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Background. Cancer-associated fibroblasts (CAFs) can strongly modulate the response to therapy of malignant tumor cells,
facilitating their continuous proliferation and invading behaviors. In this context, several efforts were made in identifying the
fibroblast activation protein (FAP) as a CAF recognizer and in designing FAP-specific PET radiotracers (as ®*Ga-FAPI) along with
FAP-specific therapeutic radioligands. Herein, we review different clinical studies using the various FAP-specific radioligands as
novel theranostic agents in a wide range of oncologic and nononcologic indications. Methods. A comprehensive systematic search
was conducted on the PubMed and Scopus databases to find relevant published articles concerning the FAP-specific PET imaging
as well as the FAP-specific radionuclide therapy in patients with oncologic and nononcologic indications. The enrolled studies
were dichotomized into oncologic and nononcologic categories, and the required data were extracted by precisely reviewing the
whole text of each eligible study. A meta-analysis was also performed comparing the detection rates of ®*Ga-FAPI vs. "*F-FDG
PET/CT using odds ratio (OR) and risk difference as outcome measures. Results. Of the initial 364 relevant papers, 49 eligible
articles (1479 patients) and 55 case reports were enrolled in our systematic review. These studies observed high radiolabeled FAPI
avidity as early as 10 minutes after administration in primary sites of various malignant tumors. Based on the meta-analysis which
was done on the reported detection rates of the ®*Ga-FAPI and '*F-FDG PET/CT scans, the highest OR belonged to the primary
lesion detection rate of gastrointestinal tumors (OR = 32.079, 95% CI: 4.001-257.212; p = 0.001) with low heterogeneity (I* = 0%).
The corresponding value of the nodal metastases belonged to hepatobiliary tumors (OR =11.609, 95% CI: 1.888-71.365; p = 0.008)
with low heterogeneity (I>=0%). For distant metastases, the highest estimated OR belonged to nasopharyngeal carcinomas
(OR =77.451, 95% CI: 7.323-819.201; p < 0.001) with low heterogeneity (I = 0%). Conclusions. The outperformance of ®*Ga-FAPI
PET/CT over '®F-FDG PET/CT in identifying certain primary tumors as well as in detecting their metastatic lesions may open
indications for evaluation of cases with inconclusive '*F-FDG PET/CT findings. What needs to be emphasized is that the false-
positive results might be problematic and must be taken into account in **Ga-FAPI PET/CT interpretation. More clarification on
the role of FAPI radioligands in oncologic imaging, radionuclide therapy, and radiotherapy treatment planning is
therefore required.

1. Introduction deaths in 2020 [1]. This matter of fact has intensified the efforts

of investigators to solve this clinical problem. In this regard, the
Despite the occurrence of major developments in the diagnosis ~ cancer-promoting role of the tumor microenvironment (TME)
and treatment of malignant neoplasms, cancer remains the  is one of the issues that has recently gained scientists™ interest.
second leading cause of death, accounting for nearly 10 million ~ The tumor stroma constitutes a major part of the tumoral lesion
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and has common elements between various types of cancers.
Apart from tumor cells, TME recruits various nonmalignant
cells (comprising immune cells, endothelial cells, epithelial cells,
fibroblasts, and adipocytes), which coordinate with each other
via a complex and dynamic network of different cytokines and
chemokines [2, 3]. Observations indicate that the genetically
stable cells residing in the TME can strongly modulate response
to therapy of the malignant mutant cells and facilitate their
continuous proliferation and invading behaviors [2-7].
Cancer-associated fibroblasts (CAFs) are known as
important drivers of stromal interactions. The CAF’s cancer-
promoting roles have been attributed to their diverse
secretome. These cells can produce a cancer-specific ex-
tracellular matrix (ECM) as well as various soluble factors
such as growth factors, cytokines, and enzymes. This
secretome makes the CAFs capable of remodeling the ECM,
local invasion, distant migration, uninterrupted prolifera-
tion, angiogenesis, tumor stiffness, and modulating the
immune response and tumor response to therapy [4-7].
Targeting CAFs is an attractive purpose for functional
imaging. Besides, altering their numbers or functionality can
be an exciting goal to improve the therapeutic perspective. In
this context, identifying the fibroblast activation protein
(FAP) as a CAF recognizer and designing FAP-specific PET
radiotracers along with FAP-specific therapeutic radio-
ligands are some of the consequences of the efforts made.
In the current study, we reviewed the different clinical
studies using the various FAP and FAP inhibitor (FAPI)-
specific radioligands as novel theranostic agents in a wide
spectrum of oncologic and nononcologic indications.

