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Abstract

Background Advancements in novel peptides significantly affect cancer diagnosis by targeting cancer-specific
markers, thereby improving imaging modalities, such as positron emission tomography combined with computed
tomography (PET/CT) for more accurate tumor detection. This systematic review and meta-analysis aimed to assess
the diagnostic accuracy of [18F] Fluorodeoxyglucose (FDG) and ®®Ga-fibroblast activation protein inhibitor (FAPI- 46)
PET/CT for early cancer detection.

Methods A comprehensive search was conducted in Scopus, MEDLINE, Web of Science, and Embase databases

up to March 28, 2024, using MeSH keywords. Titles and abstracts were screened to identify studies on hybrid [68Ga]
FAPI- 46 and [18F] FDG, followed by a detailed full-text evaluation. Only cohort or cross-sectional studies published

in English, focusing on the clinical diagnosis of cancer patients, were included, while reviews, case reports, confer-
ence proceedings, and abstracts were excluded. Random-effects meta-analysis was used for the estimation of pooled
specificity and sensitivity with 95% confidence intervals (Cls). In addition, the heterogeneity was assessed across stud-
ies and subgroup meta-analyses for the detection rate via Stata.

Results Among the 615 retrieved studies, nine articles were incorporated in the present systematic review, with five
(n= 144 patients) eligible for meta-analysis. For [68Ga] FAPI- 46, the pooled sensitivity and specificity compared

with immunohistopathology were 0.96 (95% Cl 0.84, 0.99) and 0.92 (95% Cl 0.53, 0.99), respectively, with a positive
likelihood ratio (LR +) of 4.41 (95% Cl 1.64, 11.79) and a negative likelihood ratio (LR —) of 3.07 (95% CI 1.01,9.37).

For [18F] FDG, pooled sensitivity and specificity compared with immunohistopathology were 0.73 (95% Cl 0.34, 0.93)
and 0.83 (95% C1 0.57,0.95), with an LR +of 12.73 (95% Cl 1.43,113.45) and an LR —of 0.32 (95% C1 0.11,0.17). The
pooled odds ratio for the detection rate on a per-lesion basis was 1.73 (95% C1 0.99, 3.02) for [68Ga] FAPI- 46 compared
with [18F] FDG. The pooled weighted mean differences in the standardized uptake value (SUV,,.,) for primary tumor
uptake and the tumor-to-background ratio (TBR) in [68Ga] FAPI- 46 vs. 18F-FDG were 4.40 (95% Cl —0.7,9.5) and 6.18
(95% Cl 1.74, 10.61), respectively. Moderate to high heterogeneity was noted because of the variations in patient
selection, interpretation criteria, and scanning procedures.

Conclusions This study revealed that [68Ga] FAPI- 46 outperforms [18F] FDG in cancer diagnosis, with higher
sensitivity (0.96 vs. 0.73) and specificity (0.92 vs. 0.83). [Ga] FAPI- 46 improved tumor detection with higher SUVmax
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and TBR. While FDG had a higher LR +, its lower LR —highlighted more false negatives. Accordingly, [68Ga] FAPI- 46
exhibited superior accuracy and reliability than FDG in cancer diagnosis.
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Background

Cancers, as a leading cause of death worldwide, have
caused extensive research efforts to develop early and
accurate diagnostic techniques. Precise diagnosis and
staging are essential keys for effective disease manage-
ment, which typically utilize computed tomography
(CT) [1-3], magnetic resonance imaging (MRI) [4, 5], or
nuclear medicine imaging, like positron emission tomog-
raphy (PET) [6—8] using different radiopharmaceuticals,
such as fluorine- 18 (18F)-labeled fluorodeoxyglucose
(FDG) [9-12]. The development of PET scans has sig-
nificantly advanced cancer diagnosis due to focusing on
cellular metabolism [13-16]. Cancer cells characterized

by increased glucose metabolism, exhibit higher uptake
of [18F] FDG compared to non-cancer cells. This
enhanced uptake facilitates the detection and visualiza-
tion of tumors through PET imaging, providing valuable
diagnostic insights [17-20]. Accordingly, [18F] FDG is
widely recognized as a key radiotracer in cancer imag-
ing, aiding in the identification and staging of various
malignancies [21-24]. The whole-body [18F] FDG-PET/
CT imaging also highlights metabolic differences in lung
cancer patients, distinguishing those with and without
cancer-associated cachexia and revealing systemic meta-
bolic alterations in cachectic individuals [19, 25]. Moreo-
ver, the effectiveness of [18F] FDG PET/CT in detecting
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unknown primary cancers is influenced by the distribu-
tion of metastatic sites [26, 27]. Various FDG-PET/CT
parameters have demonstrated its potential as prognostic
indicators of treatment outcomes in patients with oro-
pharyngeal squamous cell carcinoma [28, 29]. On the
other hand, [18F] FDG PET/CT has some drawbacks,
such as false positives, which are caused by inflamma-
tion, and limited sensitivity in detecting tumors with
low glycolytic activity. Additionally, the presence of high
physiological uptake can obscure the visibility of lesions
[30-32].

The above limitations of [18F] FDG have led to the
exploration of more effective pharmaceutical-based
imaging agents. Among these, [68Ga] fibroblast activa-
tion protein inhibitor- 46 ([68Ga] FAPI- 46) has signifi-
cantly attracted attention due to its enhanced targeting
capabilities as [68Ga] FAPI- 46 has the ability to signifi-
cantly increase the accuracy of initial cancer staging and
the detection of biochemical recurrence [8, 33]. [68Ga]
FAPI- 46 binds to fibroblast activation protein (FAP),
which is overexpressed in the stromal components of
over 90% of epithelial carcinomas. It has emerged as a
valuable tracer in oncology in order to improve diagnos-
tic accuracy and treatment outcomes [34—36]. FAPs are
highly expressed by cancer-associated fibroblasts in dif-
ferent cancer types, while their expression remains rela-
tively low in normal tissues. The application of [68Ga]
FAPI- 46 in diagnostic imaging, via PET/CT scans,
enhances tumor detection [37-39]. Additionally, [68Ga]
FAPI PET/CT exhibits greater sensitivity than [18F] FDG
PET/CT across different cancers [40-44]. FAPI PET
is also able to accurately delineate head and neck squa-
mous cell carcinoma (HNSCC) for radiotherapy planning
[45-47], leading to high detection rates across numerous
solid tumors, including lung, head and neck, urogenital,
gastric, colorectal, and pancreatic cancers [45, 48—51].
Furthermore, [68Ga] FAPI- 46 PET/CT detects more pri-
mary lesions, local recurrences, distant metastases, and
nodal metastases than [18F] FDG PET/CT [52-54].

