUV ..,
MTYV, and TLF) and immunohistochemical staining results for CAF-
related markers (FAP, a-SMA, vimentin, PDGFRo/f, S100A4) in
tumors. Significant correlations were found between FAPI uptake and
expression of all 5 CAF-related biomarkers (P for all <0.05)

from poor responders in terms of PFS (AMTV HR =8.09,
95% CI 1.95-33.57, P=0.013; ATLF HR=4.62, 95% CI
1.11-19.18, P=0.012, Fig. 6¢), but ACA19-9 could not.

Discussion

['®F] AIF-NOTA-FAPI-04 PET/CT is expected to be
an important reference method for monitoring response
to treatment and assessing prognosis for patients with
PDAC. In this study, we analyzed 37 patients with unre-
sectable (cTNM stage II-1V) PDAC and found that hav-
ing high MTV and TLF levels before therapy predicted
poor survival. Further analysis of a second [!®F] AIF-
NOTA-FAPI-04 PET/CT scan after one cycle of chemo-
therapy (obtained from 17 patients) revealed significant
associations between changes in FAPI uptake variables
among patients with good response to therapy according
to RECIST (v.1.1). Our PET imaging data also allowed
us to define cut-off values for extent of change in various
FAPI uptake variables to distinguish patients with good
response vs. those with poor response; specifically, AMTV
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Fig.3 a Correlogram showing Spearman correlation coefficients
between ['®F] AIF-NOTA-FAPI-04 PET/CT uptake variables and
clinical or biological variables in patients with inoperable pancreatic
ductal adenocarcinoma. Red indicates a positive correlation between
two variables; blue, a negative correlation between two variables.
Darker colors indicate stronger correlation. b Receiver operating
characteristic curves for the ability of two ['®F] AIF-NOTA-FAPI-04

and ATLF were more sensitive than ACA19-9 for predict-
ing treatment response. To the best of our knowledge, this
is the first study to obtain serial FAPI PET scans before
and after chemotherapy for PDAC and to correlate FAPI
uptake variables with response to therapy.

In clinical practice, we have observed substantial varia-
tion between patients in the effectiveness of chemotherapy

1
0005 11 2 3 4 5

PET/CT uptake values (MTV, | oG, TLF) and NLR to predict overall
survival (OS) in patients with inoperable pancreatic ductal adenocar-
cinoma. ¢ Multivariate Cox regression analysis forest plot for pro-
gression-free survival (PFS). d Multivariate Cox regression analysis
forest plot for OS. *P <0.05; **P<0.01. MTV, metabolic tumor vol-
ume; TLF, total lesion FAP expression; NLR, neutrophil-to-lympho-
cyte ratio

for PDAC, variations that could be related to the heterogene-
ity of the tumor microenvironment [24]. Therefore, monitor-
ing the response to chemotherapy in individual patients is
crucial for guiding early treatment decisions and offering
prognostic information. The serum tumor marker CA19-9
is routinely used to monitor treatment response in clinical
settings [3-5, 25]. However, limited numbers of patients in

Table 2 Univariate Cox

. . . Variable Progression-free survival Overall survival

regression analysis of variables

associated with progression-free HR 95% CI P value HR 95% CI P value

survival and overall survival
SUV ax 0.962 0.888-1.044 0.355 1.020 0.917-1.136 0.712
SUV,ean 0.948 0.795-1.130 0.550 1.100 0.887-1.363 0.386
MTV* 1.006 1.000-1.012 0.041 1.011 1.004-1.018 0.002
Log2 TLF* 1.258 0.898-1.763 0.183 2.334 1.353-4.026 0.002
Cancer SUV .0 0.940 0.787-1.122 0.493 1.110 0.894-1.377 0.344
CEA 0.983 0.947-1.021 0.376 0.995 0.966-1.025 0.733
CA19-9 1.000 1.000-1.000 0.512 1.000 0.999-1.000 0.545
NLR** 1.541 1.211-1.962 0.0001 2.177 1.460-3.246 0.0001

“P<0.05, **P<0.001
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reported studies, and variations in the definition of CA19-9
response among studies, have precluded identification of
meaningful cut-off levels for response. Moreover, one retro-
spective analysis suggested that a decrease in serum CA19-9
levels during early-cycle chemotherapy was not associated
with prolonged survival [26]. FAP is expressed mainly by
stromal cells in the tumor microenvironment, where it pro-
motes tumor cell invasion, migration, and tumor angiogen-
esis. Patients with tumors that express high levels of FAP
seem to be at greater risk of developing drug resistance and
poor prognosis [27, 28].