2. Methods

2.1. Literature Search. A comprehensive systematic search was
conducted on the PubMed and Scopus databases to find rel-
evant published articles concerning the FAP-specific PET im-
aging in patients with oncologic and nononcologic indications.
The search strategy was (“FAP” OR “FAPI” OR “fibroblast
activation protein”) AND (“PET” OR “positron emission to-
mography” OR “SPECT”). The search was not restricted to a
specific date or language and was updated until May 2021.

2.2. Eligibility Criteria. Investigations related to the FAP-
specific PET imaging in patients with oncologic and non-
oncologic indications were considered for inclusion, and
studies in the preclinical phase, review articles, or letters to
editors were excluded. In the first step, title and abstract
screening of the retrieved articles was done. In the next step,
the full-text version assessment of the remaining papers was
done to verify their eligibility for inclusion. The reference
lists of the pertinent articles were also retrieved to identify
any other relevant papers. Articles cited in the included
studies were also checked using Google Scholar.

All studies which compared ®®*Ga-FAPI with '*F-FDG,
regarding detection rates of the primary lesions and nodal
and distant metastases were included in the meta-analysis (if
they provided enough quantitative data).
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2.3. Data Extraction. The enrolled studies were dichoto-
mized in oncologic and nononcologic clusters, and the re-
quired data were extracted by precisely reviewing the whole
text of each eligible study. Eventually, the gathered data were
categorized into three main parts: (i) Basic study charac-
teristics consist of the first author’s name and year of
publication. (ii) Demographic characteristics consist of the
type of cancerous or noncancerous disease and the number
of participants. (iii) Methodological aspects consist of used
radiotracer ligands, radioisotopes, and imaging method.

2.4. Statistical Analysis. Meta-analysis was carried out using
comprehensive meta-analysis software (CMA version 2) in a
random-effects model. The outcome variables were the odds
ratio and risk difference between the detection rate of **Ga-
FAPI and '®F-FDG PET/CT scans [8]. Heterogeneity was
evaluated by Cochrane Q value (p<0.05 was considered
statistically significant) as well as the I* (inconsistency
index).

3. Results

3.1. Systematic Review. In the present systematic review, a
total of 344 relevant records were retrieved from PubMed
and Scopus databases. Besides, twenty additional records
were identified through reference list evaluation and forward
citation analysis using Google Scholar. The adopted strategy
is illustrated in Figure 1 as a PRISMA flow chart [9].
According to the title and abstract screening, 86 irrelevant
articles were excluded. In the next stage, the full-text version
of the remaining studies was assessed thoroughly and 53
studies were also excluded. Ultimately, 49 eligible articles
were included for data extraction. The enrolled studies were
dichotomized into oncologic (41 papers) and nononcologic
(8 papers) categories. Basic study characteristics of eligible
original articles are summarized in Supplementary Table 1,
in two parts: oncologic and nononcologic applications.
Focusing on the presently enrolled studies reveals a variety
of ligands (FAPI-02, FAPI-04, FAPI-05, FAPI-34, FAPI-46,
FAPI-74, and FAPI-2286), chelating agents (DOTA, DATA,
and NOTA), and radioisotopes (%8Ga, '8F, ™ T¢, and 7Lu).
Advantages and disadvantages of various clinically used
FAPI radioligands are tabulated in Supplementary Table 2.
The majority of the published papers were categorized as
case reports. We have summarized 55 case reports in this
review. The case report findings are reported in Supple-
mentary Table 3.

3.2. Meta-Analysis. The meta-analysis was done on the
reported detection rates of the **Ga-FAPI and 'F-FDG
PET/CT scans for different cancer types [10-12], nasopha-
ryngeal carcinomas [13, 14], gastrointestinal tumors [15, 16],
and hepatobiliary tumors [17, 18]. For the primary lesions,
we used patient-based detection rates, and for the nodal and
distant metastases, we used lesion-based detection rates of
either ®*Ga-FAPI or '®F-FDG PET/CT scans. The results are
depicted as forest plots in Figures 2-5.
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FIGURE 1: PRISMA flow chart of the adopted search strategy.