These findings suggest that FAPI- 46 may enhance
cancer diagnosis and facilitate personalized treatment
planning. Modern diagnostic techniques are strongly
dependent on advanced imaging modalities, such as
PET/CT and PET/MR]I, due to the availability of detailed
anatomical and functional information [55-57]. As a
result, FAPI is cancer specific, leading to improved diag-
nostic accuracy and applicability across a wider range of
cancers [58—60].

Gao C et al. conducted a meta-analysis to compare
[68Ga] FAPI with [18F] FDG PET/CT on gastric malig-
nancy and presented that [68Ga] FAPI was significantly
more sensitive than [18F] FDG in evaluating primary
tumors, distant metastases, and lymph nodes. However,
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no significant difference was observed in the lymph
node metastasis specificity [61]. Liu X et al. conducted a
study comparing [68Ga] FAPI with [18F] FDG PET/CT
and revealed that FAPI had a significantly higher detec-
tion rate for primary tumors compared to FDG [62]. The
meta-analysis by Gege Z et al., showed that [68Ga] FAPI
had superior sensitivity in detecting peritoneal metasta-
sis (PM) compared to those of [18F] FDG PET/CT [63].
Although some systematic and meta-analytical studies
have compared [68Ga] FAPI with [18F] FDG for diagnos-
ing specific cancers, such as colorectal cancer, primary
digestive system cancers, lung cancer, and pelvic cancers,
a comprehensive analysis across all cancer types has yet
remained lacking. Notably, no systematic or meta-analyt-
ical study has yet focused on comparing [68Ga] FAPI- 46
with [18F] FDG across all cancer types [62, 64—68].

This study hypothesizes that [68Ga] FAPI- 46 will out-
perform [18F] FDG in diagnostic sensitivity and speci-
ficity for early cancer detection using PET/CT. This
hypothesis is based on the premise that [68Ga] FAPI-
46, due to its higher specificity for tumor-associated
fibroblasts, will provide superior tumor visualization
and more accurate identification of cancerous lesions,
particularly in malignancies with limited [18F] FDG
uptake. Additionally, we aim to analyze biodistribution
metrics, such as SUV and TBR, to determine whether
[68Ga] FAPI- 46 offers improved differentiation between
malignant and healthy tissues. Lastly, this study seeks
to evaluate various diagnostic factors, including patient
characteristics, injected doses, and imaging time points,
to provide comprehensive insights into the effectiveness
of these radiotracers.

Methods

Protocol and registration

This systematic review and meta-analysis was designed
based on the Preferred Reporting Items for System-
atic Reviews and Meta-Analyses (PRISMA) guide-
lines [69] and also registered in the International
Prospective Register of Systematic Reviews (PROSPERO)
(CRD42023472270) [17]. Further, the ethical approval
and informed consent were not applicable and usable for
the current article.

Search strategy

A comprehensive search was performed across the Sco-
pus, MEDLINE, Web of Science (WOS), and Embase
databases up to March 28, 2024. The search incorpo-
rated terms “FAPI- 46” or “FAPI46” or “FDG” or “18F”
or “68Ga” or “Ga68” AND “Cancer” or “Neoplasm”
AND “PET/CT” developed using Boolean operators
and relevant keywords from the MeSH databases. An
example of search strategy in the MEDLINE was as
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follows: (FAPI- 46]) OR FAPI46 [Title/Abstract]) OR
FDG [MeSH Terms]) OR 18F [MeSH Terms]) OR 68Ga
[MeSH Terms]) OR Ga68 [Title/Abstract]) AND (PET/
CT [MeSH Terms]) AND Cancer [Title/Abstract]) OR
(Neoplasm [MeSH Terms]), for more information, you
can check the supplementary (Supplementary file 1:
Table S1). For more information, please see the Supple-
mentary file 1: Table S1. Additionally, references from
pertinent studies were manually checked to ensure com-
prehensive coverage. After removing duplicates, two
independent reviewers (SA and MS) screened the titles
and abstracts. Inter-rater reliability for screening stud-
ies between two reviewers was calculated using Cohen’s
kappa to be 0.87, which is interpreted as almost perfect
agreement. Discrepancies were also resolved with a third
reviewer, who serves as a mediator.

Inclusion criteria were as follows: (1) studies had to be
either cohort (retrospective or prospective) or cross-sec-
tional in design, (2) patients diagnosed with cancer using
[68Ga] FAPI- 46 and [18F] FDG, based on established
guidelines or an oncologist’s diagnosis, (3) studies were
published in English, and (4) studies had clinical, diag-
nostic, or targeting specialized insights. The studies were
included if sensitivity or specificity, or both were elabo-
rately reported. Reviews, letters, case reports, systematic
reviews, book chapters, conference papers, and studies
that did not focus on both [68Ga] FAPI- 46 and [18F]
EDG or failed to specify the FAPI type were excluded
from the review.

The information from each article was extracted in two
parts: general information (the first author’s name, pub-
lication year, country, age, gender, and study population)
and specific details (patient recruitment guidelines, sam-
ple sources, area under the curve [AUC], true positives
[TP], true negatives [TN], false positives [FP], false nega-
tives [FN], sensitivity, and specificity). Two reviewers (SA
and MS) independently extracted data from each study.
Following this, two authors reviewed and discussed the
articles to ensure the accuracy of the extracted informa-
tion. In the final stage, the selected articles were sum-
marized, and the data were compiled. All disagreements
between the two reviewers were addressed to reach a
consensus.