Several studies have shown that [®® Ga]-FAPI PET/CT
is more sensitive than ['*F]-FDG PET/CT for identifying
abdominal lymph nodes, liver and bone metastases, and
peritoneal cancer [29, 30]. We chose the nuclide 18F delib-
erately because of its longer half-life (7', =109 min, 97%
B+, 0.64 MeV) and shorter § + trajectory (<2 mm), which
lead to excellent imaging resolution [31, 32]. Our results
indicated that ['®F] AIF-NOTA-FAPI-04 PET/CT biodistri-
bution was significantly correlated with FAP expression in
patients with PDAC. Mona et al. reported that FAP expres-
sion correlated with % Ga-FAPI-46 SUV, and SUV, ...
in several types of cancer [33], which is consistent with our
results. FAPI uptake has also been reported to be moder-
ately positively correlated with FAP expression in biopsy
specimens (r=0.439, P=0.012) [21]. We also found here
that FAPI uptake variables were moderately positively corre-
lated with FAP, and we surmise that this modest correlation
may resulted from tumor heterogeneity, tumor location, and
biopsy location [34]. Wikberg et al. [35] observed heteroge-
neity in FAP expression in colorectal cancer with pathology
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confirmation. Because immunochemical staining results are
by definition affected by intratumoral heterogeneity and the
limitations associated with biopsy sampling [36, 37], others
have proposed that SUV .., may better reflect FAP expres-
sion in the entire tumor [38, 39].

The mesenchymal origin of CAFs is manifested by their
high expression of a-SMA, and PDGFRa/f in addition to
FAP; indeed, overexpression of PDGFRa/p has been linked
with poor prognosis in several types of cancer [40, 41].
Vimentin, an intermediate filament protein, is considered
a marker of the epithelial-mesenchymal transition; cancer
cells that express vimentin are more likely to invade and
migrate [42]. S100A4 is located mostly in the cytoplasm,
where it regulates cytoskeleton components and promotes the
motility and invasion of tumor cells. SI00A4 has also been
shown to promote growth factor release, angiogenesis, and
overall tumor survival [43, 44]. Given our finding that FAPI
uptake variables were significantly correlated with these
CAF-related markers, we explored whether ['F] AIF-NOTA-
FAPI-04 PET/CT would be useful for predicting, before treat-
ment has begun, treatment effectiveness and survival.

Because no consensus has been reached regarding the
optimal SUV threshold for FAPI measurements, our ROIs
were manually delineated on PET/CT fusion scans with ref-
erence to contrast-enhanced CT [45]. Although ['*F]-FDG
PET/CT variables have been used to predict prognosis in
pancreatic cancer, which marker is the best for this purpose
remains controversial [46, 47]. Another potential marker,
NLR, is a surrogate for a systemic inflammatory response
and can provide valuable prognostic information in many
types of cancer, including that of the pancreas. At least one
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Fig.5 a Representative ['®F] AIF-NOTA-FAPI-04 PET/CT and
CT images of inoperable pancreatic ductal adenocarcinoma in good
responders (top row) and poor responders (bottom row). Blue arrows
point to pancreatic tumor in good responders, red arrows to tumors
in poor responders. b Extent of change (A) in PET/CT variables
from baseline to after chemotherapy distinguishes good responders
from poor responders to treatment for inoperable pancreatic ductal

group has shown that patients with pancreatic cancer and
high NLR have shorter survival times [48], a finding consist-
ent with that of the current study. We also found that having
higher baseline MTV and TLF were associated with poor OS.
Although baseline TLF did not correlate with PFS in our Cox
multivariable analysis, MTV was more strongly correlated
with survival outcomes, perhaps because MTV is a better
indicator of systemic metabolic tumor load. This variable
may prove helpful in future studies for identifying patients
at higher risk of disease progression before treatment, so that
personalized therapy can be considered for such patients.
Another study conducted at the Shandong Cancer Hospi-
tal and Institute showed that findings on ['8F] AIF-NOTA-
FAPI-04 PET/CT were associated with short-term treatment
response in patients with locally advanced esophageal squa-
mous cell carcinoma [23]. Another study has shown that
changes in the intensity of FAPI uptake on [*® Ga]-FAPI-04

Baseline

1 Mon

c 100
80—
X
2 60
2
£
2
o 40-
»n
20 A—  AMTV(AUC=0.968;cut-off-8.97;P=0.002)
‘ —" ——  ATLF(AUC=0.924;cut-off--79.81;P=0.005)
—— ASUVmax(AUC=0.803;cut-off:0.49;P=0.011)
g ——  ACA19-9(AUC=0.697;cut-off:-400.5;P=0.191)
0 T T T T T