The highest estimated OR between the primary tumor
detection rates of ®*Ga-FAPI and 'F-FDG PET/CT scans
belonged to gastrointestinal tumors (OR =32.079, 95% CI:
4.001-257.212; p=0.001) with low heterogeneity (I*=0%)
(Figure 4). The corresponding value of the nodal metastases
belonged to hepatobiliary tumors (OR=11.609, 95% CI:
1.888-71.365; p=0.008) with low heterogeneity (I*=0%)
(Figure 5). For distant metastases, the highest estimated OR
belonged to nasopharyngeal carcinomas (OR =77.451, 95%
CL: 7.323-819.201; p<0.001) with low heterogeneity
(*=0%) (Figure 3). On the other hand, the calculations
showed high heterogeneity for ORs of different cancer types
in primary tumor detection (I* = 81.882), nodal and distant
metastases (I*=84.537 and I>=75.270, respectively) (Fig-
ure 2), and the nodal metastases of nasopharyngeal carci-
nomas (I*=95.654) (Figure 3).

4, Discussion

4.1. Radioligands. Among the introduced FAP-specific
radioligands, it seems that the ®*Ga-FAPI-46 could be an
optimal agent for diagnostic imaging due to its rapid and

high uptake in malignant lesions as well as low background
retention. On the contrary, '”"Lu-FAPI-2286 has superiority
in therapeutic applications because of its long tumor re-
tention until even 10 days.

4.2. Oncologic Applications. Targeting fibroblast activation
protein is a new diagnostic approach to visualize the stroma
of malignant tumors. It seems that radiolabeled FAPI is a
promising theranostic agent for oncologic purposes, as it
may help to identify new lesions or clarify inconclusive
findings obtained by other imaging modalities and may
provide a new therapeutic modality. In this context, some
malignant tumors exhibit stronger enhancement that is
illustrated by patients harboring head and neck cancer,
nasopharyngeal carcinoma, non-small-cell lung cancer,
hepatocellular carcinoma, cholangiocarcinoma, pancreatic
cancer, esophageal cancer, gastric cancer, duodenal cancer,
colorectal cancer, anal cancer, breast cancer, cervical
cancer, ovarian cancer, some types of lymphoma, and
sarcoma [10, 11, 15, 18-30]. Apart from high radiotracer
uptake in a tumor lesion, the unique feature of the FAPI
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Study name subgroup within study Statistics for each study Odds ratio and 95% CI Statistics for each study Risk difference and 95% Cl
Odds  Lower  Upper Risk  Lower  Upper
ratio  limit  limit  z-Value p-Value difference  limit  limit  p-Value
Ballal2020  Differentcancers  Primarytumor ~ 1/000  0/449  2/226  0/000  1/000 0/000  -0/178 01178 1/000
Chen2020  Different cancers  Primarytumor  24/897  3/238  191/414  3/089  0/002 0234 0/134  0/333  0/000 E 3
7hao2020  Different cancers  Primary tumor  5/081  1/535  16/811  2/662  0/008 0/239  0/081  0/397  0/003 -
4122 0746 22764 1/624  0/104 0170 0033 0/307  0/015 S
0/01 o1 10 100 -1/00 -0/50 0/00 0/50 1/100
Heterogeneity Heterogeneity
2 ) 2
Q-Value df(Q) p-Value I Q-Value df(Q) p-Value I
Favours FDG Favours FAPI Favours FDG Favours FAPI
11/039 2 0/004 81/882 5/497 2 0/004 63/614
Study name subgroup within study Comparison Statistics for each study Odds ratio and 95% CI Statistics for each study Risk difference and 95% Cl

Odds  Lower  Upper
ratio limit  limit  z-Value p-Value

Risk  Lower  Upper
difference  limit  limit  p-Value

Ballal 2020  Different cancers  Lymphnode metastases 0/824  0/348  1/953  -0/439  0/661
Chen 2020  Different cancers Lymphnode metastases 7/600  1/732  33/347  2/688  0/007
2/300  0/262  20/155  0/752  0/452