Quality assessment

The Quality Assessment of Diagnostic Accuracy Stud-
ies (QUADAS) tool can assess the quality, reliability,
and validity of diagnostic accuracy studies, helping
researchers and clinicians evaluate the trustworthiness
of study findings for future research or clinical prac-
tice, respectively. In the current study, two independent
reviewers (MS and MD) assessed the risk of bias and
applicability concerns using QUADAS- 2, in accordance
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with the Cochrane Collaboration guidelines, to ensure
the methodological quality of the included studies [70].

Each study was evaluated for the patient selection,
performance of the index test as well as the reference
test, and timing and flow with criteria rated as “yes,
“no,” or “unclear,; based on whether the requirement
was met, unmet, or not explicitly addressed. Stud-
ies were further categorized as having “low;,” “high,” or
“unclear” for risk of bias and for concerns regarding
applicability.

Statistical analysis

Statistical analyses were conducted using RevMan 5.3
(Cochrane, USA) and Stata version 17.0 (Stata Corp.,
College Station, TX, USA). The pooled sensitivity and
specificity of [68Ga] FAPI and [18F] FDG PET/CT were
calculated and compared, with 95% confidence inter-
vals (CI) by random-effects meta-analysis and with
forest plots for visual inspection. These measures were
quantitatively combined for the generation of a sum-
mary receiver operating characteristic (SROC) curve
with 95% confidence and prediction regions. Also, the
positive likelihood ratio (LR +; the probability that
a person with the cancer tested positive/probabil-
ity that a person without cancer tested positive) and
negative likelihood ratio (LR —; the probability that a
person with cancer tested negative/probability that
a person without cancer tested negative) were calcu-
lated to assess the diagnostic test. Heterogeneity, which
is related to diagnostic performance variability, like
LR +and LR —across different studies, was evaluated
using the Q test and I statistics (I°= 0% indicates no
observed heterogeneity and /2> 50% indicates substan-
tial heterogeneity) [71, 72]. Meta-regression and sub-
group meta-analyses were not performed, and it was
not possible to assess the source of observed hetero-
geneity across studies because small numbers of stud-
ies were included in each meta-analysis, which reduces
the power of the meta-analyses models of diagnostic
performance. Subgroup meta-analysis was performed
using pooled odds ratio for detection rate/detection
efficacy on a per-legion basis in [68Ga] FAPI- 46 versus
[18F] FDG PET/CT. Meta-analyses of weighted mean
difference were also carried out for standardized uptake
value (SUV_,,) and standardized tumor-to-background
ratio for primary tumor uptake and metastasis uptake.
The assessment of publication bias was not conducted
due to the limited number of studies included in the
analysis. Sensitivity analyses were carried out to iden-
tify any individual study that might significantly influ-
ence heterogeneity and to evaluate the robustness of
the findings.
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Fig. 1 PRISMA flowchart for selection of studies

Results

Literature search

Figure 1 illustrates the study selection process based
on the PRISMA flow diagram. A comprehensive and
in-depth search was performed in four major data-
bases, MEDLINE (n= 107), Scopus (n= 117), Web
of Science (n= 150), and EMBASE (n= 241), up to
March 28, 2024, resulting in 615 studies. After remov-
ing duplicates, 240 unique articles remained for title
and abstract screening. At this stage, 231 articles were
excluded, including irrelevant studies, reviews, book
chapters, and conference abstracts. The full texts of the
remaining 9 articles [73-81] (197 patients) were then
evaluated for eligibility and deemed eligible for qualita-
tive analysis (systematic review). However, four of the
studies were not included into the meta-analysis due to
insufficient data. Ultimately, five studies, encompass-
ing 144 patients diagnosed using both [68Ga] FAPI- 46
PET/CT and [18F] FDG PET/CT, were included in the
meta-analysis. The patients’ mean age ranged from 48.1
to 72.5 years. The primary objective of these studies
was to compare the diagnostic performance of [68Ga]

FAPI- 46 and [18F] FDG via PET/CT scans for early
cancer detection.

Studies and patients’ characteristics

The main characteristics were extracted through a review
of the published included articles (Table 1). Figure 2A
shows that the nine studies included in this review were
conducted across various countries, with the majority
(55.5%) in Germany. The remaining studies were con-
ducted in Thailand (22.2%), Korea (11.1%), and China
(11.1%). Figure 2B illustrates that, of the nine studies,
44.4% were published in “The Journal of Nuclear Medi-
cine’; 22.2% in “Molecular Imaging and Biology’, 11.1%
in “Research Square Journal’, 11.1% in “Clinical Nuclear
Medicine’, 11.1% in “European Journal of Nuclear Medi-
cine and Molecular Imaging’, and 11.1% in “Asia Ocean
Journal of Nuclear Medicine and Biology” Thus, Ger-
many and “The Journal of Nuclear Medicine” were the
most prominent contributors to the included studies. The
systematic review consisted of three prospective studies,
five retrospective studies, and one single-center explora-
tory comparative imaging study.
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Technical aspects

The technical aspects of [18F] FDG-PET/CT and [68Ga]
FAPI- 46 PET/CT from the nine studies are also summa-
rized in Table 1. The administered activity of [18F] FDG
varied considerably, ranging from approximately 180 to
320 MBgq, while the activity of [68Ga] FAPI- 46 ranged
from 80 to 190 MBq. Imaging acquisition times for both
tracers were between 10 and 90 min. Most scans concen-
trated on head and neck cancers; however, other types,
including breast, liver, cervical, and lung cancers, were
also investigated. The sample sizes of the selected studies
varied (6 to 43.) In the detailed assessment of these nine
articles to compare the two scanning methods, histo-
pathological diagnosis was considered the gold standard.

= JNM

= MIB = Clinical Nuclear Medicine = EJNMMI

* Research Square Journal

Methodological quality of the included studies

Table 2 presents the QUADAS- 2 assessment for all
9 included studies. In the patient selection domain,
44% (4/9) of studies revealed a high risk of bias, due to
study design limitations, such as the lack of consecutive
or random sampling. Also, the flow and timing domain
presented a high risk of bias in 44% of studies, due to
incomplete information or results. However, 77% (7/9)
of the studies were classified because of a low risk of
bias, as [68Ga] FAPI- 46 or [18F] FDG interpretations
were blinded to the reference standard (immunohisto-
pathology), or pre-established cutoft values were used
to categorize results as positive, negative, or indeter-
minate. Regarding applicability concerns, the majority

Table 2 Quality assessment of included studies using QUADAS- 2 tool [ 73-821]
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of studies (88%, 8/9) were rated with low concerns for
patient selection, index test performance, and reference
test performance, with no significant issues identified. In
summary, regarding the overall judgment, 8 studies (88%)
were judged as “at risk of bias” and one study was rated
“unclear risk of bias” Also, only two studies were judges
as having “concerns regarding applicability” while seven
studies (77%) were considered as “low concern regarding
applicability” (Fig. 3).