0 20 40 60 80 100
100% - Specificity%

adenocarcinoma. AMTYV, change in metabolic tumor volume; ATLF,
change in FAP expression in all lesions; ASUV ., change in maxi-
mum standardized uptake value; ACA19-9, change in CA19-9 levels.
¢ Receiver operating characteristic curve analyses of cut-off values
for the extent of change in AMTV, ATLF, ASUV and CA19-9
and response to chemotherapy. *P <0.05; **P <0.01

max?>

PET/CT can be used to objectively assess treatment effec-
tiveness and perhaps to identify patients at higher risk of
disease [49]. We found that the extent of change in CA19-9
(from before to during chemotherapy) could not distinguish
good from poor responders, findings that agree with those
from other studies that changes in CA19-9 (from before to
after early cycle of chemotherapy) were not correlated with
good response to therapy [50, 51]. Our own analysis of FAPI
PET/CT variables before and during chemotherapy for PDAC
showed that having lower FAPI uptake (indicated by SUV_ .,
MTYV, and TLF) during chemotherapy was better able to dis-
tinguish good from poor responders than the extent of change
in CA19-9 levels. Our results suggest that patients who show
a good response early in the course of therapy have longer
survival, which is consistent with clinical observations.

We were also able to define cut-off values for variables
that predicted survival from the median values of those
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Table 3 Changes in variables from baseline to after one cycle of chemotherapy for advanced pancreatic ductal adenocarcinoma

Variables Poor responders (n=11) Good responders (n=6) P values
Before After Change Before After Change Before After Change

SUV o 12.88 +4.91 15.05+5.87 2.16+4.77 16.57+3.80 12.95+3.68 —-3.63+£529 0.097 0.546 0.044
SUV i ean 5.69+2.51 5.60+1.99 —0.86+290 5.87+1.93 4.69+1.57 —1.18+2.03 0.920 0.393 0.546
MTV* 20.90 (15.44—- 26.76 (16.83— 2.38(—4.95t0 65.23 (24.47- 33.33(9.73- —28.38 0.228 0.688 0.002

75.15) 90.11) 14.95) 116.92) 56.90) (—65.30

to—14.74)

TLF* 145.53 (81.18— 119.97 (79.05- 7.68 (—77.83  364.51 126.86 (47.26- —191.77 0.108 0.688 0.005

331.67) 281.18) to 150.69) (191.16— 307.14) (=275.15

462.07) to—105.37)
Cancer 6.19+2.48 5.93+2.86 —-0.26+2.71 7.06+1.63 544+1.35 —1.63+1.87 0.546 0.688 0.269
SUV ean

CEA 1.49 (0.77- 1.62 (1.15- 0.41 (0.09- 7.79 (3.53— 7.71 (2.50- -0.75 0.006 0.031 0.065

2.22) 2.76) 1.15) 39.10) 14.88) (=29.11to

1.59)

CA19-9 139.00 (12.50- 71.70 (15.20- 0.88 (—208.70 629.50 419.50 —246.5 0.021 0.018 0.191

467.00) 305.00) to 31.50) (432.25- (277.50- (—1414.25 to

3063.25) 1871.00) 30.50)
NLR 2.79+2.23 2.27 (1.65— 0.39(-0.24t0 2.56+0.58 2.22+0.79 -0.33+091 0.763 0.763 0.132
3.84) 0.76)

A, change from baseline to after chemotherapy; NLR, neutrophil-lymphocyte ratio. *P < 0.05

variables; namely, a AMTV greater than —4.95 and a ATLF
greater than — 77.83 after treatment were useful for identify-
ing patients at higher risk of disease progression—patients
who could require more intensive disease management. In
the current study, 8 patients received concurrent chemora-
diotherapy, most of whom exhibited higher level of FAPI
uptake after chemoradiotherapy. Possible indications of
elevated SUV_,, in some of these patients (data not shown)
are being analyzed for future studies.