-0/037  -0/202  0/128  0/660
0/409  0/156  0/662  0/002
0/175  -0/261  0/612  0/431

0/01 0/1 10 100 -1/00 -0/50 0/00 0/50 1/100
Heterogeneity Heterogeneity
B 2
Q-Vale  df(Q) p-Value I Q-Valie  df(Q) p-Value I
Favours FDG Favours FAPI Favours FDG Favours FAPI
6/467 1 0/011 84/537 8/390 1 0/004 88/081
Study name subgroup within study Comparison Statistics for each study Odds ratio and 95% CI Statistics for each study Risk difference and 95% Cl

Odds  Lower  Upper

Risk  Lower  Upper

ratio  limit  limit  z-Value p-Value difference  limit limit  p-Value
Ballal 2020  Different cancers  Distant metastases 166 0/712  1/596  0/309  0/757
Chen 2020  Different cancers  Distant metastases 3/523 1181 10/510  2/258  0/024

1732 0/548  5/473  0/935  0/350

0/014  0/074  0/102  0/757

0/253  0/045  0/441  0/016

0111 -0/111  0/333  0/328
01 1 10

=

oot 100 -1/00 -0/50 0/00 0/50 1/100
Heterogeneity Heterogeneity
B 2
Q-Value df(Q) p-Value I Q-Value df(Q p-Value I
Favours FDG Favours FAPI Favours FDG Favours FAPI
4/044 1 4/044 75/270 41309 1 0/038 76/794

FIGURE 2: OR, risk differences and related heterogeneity indices of detection rates of radiolabeled FAPI guided and "*F-FDG directed PET/CT
scans for different cancers in primary tumor as well as lymph node and distant metastases.

Study name subgroup within study Statistics for each study

Odds  Lower  Upper
ratio  limit  limit  z-Value p-Value

Odds ratio and 95% CI

Statistics for each study Risk difference and 95% C1

Risk  Lower  Upper
difference  limit  limit  p-Value

Zhao 2021  Nasopharengeal tumors ~ Primay tumor  3/078  0/122  77/905  0/682  0/495

Qin2021  Nasopharengeal tumors ~ Primay tumor 1/000  0/019  53/890  0/000  1/000
1/971  0/160  24/261  0/530  0/596

| — 0/026  -0/043  0/094  0/461
0/000  -0/128  0/128  1/000
| — 0/020  -0/040  0/080  0/515

0/01 0/1 10 100 -1/00 -0/50 0/00 0/50 1/100
Heterogeneity Heterogeneity
Q-Value  dQ p-Value r Q-Value Q) p-Value r
Favours FDG Favours FAPI Favours FDG Favours FAPI
0/184 1 0/668 0/000 0/119 1 0/730 71/647
Study name subgroup within study Comparison Statistics for each study Odds ratio and 95% CI Statistics for each study Risk difference and 95% Cl
Odds  Lower Upper Risk  Lower  Upper
ratio limit limit ~ z-Value p-Value difference  limit limit p-Value
Zhao 2021 Nasopharengeal tumors Lymphnode metastases 6/319  2/522  15/834  3/933  0/000 0/198 0/112 0/284 0/000 l
Qin2021 Nasopharengeal tumors Lymphnode metastases 0/005 ~ 0/000  0/076  -3/760  0/000 -0/520  -0/618  -0/442 0/000
0/193  0/000 229/101 -0/455  0/649 -0/160  -0/864 0/544 0/655
0/01 0/1 10 100 ~1/00 -0/50 0/00 0/50 1/100
Heterogeneity Heterogeneity
Q-Vale  dAQ p-Value r Q-Value df(Q) p-Value r
Favours FDG Favours FAPI Favours FDG Favours FAPI
23/010 1 0/000 95/654 115/944 1 0/000 99/138
Study name subgroup within study Comparison Statistics for cach study Odds ratio and 95% CI Statistics for each study Risk difference and 95% Cl
Odds  Lower  Upper Risk  Lower  Upper
ratio limit ~ limit  z-Value p-Value difference  limit limit  p-Value
Zhao 2021 Nasopharengeal tumors Distant metastases 95/769 5/520 1661/661  3/133 0/002 — 0/537 0/382 0/691 0/000
Qin 2021  Nasopharengeal tumors Distant metastases 49/000 0/742  3236/991  1/820 0/069 1/000 0/542 1/458 0/000
77/451 7/323  819/201  3/614 0/000 ~ 0/716 0/274 1/158 0/002
0/01 0/1 10 100
-1/00 -0/50 0/00 0/50 1/100
Heterogeneity Heterogeneity
2 ) 2
Q-Value df(Q) p-Value T Q-Value dfQ) p-Value T
Favours FDG Favours FAPI Favours FDG Favours FAPI
0/067 1 0/796 0/000 3/527 1 0/060 711647