Main findings of qualitative synthesis

This systematic review aimed to compare the diagnos-
tic accuracy of [18F] FDG PET/CT and [68Ga] FAPI- 46
PET/CT based on histopathological findings. The [68Ga]
FAPI- 46 has recently emerged as a promising alternative
to [18F] FDG, particularly for tumors with high fibroblast
content or low metabolic activity [64, 82, 83]. However,
[18F] FDG remains effective for cancers with high glu-
cose metabolism, its diagnostic utility is limited by non-
specific uptake in normal tissues and inflammatory sites.

According to the findings, only two studies (22.2%)
assessed tumor stage and grade. Additionally, cancer
characteristics, such as a primary tumor or metastatic
status, were reported in 33.33% [74, 77, 79] of the stud-
ies reviewed. The conclusions of the included studies are
reported in Table 3.

Our systematic review provides compelling evidence
that [68Ga] FAPI- 46 PET/CT demonstrates superior
diagnostic accuracy compared to [18F] FDG PET/CT
across several malignancies, including sarcoma, breast
cancer, cholangiocarcinoma, HNSCC, and non-small cell
lung cancer (NSCLC). The utilization of [68Ga] FAPI- 46
is associated with enhanced sensitivity and specificity
in the detection of both primary and metastatic lesions.
Notably, the uptake of [68Ga] FAPI- 46 is particularly

0% 20% 40% 60% 80% 100%

ELow ®High Unclear
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pronounced in tumors characterized by high expression
of FAP within the tumor stroma, such as grade 3 cholan-
giocarcinoma. In general, the results present that [68Ga]
FAPI- 46 PET/CT, as a promising imaging modality, can
improve diagnostic precision in different cancers.

Quantitative synthesis (meta-analysis)

The included studies for the quantitative analysis

The five studies included in the meta-analysis [73, 74,
76, 80, 81] evaluated the diagnostic performance of both
[68Ga] FAPI- 46 PET/CT and [18F] FDG-PET/CT for
cancer detection. These studies provided TP, TN, FP, and
EN, which were used to calculate sensitivity and specific-
ity, key metrics for assessing diagnostic accuracy. Addi-
tionally, the studies that reported detection rates and
dose biodistribution were further analyzed, and a meta-
analysis was conducted for these specific parameters
(Table 4).

Meta-analysis of [68Ga] FAPI- 46 for cancer diagnosis

Five studies [73, 74, 76, 80, 81] assessed the diagnostic
accuracy of [68Ga] FAPI- 46 and [18F] FDG PET/CT in
cancer detection. Figure 4 presents a forest plot display-
ing the sensitivity and specificity of the [68Ga] FAPI- 46
studies. The pooled sensitivity was 0.97 (95% CI 0.84—
0.99), with the lowest sensitivity at 0.75 (95% CI 0.19—
0.99) and the highest, observed in two studies, reaching
1.00 (95% CI 0.79-1.00 and 0.82-1.00). The pooled speci-
ficity was 0.92 (95% CI 0.53-0.99), with the lowest speci-
ficity at 0.50 (95% CI 0.01-0.99) and the highest, reported
in three studies, at 1.00 (95% CI 0.29-1.00, 0.77-1.00, and
0.03-1.00). Figure 5 also depicts the summary receiver
operating characteristic (SROC) curve for [68Ga] FAPI-
46, with a curve approaching the upper left corner, indi-
cating a larger area under the curve and, consequently,

Flow and Timing
Reference standar

Index Text

Patient Selection

0% 20% 40% 60% 80% 100%

ELow mHigh Unclear

Fig. 3 Summary results of the QUADAS- 2 tool. The proportion of studies with low, high, and unclear concerns. The Proportion of studies with low,

high, and unclear risk regarding applicability of bias
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Table 4 The findings of the included studies in meta-analysis
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Ref Cancertype Patient No  Key points

[73]  Bone/soft-tissue sarcomas 57

Assessing 68Ga-FAPI uptake and FAP expression, detection rate, PPV, and inter-reader reproducibility

[74]  Head and Neck 40 Assessing diagnostic accuracy, standard uptake values (SUVmax, SUVmean), and tumor-to-back-
ground ratio (TBR) comparison

[76]  Liver 27 Comparing all diagnostic imaging techniques

[80]  Cervical 7 Investigating nodal staging, and comparing PET imaging findings with histopathology

[81]  Lung 23 Assessing diagnostic accuracy of 68Ga-FAPI- 46 for nodes, visual as well as quantitative analysis
Study, year Sensitivity (95% Cl) Specificity (95% ClI)
Wegen S, 2023 - 0.75(0.19,0.99) ~—————=1.00(0.29, 1.00)
Promteangtrong C,2022 —" 1.00 (0.79, 1.06j 0.50 (0.01, 0.99)

Siripongsatian D, 2022

Kang YK, 2024 :

KesslerL, 2021

Overall

0 1

—++1.00 (0.82, 1.00)

—= 0.96 (0.82, 1.00}

<> 0.97 (0.84, 0.99)

i
'
'
'
|
|
|
|
|
|
T

——————— 0.75(0.35,0.97)

————=— 0.89(0.52, 1.00) —— 1.00 (0.77, 1.00)

— 1,00 (0.03, 1.00)

<> 0.92 (0.53, 0.99)

0 1

Fig. 4 Forest plots of the sensitivity and specificity of %8Ga-FAPI- 46 PET/CT as a diagnostic tool

higher diagnostic precision. Based on the results, [68Ga]
FAPI- 46 demonstrated low false negative and false posi-
tive rates, supporting its high diagnostic accuracy.