The major limitations of this current study are its single-
center design and its relatively small number of patients, but our
results are sound for the following reasons. Having a smaller

GTVpap was previously found to be associated with signifi-
cantly better PFS and OS [52], which is consistent with our
results. The changes in ['3F] AIF-NOTA-FAPI-04 uptake vari-
ables and clinical variables from before to during chemotherapy
were reliable on re-analysis that included or excluded outliers
(not shown) and are in line with clinical observations. Moreo-
ver, the nonparametric Mann—Whitney U test is well suited for
analysis of small samples, is sensitive to differences in data
distribution, and is relatively unaffected by outliers [53, 54],
which is why we used this test to analyze differences in FAPI
uptake and clinical variables between good responders and poor
responders. Another limitation of our study is the heterogeneity

Table 4 Areas under Variables Area SEf Asymptotic Sig.¥  Asymptotic 95% confidence interval

the curve for changes in

'SE-FAPI-PET/CT variables Lower bound Upper bound

and extent of change in clini- N

cal variables (from baseline ASUV_ . 0.803 0.114 0.044 0.579 1.000

to after chemotherapy) ASUV_ n 0.591 0.141 0.546 0.315 0.867

for predicting response to AMTV* 0.968 0.038 0.002 0.896 1.000

chemotherapy for advanced ATLF* 0924 0064  0.005 0.798 1.000

pancreatic ductal adenocar-

cinoma ACancer SUV ...  0.667 0.134 0.269 0.405 0.929
ACEA 0.783 0.141 0.065 0.507 1.000
ACA19-9 0.697 0.154 0.191 0.396 0.998
ANLR 0.727 0.138 0.132 0.456 0.998

"Null hypothesis: true area=0.5

*Under the nonparametric assumption

A, change in variable from baseline to after treatment

“P<0.05
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Fig.6 a Correlogram shows Spearman correlation coefficients for
extent of change in ['®F] AIF-NOTA-FAPI-04 PET/CT variables and
extent of changes in clinical variables. b Multivariate Cox regression
forest plot of the extent of change in variables potentially associ-
ated with progression-free survival (PFS). AMTYV, extent of change
in metabolic tumor volume from before to after treatment; ATLF,

in chemotherapy regimens (AG vs. FOLFIRINOX), which may
have influenced the outcomes. Howeyver, a large retrospective
analysis of chemotherapy regimens used for advanced pancre-
atic cancer in China found no significant difference in disease
control for patients given FOLFIRINOX and those given AG,
and no differences in median PFS or OS times [55]. Finally,

change in extent of total FAP expression in all lesions; ACA19-9,
extent of change in CA19-9 levels in blood samples obtained before
and after treatment. ¢ Analysis of PFS based on cut-off values (above
or below medians of the extent of change in metabolic tumor volume
(MTV), total FAP expression in all lesions (TLF), and CA19-9 level

MTYV and TLF can be influenced by many confounding factors,
including partial volume effects, image resolution, and time
between tracer injection and imaging; nevertheless, our results
suggest that they may be valuable for assessing tumor burden.
Overall, further prospective trials are needed to confirm the
utility of ['8F] AIF-NOTA-FAPI-04 PET/CT in PDAC.

Table 5 Univariate and multi-

Factor Univariate analysis Multivariate analysis

variate Cox regression analy-

ses of changes in I8SE_FAPI-04 HR (95% CI) P value HR (95% CI) P value

PET/CT variables and clinical

variables ASUV .« 1.105 (0.961-1.272) 0.162 — —
ASUV can 1.020 (0.760-1.369) 0.896 — —
AMTV* 1.153 (1.049-1.269) 0.003 1.177 (1.026-1.350) 0.020
ATLF 1.010 (1.003-1.018) 0.008 — —
ACancer SUV .. 1.043 (0.771-1.410) 0.785 — —
ACEA 1.222 (0.992-1.506) 0.060 — —
ACA19-9 1.003 (1.000-1.005) 0.035 1.004 (0.999-1.009) 0.081
ANLR 1.962 (1.119-3.442) 0.019 1.396 (0.502-3.882) 0.523

A, change in variable from baseline to after one round of chemotherapy, *P <0.05
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Conclusions References
This study provided evidence to support the clinical signiﬁ— 1. Siegel RL, Miller KD, Wagle NS, Jemal A. Cancer statistics. CA:

cance of metabolic tumor burden measured by ['8F] AIF-
NOTA-FAPI-04 imaging. The baseline MTV was associ-
ated with the better PFS and OS in patients with PDAC. The
extent of changes in FAPI uptake variables from before to
after one cycle of chemotherapy for PDAC correlated sig-
nificantly with response to treatment. The identified cut-off
values or AMTV (>—4.95) and ATLF (> —77.83) may be
clinically meaningful for identifying patients at high risk of
disease progression. We conclude that findings from pretreat-
ment ['8F] AIF-NOTA-FAPI-04 scanning may be useful bio-
markers of survival in patients with PDAC and can inform
the identification of high-risk patients requiring aggressive
intensive therapy.
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