FIGURE 3: OR, risk differences and related heterogeneity indices of detection rates of radiolabeled FAPI guided and '*F-FDG directed PET/CT
scans for nasopharyngeal carcinomas in primary tumor as well as lymph node and distant metastases.

radiotracers is the very low background uptake [22-24, 31].
Indeed, the favorable contrast of a FAPI-specific PET/CT
scan is attributed to low background uptake that resultsin a
superior target-to-nontarget ratio of even more than 6
[17-19, 21, 25, 27, 32]. The rapid radiotracer uptake and
high target-to-background ratio even at 10 min after in-
jection and consequently the possibility of early-time-point

®Ga-FAPI imaging can simplify the clinical workflow,
reduce the radiation burden of the patients, and cause
patient comfort due to shorter waiting and scan time
[11, 20, 33, 34]. Another considerable potential advantage
of these agents is independence to blood sugar level and no
need for dietary preparation [20]. It should be noted that
good patient toleration without any symptoms has been
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Study name subgroup with study

Statistics for each study

Odds ratio and 95% CI

Statistics for each study

Risk difference and 95% Cl

0Odds Lower Upper Risk Lower  Upper
ratio limit limit p-Value difference  limit  limit  p-Value
Qin2021  Gastrointestinal tumors ~ Primay tumor 12/429 0/602 256/663 0/103 0/286 0037  0/535  0/025
Pang2020  Gastrointestinal tumors  Primay tumor 75/057 41269 1319/496 0/003 0/514  0/347  0/682  0/000
32/079 4/001 257212 0/001 0/419 0199 0/640  0/000
0/01 o1 1 10 100 -1/00 -0/50 0/00 0/50 1/100
Heterogeneity Heterogeneity
2 2
Q-Value df(Q) p-Value T Q-Value df(Q) p-Value I
Favours EDG Favours FAPI Favours EDG Favours FAPI
0/715 1 0/398 0/000 2/226 1 0/136 55/081
Study name subgroup with study Statistics for each study 0dds ratio and 95% CI Statistics for each study Risk difference and 95% Cl
Odds Lower  Upper Risk  Lower  Upper
ratio limit limit  p-Value difference  limit  limit  p-Value
Qin2021  Gastrointestinal tumors Lymphnode metastases 3/375 0318 35789 0313 0/105  -0/087  0/298  0/283
Pang 2020 Gastrointestinal tumors Lymphnode metastases 3/178 0/987 10228 0/053 0250 0011 0/489  0/041
3/216 1/128 9/167 0/029 P 0162 0012 0312 0/034
0/01 0/1 1 10 100
/ / -1/00 -0/50 0/00 0/50 1/100
Heterogeneity Heterogeneity
. 2 X 2
Q-Value Q) p-Value T Q-Value df(Q) p-Value T
Favours FDG Favours FAPI Favours FDG Favours FAPI
0/854 1 0/355 0/000 0/002 1 0/964 0/000
Study name subgroup with study Statistics for each study Odds ratio and 95% CI Statistics for each study Risk difference and 95% CI
Odds Lower Upper Risk  Lower  Upper
ratio limit limit p-Value difference  limit  limit  p-Value
Qin2021  Gastrointestinal tumors Distant metastases 17/457 0/921 330/964 0/057 0261 0074  0/448  0/006 »
Pang2020 Gastrointestinal tumors Distant metastases ~ 5/813 1/686 20/044 0/005 0314 0119 0/509  0/002
6/858 2/191 21/466 0/001 0286 0/152  0/421  0/000 <
0/01 0/1 1 10 100
~1/00 -0/50 0/00 0/50 1/100
Heterogeneity Heterogeneity
2 2
Q-Value df(Q) p-Value I Q-Value df(Q) p-Value I
Favours FDG Favours FAPI Favours FDG. Favours FAPI
0/456 1 0/500 0/000 0/150 1 0/698 0/000

FIGURE 4: OR, risk differences and related heterogeneity indices of detection rates of radiolabeled FAPI guided and '*F-FDG directed PET/CT

scans for gastrointestinal carcinomas in primary tumor as well as lymph node and distant metastases.