Meta-analysis of [18F] FDG PET/CT for cancer diagnosis
Figure 6 presents a forest plot summarizing the sensitivity
and specificity of the included studies. The pooled sensi-
tivity was 0.73 (95% CI 0.34 to 0.93), with individual sen-
sitivities ranging from a low of 0.33 (95% CI 0.01 to 0.91)
to a high of 1.00 (95% CI: 0.79 to 1.00). The overall speci-
ficity was 0.83 (95% CI 0.57 to 0.95), with values spanning
from 0.50 (95% CI 0.01 to 0.99) to a maximum of 0.93
(95% CI 0.66 to 1.00). Figure 7 shows the SROC curve for
[18F] FDG PET/CT. The curve, positioned further from
the upper left corner, suggests a smaller area under the
curve compared to [68Ga] FAPI, reflecting lower diag-
nostic accuracy for [18F] FDG PET/CT (Fig. 7). Table 5
presents the results of the meta-analysis comparing the
two tracers, [68Ga] FAPI- 46 and [18F] FDG.
Additionally, a region-based meta-analysis was con-
ducted to assess the diagnostic performance of [68Ga]

FAPI- 46 PET/CT (Fig. 8), with a 95% CI to quantify the
reliability of the findings. This analysis caused the tracer’s
efficacy to be evaluated in specific anatomical regions,
such as the head and neck, and the liver, enhancing
the detection of malignancies across various sites. The
pooled sensitivity was 0.94 (95% CI 0.82, 0.98), and the
specificity was 0.89 (95% CI 0.79, 0.95). Furthermore, the
SROC curve reinforces the high diagnostic accuracy of
[68Ga] FAPI- 46 PET/CT, particularly in identifying pri-
mary and metastatic cancer lesions.

Detection rate/detection efficacy

In this meta-analysis, the detection rates and efficiencies
were assessed in three groups: primary tumors, lymph
nodes, and distant metastasis. Primary tumors: the odds
ratio (OR) was 1.73 (95% CI: 0.99, 3.02), indicating a
potential advantage in detection rates with the hetero-
geneity analysis: I>= 84.86%, and P< 0.001, showing sig-
nificant variability among studies. For lymph nodes: the
OR was 1.28 (95% CI 0.86, 1.91), representing a moderate
enhancement in detection rates, and the heterogeneity
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Study, year

Kang YK, 2024 —

Wegen S, 2023

Promteangtrong C,2022

Sensitivity (95% Cl)

0.56 (0.21, 0.86)

0.33(0.01, 0.91)

——1.00(0.79, 1.06)

Specificity (95% ClI)

—— 0.93(0.66, 1.00)

————————— 0.75(0.19, 0.99)

— 0.50(0.01,0.99)

siripongsatian D, 2022 ——— 0.58 (0.33, 0.80) ——— 0.88(0.47, 1.00)
Overall <> 0.73(0.34, 0.93) <> 0.83 (0.57, 0.95)
l E I l E I
0 1 0 1

Fig. 6 Forest plots of the sensitivity and specificity of 'F-FDG PET/CT as a diagnostic tool

investigation indicated I*= 57.44%, and P= 0.13, indi-
cating moderate variability (Fig. 9). Finally, in distant
metastases: the OR was 1.09 (95% CI 0.96, 1.24), showing

a minimal increase in detection efficiency with the het-
erogeneity measures: I>= 0.00%, and P= 0.34, resulting
in low variability among studies. Sensitivity analysis for
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Table 5 Meta-analysis of diagnostic accuracy

[°8Ga] FAPI- 46 PET/CT

[18F] FDG PET/CT

Summary Coef SE 95% ClI Coef SE 95% Cl
Sensitivity 0.96 0.28 0.84,0.99 0.73 0.16 0.34,0.93
Specificity 0.92 0.08 0.53,0.99 0.83 0.09 0.57,0.95
Likelihood ratio (+) 12.73 14.21 1.43,11345 441 2.21 1.64,11.79
Likelihood ratio () 032 0.008 0.11,017 032 0.18 0.11,0.99
1/likelihood ratio (=) 26.74 21.40 557,128.34 3.07 1.75 1.01,9.37

detection rate of primary tumors indicated that the meta-
analysis findings were robust (summary ORs, 1.24-2.16).
The Pooled odds ratio for the detection rate across all
lesions was almost consistent and was not varying for dif-
ferent tumor types. This indicates that the detection effi-
cacy of FAPI- 46 PET/CT was greater than that of FDG
PET/CT across all types of lesions, although this differ-
ence was not statistically significant.

Dose distribution
The meta-analysis results show that the comparison of
primary tumor uptake between [68Ga] FAPI- 46 PET/CT

and [18F] FDG PET/CT yielded a weighted mean differ-
ence (WMD) of 4.40 (95% CI —0.70, 9.50), with substan-
tial heterogeneity (7%= 33.08, I*= 89.99%). While [68Ga]
FAPI- 46 PET/CT tends to have higher standard uptake
values (SUVmax) than 18F-FDG PET/CT, the difference
is not statistically significant (Fig. 10). In a sensitivity
analysis excluding one study at a time, we consistently
found a higher standard uptake values for FAPI- 46 PET/
CT (range of summary WMDs, 2.42-5.51).
Tumor-to-background ratio (TBR), which measures
radiotracer contrast between primary tumor and sur-
rounding tissues, was assessed for blood pool, liver, and
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Study, year Sensitivity (95% Cl)
Kang YK, 2024
Kessler L, 2021 —+ 094 (0.80, 0.99)
Overall <> 0.94 (0.82, 0.98)
| d
0 998

—— 0.92 (0.64, 1.00) :
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Specificity (95% Cl)

—

0.90 (0.80, 0.96)

0.67 (0.09, 0.99)

Q 0.89 (0.79, 0.95)

I |

0 .998

Fig. 8 Forest plots of the sensitivity and specificity of [®®Ga] FAPI- 46 PET/CT as a diagnostic tool. (Region base analysis)