Study name subgroup within study

Statistics for each study Odds ratio and 95% CI Statistics for each study Risk difference and 95% CI
Odds  Lower  Upper Risk  Lower  Upper
ratio  limit  limit  z-Value p-Value difference  limit ~ limit  p-Value
Guo2020  Hepatic tumors  Primay tumor 11/733 1326 103/795  2/214  0/027 0/304 0093 0/516  0/005
Shi 2020 Hepatic tumors Primay tumor 25/000 1/291 483/989  2/129 0/033 0/412 0/172 0/652 0/001
15/303 2/643 88/593 3/045 0/002 0/351 0/193 0/512 0/000
0/01 o 1 10 100 -1/00 ~0/50 0/00 0/50 1/100
Heterogeneity Heterogeneity
B 2
Q-Value df(Q) p-Value I Q-Value df(Q) p-Value I
Favours FDG Favours FAPI Favours FDG Favours FAPI
0/162 1 0/687 0/000 0/443 1 0/511 0/000
Study name subgroup within study Comparison Statistics for each study Odds ratio and 95% CI Statistics for each study Risk difference and 95% Cl
Odds  Lower Upper Risk  Lower  Upper
ratio  limit  limit  z-Value p-Value difference  limit  limit  p-Value
Guo2020  Hepatictumors ~ HCC 6/818  0/695 66/903 1/648  0/099 0/250  -0/006  0/506  0/056
Shi 2020 Hepatic tumors H 29/000  1/451 579/789 2/203 0/028 0/500 0/231 0/769 0/000
11/609  1/888  71/365 2/646 0/008 0/372 0/127 0/616 0/003
0/01 0/1 1 10 100 -1/00 ~0/50 0/00 0/50 1/100
Heterogeneity Heterogeneity
Q-Value dflQ) p-Value T Q-Value dflQ) p-Value T
Favours FDG Favours FAPI Favours FDG Favours FAPI
0/567 1 0/451 0/000 1/741 1 0/187 42/553
Study name subgroup within study Comparison Statistics for each study Odds ratio and 95% CI Statistics for each study Risk difference and 95% Cl
Odds  Lower  Upper Risk  Lower  Upper
ratio  limit  limit  z-Value p-Value difference  limit  limit  p-Value
Guo 2020 Hepatic tumors 1cc 11/667 0/483 282/045 1/512 0/131 | 0/429 0/456 0/811 0/028
$hi2020  Hepatictumors  ICC 1/000  0/014  73/264  0/000  1/000 0/000  -0/59  0/596  1/000
4878 0/378 62993 1/214  0/225 | 0278 -0123  0/679 0174
0/01 o1 1 10 100
g -1/00 0750 0/00 0/50 1/100
Heterogeneity Heterogeneity
Q-Value di(Q p-Value r Q-Value df(Q) p-Value r
Favours FDG Favours FAPI Favours FDG Favours FAPI
0/811 1 0/368 0/000 1/406 1 0/236 28/853

FIGURE 5: OR, risk differences and related heterogeneity indices of detection rates of radiolabeled FAPI guided and '*F-FDG directed PET/CT
scans for hepatic tumors.

frequently reported for FAPI radiotracers [10, 11, 15,
19-23, 33, 35-38].