68Ga-FAPI-46 18F-FDG Odds Ratio  Weight

Study Yes No Yes No with 95% CI (%)
Distant meta |
Siripongsatian D, 2022 42 2 39 5 = : 1.08[0.94, 1.23] 1841
Pabst KM, 2023 6 0 4 2 —— 1.44[0.80, 2.60] 891
Heterogeneity: T = 0.00, I’ = 0.00%, H’ = 1.00 L 2 1.09[0.96, 1.24]
Testof 6, = 6;: Q(1) = 0.92, p = 0.34 :

|
Node |
SiripongsatianD, 2022 12 0 7 5 —Hl— 1.67[1.03, 269 10.94
Pabst KM, 2023 1 0 10 1 E B 1.10[0.86, 1.40] 16.18
Heterogeneity: 1° = 0.05, I’ = 57.44%, H’ = 2.35 ’: 1.28[0.86, 1.91]
Testof 8, = 6; Q(1) = 2.35, p = 0.13 |

1
PrimaryTumor 1
Siripongsatian D, 2022 6 0 4 2 —:I— 144080, 260] 891
Wegen S, 2023 4 8 7 4 | ———@——553[283, 10.83] 7.67
Guo W, 2022 20 0 14 6 B 1.41[1.05 1.90] 15.04
Pabst KM, 2023 5 0 5 0 4% 1.00[0.71, 141] 13.94
Heterogeneity: T = 0.27, I’ = 84.86%, H’ = 6.61 e 1.73[0.99, 3.02]
Testof 8, =6, Q(3) = 19.82, p = 0.00 |

|

\

L

1 2 4 8
18F-FDG 68Ga-FAPI-46

Random-effects DerSimonian-Laird model

Fig. 9 Forest plot; the pooled estimation of odds ratio for detection rate/detection efficacy on a per-legion basis in [**Ga] FAPI- 46 PET/CT vs. [18F]

FDG PET/CT

muscle. In the blood pool, the WMD was 5.51 (95% CI
1.13, 9.89) with significant heterogeneity (*= 76.95%),
indicating that [68Ga] FAPI- 46 PET/CT likely has a
higher TBR than [18F] FDG PET/CT. Liver analysis
showed a WMD of 12.32 (95% CI: 4.58, 20.07), also with
high variability (?= 78.29%) (Fig. 11). Robustness of the
findings and meta-analysis model was confirmed in sen-
sitivity analysis of TBR for blood pool (range of summary

WMDs, 2.96-6.79) and liver (range of summary WMDs,
8.43-17.95).

Since heterogeneity was considerable and significant
in most meta-analyses, it was not possible to perform
subgroup meta-analysis or meta-regression to assess the
potential sources of inconsistency among studies because
small numbers of studies had included in each meta-
analysis. Nevertheless, variations in patient selection,
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Ga-FAPI-46 PET/CT  F-FDG PET/CT WMD Weight
Study N Mean SD N Mean SD with 95% ClI (%)
Kessler L, 2021 47 2167 1322 43 2125 14.5 —l—]‘L 0.42[-5.31, 6.15] 15.09
Promteangtrong C,2022 18 1928 7.45 18 1859 9.61 — 0.69[-4.93, 6.31] 15.21
Wegen S, 2022 15 1636 4.98 15 13.59 4.66 - 2.77[-0.68, 6.22] 17.41
Guo W, 2022 28 18.82 10.76 22 58 3.46 i —l— 13.02[ 8.34, 17.70] 16.21
Pabst KM, 2023 22 145 452 22 52 1.35 . 3 9.30[ 7.33, 11.27] 18.50
Kang YK, 2024 23 84 46 23 104 65 —J- i -2.00[-5.25, 1.25] 17.58

Overall B 4.40[-0.74, 9.50]
Heterogeneity: T° = 32.08, I = 89.99%, H’ = 9.99
Test of 8 = 6 Q(5) = 49.95, p = 0.00
Testof6=0:z=1.69, p=0.09

-10 0 10 20
Random-effects DerSimonian—Laird model 18 F-FDG PET/CT 68 Ga-FAPI-46 PET/CT

Fig. 10 Forest plot; the pooled weighted mean difference of standardized uptake value (SUVmax) for primary tumor uptake in %Ga-FAPI- 46 PET/
CT vs. 18F-FDG PET/CT. [68Ga] FAPI- 46 PET/CT had higher (but not statistically significant) standard uptake values (SUVmax) than 18F-FDG PET/CT

Ga-FAPI-46 PET/CT  F-FDG PET/CT WMD Weight

Study N Mean SD N Mean SD with 95% CI (%)
Blood pool |

Wegen S, 2023 7 1858 1858 7 942 522 —LI— 9.16[ -5.14, 2346] 6.19
Wegen S, 2022 15 748 452 15 428 279 d 3.20[ 0.51, 589 16.31
Kessler L, 2021 47 105 839 43 828 8.1 | 222 -1.19, 563] 1573
Guo W, 2023 28 1682 942 28 625 3.7 ‘-. 10.57 [ 6.82, 14.32] 1543
Heterogeneity: T =13.37,1' = 76.95%, H = 4.34 + 551[ 1.13, 9.89]

Test of 6, = 6;: Q(3) = 13.01, p=0.00

Wegen S, 2023 1 34.52 17.58 7 7.035 3.84 —l—— 27.49[ 14.15, 40.82] 6.76
Wegen S, 2022 15 9.99 77 15 341 229 ' 6.58 [ 2.51, 10.65] 15.14
Kessler L, 2021 47 18 148 43 7.2 8.22 l—.- 10.80[ 5.79, 15.81] 14.20

=

|

|

|

|

|

|

|

|

|

|

|

|
|
Liver }
|

Heterogeneity: T = 33.44, I’ = 78.29%, H’ = 4.61 12,32 4.58, 20.07]
Testof 6,= 6; Q(2) = 9.21, p = 0.01

Muscle
KesslerL,2021 47 118 976 43 243 293 —l— 12,50 [ -21.37, -3.63] 10.24
Heterogeneity: T = 0.00, I’ = %, H' = . -~ 12,50 [ -21.37, -3.63]

Test of 8,=6;: Q(0) =-0.00,p=.