The outperformance of **Ga-FAPI over '*F-FDG PET/
CT in identifying primary tumors as well as in detection of
metastatic lesions in either newly diagnosed or previously
treated tumors was reported by several studies [10, 12, 14-16,
18, 19, 21, 29, 39, 40]. It should be mentioned that normal

physiologic glucose metabolism, small tumor size (<1 cm),
and partial volume effect could influence the "*F-FDG PET/
CT performance in visualizing malignant lesions [10]. No-
tably, low background activity and capacity of visualizing
small malignant lesions (<1 cm) could improve the **Ga-
FAPI PET/CT performance [10, 17]. The stroma-specific
PET imaging may be more sensitive than glycolysis-specific



PET imaging in the identification of small lesions with
adequate FAP expression. Hence, these potential benefits
may open indications for ®*Ga-FAPI in evaluating cases with
inconclusive '*F-FDG PET/CT findings and play a com-
plementary role to this traditional oncologic agent in pin-
pointing the early-stage cancers and the primary site in
CUPs [19, 21]. On the contrary, some investigations did not
find superiority in the detection rate of ®*Ga-FAPI PET/CT
scan over '*F-FDG PET/CT scan for either primary lesion or
metastases [11, 13, 20, 32, 41]. It is worth noting that the
FAPI-specific PET/CT imaging in thyroid cancers with a
flip-flop phenomenon on 'F-FDG PET/CT, metastatic
castration-resistant prostate cancers with non-PSMA-avid
metastases in **Ga-PSMA PET/CT, and unknown primary
tumors may be interesting subjects for further investigations.

A newly published meta-analysis reported patient-based
pooled sensitivity and specificity of the ®*Ga-FAPI PET/CT
imaging as follows: 99% (95% CIL: 0.97-1.00, I°=0%;
p=0.75) and 87% (95% CI: 0.62-1.00, I>=0%; p=0.51),
respectively [42]. The calculated pooled sensitivity for pri-
mary tumor detection was 1.00 (95% CI: 0.98-1.00; I* = 0%;
p=0.83) [42]. The corresponding value for identifying
distant metastases using “*Ga-FAPI was 0.93 (95% CI:
0.88-0.97; 1> = 0%; p=0.41) [42]. However, their calculated
lesion-based pooled sensitivity and specificity for nodal
metastases affected by high heterogeneity (I*=88.56 and
?=97.20, respectively) were not reliable [42]. Similarly, in
our meta-analysis, the estimated ORs of different cancers for
primary lesions (I”=81.882) as well as nodal and distant
metastases (I”=84.537 and I*=75.270, respectively) were
biased by high heterogeneity [42]. Ultimately, they believed
%8Ga-FAPI-guided PET could be promising, especially in
malignancies unsuitable for '*F-FDG-directed imaging [42].
This newly published systematic review has several meth-
odological flaws including the following: (1) only a small
number of studies were included, (2) the included studies all
reported mixed population of different cancers, and different
cancers with different clinical behaviors were all pooled
together, and (3) there is no discussion on the potential
pitfalls of FAPI-directed PET.

4.3. Nononcologic Applications. It is quoted that “cancers are
wounds never heal” because the stroma of cancer and wound
share many similarities, for instance, fibroblast activation and
intensive remodeling processes [5]. Activated fibroblasts have
an important contribution in an activated stroma; however, it
remains to be understood how these activated fibroblasts react
to either tumors or wounds and evolve into CAFs or myofi-
broblasts. Therefore, in addition to malignant tumors, CAFs
accompanied with their FAP indicators may be present in
nonmalignant situations that induce fibroblast activation. Thus,
besides the oncologic indications of the FAPI-guided imaging,
some investigators evaluated radiolabeled FAPI avidity in
several nononcologic diseases such as acute or chronic heart
diseases, I[gG4-related diseases, and diseases with predominant
fibrotic activity in different organs [38, 43-48]. It should be
mentioned that the ®*Ga-FAPI uptake in nononcologic indi-
cations did not necessarily correlate with the '*F-FDG signals,
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which suggested fibrosis and inflammation are not essentially
interconnected [38, 46, 48].