T T T

-20 0 20 40
Random-effects DerSimonian-Laird model 18 F-FDG PET/CT 68 Ga-FAPI-46 PET/CT

Fig. 11 Forest plot; the pooled weighted mean difference of standardized tumor-to-background ratio (TBR) for primary tumor uptake in [68Ga]

FAPI- 46 PET/CT vs. [18F] FDG PET/CT. TBR was significantly higher for [68Ga] FAPI- 46 PET/CT compared to [18F] FDG PET/CT for blood pool
and liver

tumor stage, patients’ gender, interpretation criteria, and  7.86) compared to [18F] FDG, but the heterogeneity
scanning procedures might contribute in heterogeneity = was extremely high (I>= 97.41%). These findings sug-
among studies. gest that [68Ga] FAPI- 46 PET/CT demonstrates supe-

For metastatic lesions, TBR was again higher for rior TBR, particularly for metastatic lesions, but study
[68Ga] FAPI- 46 PET/CT (WMD =5.13, 95% CI 2.40, variability is considerable (Fig. 12).
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Ga-FAPI-46 PET/CT F-FDG PET/CT WMD Weight
Study N Mean SD N Mean SD with 95% CI (%)
Blood pool
Wegen$,2023 7 906 269 7 241 98 - 665 4.53, 877] 9.19
Bone
Siripongsatian. 27 107 468 27 693 279 E B 3.77[ 1.71, 583] 922
Guo W, 2023 28 17.92 922 28 445 194 —l— 1347 998, 16.96] 8.39
Heterogeneity: 1 = 44.91, I = 95.46%, H' = 22.04 et 5 51 ( -0.99, 18.02)
Cervical
Siripongsatian. 27 456 106 27 692 104 W 2.36[ -2.92, -1.80] 9.69
Heterogeneity: T° = 0.00, I' = %, H' = . o 236 -2.92, -1.80]
Liver
Guo W, 2023 28 435 243 28 157 47 ] 278[ 1.86, 3.70] 9.62
Wegen$,2023 7 1623 381 7 187 .77 —ll—14.36[11.48, 17.24] 878
Heterogeneity: 1° = 65.86, I = 98.23%, H' = 56.41 ——e I 49 [ -2.86, 19.83]
Lung
Siripongsatian. 27 115 812 27 10.4 6.08 [ ] 1.10[ 2.73, 4.93] 817
Lymph node
Guo W, 2023 28 957 539 28 3047 221 E B 652 437, 868] 917
Mediastinal
Siripongsatian. 27 463 107 27 446 2.24 [} 017(-0.77, 1.11] 962
Peritoneum
Siripongsatian. 27  15.06 519 27 625 3.83 N = 8.81[ 6.38, 11.24] 9.03
Regional
Siripongsatian. 27  7.85 481 27 524 355 N B 261[ 036, 4.86] 9.12
Overall <> 513 2.40, 7.86]
Heterogeneity: T = 19.94, I° = 97.41%, H" = 38.58
Test of 6, = 8; Q(10) = 385.79, p = 0.00
Test of group differences: Q.(8) = 198.66, p = 0.00

5 0 5 10 15

Random-effects DerSimonian-Laird model

18 F-FDG PET/CT

68 Ga-FAPI-46 PET/CT

Fig. 12 Forest plot; the pooled weighted mean difference of standardized tumor-to-background ratio (TBR) for metastasis uptake in [**Ga] FAPI- 46
PET/CT vs. [18F] FDG PET/CT. In overall, TBR was higher significantly for [68Ga] FAPI- 46 PET/CT (WMD: 5.13, 95% Cl: 2.40, 7.86) compared to [18F]

FDG for metastatic lesions

Discussion

The present systematic review and meta-analysis deeply
investigate the available evidence about the diagnostic
performance of [68Ga] FAPI- 46 PET/CT in compari-
son to [18F] FDG PET/CT for cancers. The use of [68Ga]
FAPI in PET/CT imaging has been increasing in oncol-
ogy [43][84, 85]. The obtained findings indicate that the
sensitivity of [68Ga] FAPI- 46 is 1.33 times greater than

that of [18F] FDG, leading to accurately identifying
true positive cancer, particularly in early-stage cancers.
Additionally, [68Ga] FAPI- 46 shows a specificity that is
1.1 times higher than that of [18F] FDG, highlighting a
more accurate identification of true negative cases asso-
ciated with the minimum false positives. Moreover, the
region-based meta-analysis shows that [68Ga] FAPI- 46
PET/CT has better diagnostic performance with pooled



Abbeasi et al. Systematic Reviews (2025) 14:109

sensitivity at 0.94 and specificity at 0.89 through different
anatomical regions, indicating its efficacy in malignancy
detection, for primary and metastatic lesions. Regarding
detection rates, primary tumors present the OR of 1.73,
reflecting a significant advantage in detection efficiency,
despite the considerable variability. The detection rate
for lymph nodes showed a moderate increase (OR of
1.28) and variability. Contrarily, the detection of distant
metastases obtained a minimal OR of 1.09, presenting
slight improvement in detection efficiency as well as low
variability.

For dose distribution, a higher trend in primary tumors
for [68Ga] FAPI was observed than [18F] FDG PET/CT,
with a 4.40 WMD. In terms of TBR that computes the
contrast between primary tumors and surrounding tis-
sues, [68Ga] FAPI- 46 revealed significantly higher val-
ues than [18F] FDG. Particularly, the TBR for the blood
pool and liver showed WMDs of 5.51 and 12.32, respec-
tively. Therefore, the TBR for [68Ga] FAPI- 46 was sig-
nificantly superior to that of [18F] FDG, with a WMD of
6.18, emphasizing its improved capability to differentiate
tumors from adjacent tissues; however, there is notable
heterogeneity. For metastatic lesions, there has still been
an advantage in TBR for [68Ga] FAPI- 46 compared to
[18F] FDG. As a result, these results show that [68Ga]
FAPI- 46 PET/CT has an ability to improve tumor detec-
tion and contrast against background tissues, especially
for metastatic cases. However, careful interpretation and
further validation are needed in larger patient cohorts
due to the variability in the study results.

Compared with [18F] FDG, [68Ga] FAPI- 46 demon-
strated superior uptake and lesion detection in grade 3
cholangiocarcinoma, which was correlated with high
FAP expression in the tumor stroma; these findings are
inconsistent with the findings of the current study [86].
Additionally, [68Ga] FAPI- 46 and [18F] FDG PET/CT
provided comparable disease staging in breast cancer
patients. However, [68Ga] FAPI- 46 had lower liver and
blood pool uptake, leading to a TBR ratio, which may
enhance lesion detection. Further validation in larger
cohorts is needed to explore its potential for advanced
breast cancer therapy [84]. [68Ga] FAPI- 46 PET/CT,
as a revolutionary diagnostic method for breast cancer
management, has superior TBR, and precise lymph node
detection indicates its potential for targeted radionuclide
therapies, which is in agreement with the results of the
current study [87]. The [68Ga] FAPI- 46 PET/CT can
enhance the detection of nodal metastasis in patients
with cholangiocarcinomas (CCs) [35, 36], which is in
agreement with the current results. Finally, the signifi-
cance of [68Ga] FAPI PET/CT lies in its superior sensi-
tivity, specificity, higher SUVmax, and improved dose
distribution compared to [18F] FDG PET/CT. These
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advantages have prompted further studies, which con-
sistently align with the findings of the present systematic
meta-analysis [34, 49, 62, 88-90]. Accordingly, the pre-
sent article analyzed the characteristics of [68Ga] FAPI
and revealed its potential to improve diagnostic accuracy
in detecting primary and metastatic lesions.

However, some meta-analyses have compared the diag-
nostic performance of [68Ga] FAPI and [18F] FDG PET/
CT for specific cancer types, such as gastric, abdominal,
colorectal, and pelvic cancers [61-67], a comprehensive
analysis, which compares the performance of [68Ga]
FAPI and [18F] FDG PET/CT for all cancer types remains
absent. Further, despite the growing amount of research
in this field, no systematic or meta-analytic study has
yet directly compared [68Ga] FAPI- 46 with [18F] FDG
across a wide range of malignancies. Therefore, there is
a critical need to evaluate and compare the diagnostic
accuracy and effectiveness of [68Ga] FAPI- 46 and [18F]
FDG for various cancer types to enhance clinical deci-
sion-making. [68Ga] FAPI- 46 has a great clinical poten-
tial, particularly in oncology for radiotherapy [43, 91]
since FAPI- 46 PET/CT can identify tumors, which can
likely respond to therapies targeting the tumor stroma,
due to its ability to image FAP expression in tumors [92].
Additionally, it facilitates the monitoring of treatment
efficacy and the detection of early changes in the tumor
microenvironment, showing a potential tool for optimiz-
ing personalized cancer treatment strategies.

The comparison between [68Ga] FAPI- 46 and [18F]
FDG PET/CT holds important implications for clinical
guidelines and future imaging protocols. Due to its higher
sensitivity and specificity for FAP, [68Ga] FAPI- 46 could
improve tumor detection, especially in cancers with low
glucose metabolism, because of less expression of [18F]
FDG. This approach can lead to more precise staging,
improved treatment planning, and earlier identification
of metastases and recurrences [93—-95]. Moreover, the
current systematic review and meta-analysis reveals that
[68Ga] FAPI- 46 could improve treatment planning by
enhancing tumor detection and staging, particularly in
cases with ess effective [18F] FDG PET/CT since higher
sensitivity may result in more precise therapy selection,
optimizing surgical and radiotherapy decisions [96, 97].

The current systematic review and meta-analysis exhib-
its some limitations and possible future works, which
may affect the interpretation of the results, as follows: (1)
the analysis was constrained by a relatively small patients
cohort, which may limit the generalizability of the find-
ings by excluding some studies due to the omission of
non-English publications and conference abstracts,
potentially leading to a selection bias, (2) most included
studies employed a case—control design, which could
introduce inherent biases and confounding variables.
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Accordingly, this small sample size can compromise the
statistical power and robustness of the overall results,
and (3) during the quality assessment, half of the stud-
ies were rated as high risk of bias, especially for domains
of patient selection and flow and timing, which may also
affect the reliability of the findings. Nonetheless, despite
these limitations, the clinical implications of the findings
remain significant, underscoring the diagnostic poten-
tial of [68Ga] FAPI PET/CT in oncology. To address the
limitations of this study, future research should focus
on expanding the patient population and including non-
English studies and conference abstracts to minimize
selection bias. Additionally, prioritizing prospective
cohort studies or randomized controlled trials can help
lessen confounding factors and biases in case—control
studies. Increasing the quality of studies through patient
selection, randomization, and timing, along with adher-
ence to rigorous methodological standards, will further
enhance reliability and reduce bias. In the present review,
we prioritized studies that compared both [68Ga] FAPI
PET/CT and [18F] FDG PET/CT under similar condi-
tions and sample sizes. However, this approach ensured
consistency, it also reduced the number of eligible stud-
ies. Future investigations could independently evaluate
[68Ga] FAPI PET/CT and [18F] FDG PET/CT in larger,
standalone studies to provide more comprehensive
insights into their diagnostic capabilities.

Conclusions

[68Ga] FAPI- 46 PET/CT has recently been considered a
superior diagnostic agent to [18F] FDG PET/CT for dif-
ferent cancers, due to its higher sensitivity and specificity
than [18F] FDG PET/CT. It also improves primary and
metastatic tumor detection with a higher TBR, leading
to accurate distinguishing of tumors from surrounding
tissues. Additionally, [68Ga] FAPI- 46 PET/CT exhib-
its a great capability to identify malignancies associated
with lower uptake in normal tissues, such as the liver and
muscle. In clinical practice, these advantages lead to a
decrease in false-negative and false-positive results and
thus a more dependable diagnosis and treatment plan-
ning. Further, the acquisition of imaging data shortly
after administration without any requirement for patient
fasting, which is crucial for [18F] FDG, can streamline
the imaging process. Therefore, these advantages suggest
that [68Ga] FAPI- 46 could be positioned as a promising
next-generation imaging agent in diagnostic strategies.
However, future studies are needed to more validation
of its effectiveness and potential in clinical applications.
Additionally, limitations, such as small sample sizes, lim-
ited clinical data for different cancer types, and variability
in performance based on cancer type and patient char-
acteristics could impact its ability to distinguish certain
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tumors from surrounding tissues. Furthermore, the avail-
ability, accessibility, and cost-effectiveness of [68Ga]
FAPI- 46 warrant further investigation before its wide
implementation in clinical practice.
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