In this context, it is demonstrated that focal myocardial
*Ga-FAPI avidity could be correlated with older age, lower
left ventricular ejection fraction, a higher percentage of sig-
nificant coronary artery diseases, hypertension, and medi-
cation with aspirin or statins [45, 47]. On the contrary,
participants without localized uptake showed neither history
of coronary artery diseases nor myocardial infarction [45].
Moreover, this imaging modality could allow the identifica-
tion of local myocardial remodeling due to immune check-
point-associated myocarditis [44]. In IgG4-related diseases,
**Ga-FAPI-04 avidity is not correlated to '*F-FDG, suggesting
that mesenchymal cell activation is not associated with the
hypermetabolic activity of infiltrating immune cells [38, 46].
Lesions could be “silent” on "*F-FDG despite “bright” in **Ga-
FAPI-04 PET/CT imaging [46]. Therefore, discrimination of
inflammatory activities from profibrotic activities is feasible in
IgG4-related disease using these two PET tracers [46]. Fibrotic
activity in the format of renal fibrosis depicted increased **Ga-
FAPI-04 uptake, as well [43]. Furthermore, ®*Ga-FAPI-04
uptake of fibrotic activity in the form of retroperitoneal fi-
brosis, cirrhotic livers, fibrous dysplasia, myelofibrosis, elas-
tofibroma dorsi, and solitary fibrous tumor was reported
[15, 49-52]. Indeed, FAP-specific PET/CT could be used to
detect the fibrotic activity noninvasively and potentially
earlier than anatomical imaging techniques in different or-
gans. By the way, the recently published systematic review on
nonmalignant indications of FAP-specific PET/CT scan stated
further investigations are warranted to clarifying the role of
FAP-specific imaging in nononcologic applications especially
in cardiology and immunology/rheumatology imaging [53].

4.4. Potential Pitfalls. Since the pitfalls and incidental up-
takes in FAPI-guided PET/CT have revealed high diversity,
it is difficult to categorize them into certain groups. Anyway,
the mentioned pitfalls can be classified as follows: (i) acti-
vated fibrotic reactions, including fibrotic phase of IgG4-
related diseases, MI, posttherapeutic scars, etc. [15, 49-52];
(ii) acute or chronic inflammatory processes including
pancreatitis, bone fractures, tuberculosis, cirrhosis, etc.
[15, 17, 18, 21, 25, 31, 54-63]; (iii) benign tumors including
hemangioma, angiomyolipoma, thyroid adenoma, elastofi-
broma dorsi, etc. [17, 51, 64, 65]. Pitfalls related to the breast
and uterus normal tissues were attributed to hormonal
changes or physiologic uptake, postpartum changes, mas-
titis, and localized benign lymphoid tissue [30, 31, 66-69].
The potential pitfalls might be problematic in reading **Ga-
FAPI PET/CT images and must be taken into consideration
during the scan interpretation [21]. In these conditions,
careful attention to morphological characteristics in CT
scans or MRI and clinical data may help differentiate be-
tween false positives and true malignancies [17].

4.5. Therapeutic Applications. In line with published re-
sults, high FAPI avidity, low background activity, en-
couraging contrast, prolonged tumor retention, and
chelators capable of linking with a therapeutic
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radionuclide could be considered as favorable properties
for potential therapeutic applications [20, 33, 70-73].
However, further investigations and prospective clinical
studies are required to optimize therapeutic efficacy. On
the other hand, FAP-specific PET imaging represented
promising results for GTV contouring in head and neck
cancer, nasopharyngeal carcinoma, adenoid cystic carci-
noma, glioblastoma, and  esophageal  cancer
[13, 22, 24, 35, 40, 74]. Regarding pancreatic cancer and
lung cancer, there was a controversy and no preference
was found compared to conventional methods [37, 75].
For more clarification of the competence of FAP-specific
imaging in radiotherapy planning, further research
studies are warranted, as was stated by another published
systematic review in this field [76].

5. Conclusion

The FAP-specific radiotracers are not a perfect pan-tumor
agent, but some of the properties that make them unique are
their high avidity to a wide range of malignant tumors, low
background activity, and favorable image contrast.

Apart from FAPI imaging in the IgG4-related disease
with encouraging results, other nononcologic purposes are
still premature to draw any conclusion. The outperformance
of ®*Ga-FAPI PET/CT in the detection of primary tumors
and nodal or distant metastatic lesions (especially in na-
sopharyngeal, hepatic, and gastrointestinal malignancies)
opens indications for ®*Ga-FAPI to have a complementary
role in '"*F-FDG PET/CT imaging.

What needs to be emphasized is that the potential
pitfalls might be problematic and must be taken into
consideration in °®*Ga-FAPI PET/CT interpretation.
Eventually, further investigations on diagnostic FAPI
radiotracers, potential pitfalls, FAPI-targeted radionu-
clide therapy, and radiotherapy treatment planning are
required.
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