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Fibroblast activation protein inhibitor (FAPI) PET/CT is a new tool in the
diagnostic workup of cancer. With a growing volume of applications,
pitfalls and common findings need to be considered for ®Ga-FAPI
PET/CT image interpretation. The aim of this study was to summarize
common findings and report pitfalls in ®Ga-FAPI PET/CT. Methods:
Ninety-one patients underwent whole-body PET/CT with either FAPI-04
(n = 25) or FAPI-46 (n = 66). Findings were rated in a consensus ses-
sion of 2 experienced readers. Pitfalls and common findings were
defined as focal or localized uptake above the background level and
categorized as unspecific or nonmalignant and grouped into degenera-
tive, muscular, scarring/wound-healing, uterine, mammary gland, and
head-and-neck findings. The frequency of findings was reported on a
per-patient and per-group basis, and SUVmax, SUVimean, and SUVpeax
were measured. Results: Non-tumor-specific uptake was found in
81.3% of patients. The most frequent finding was uptake in degenera-
tive lesions (51.6%), with a mean SUV,,»x of 7.7 + 2.9, and head-and-
neck findings (45.1%). Except for the salivary glands, the uptake values
did not differ between 10 and 60 min after injection in most findings.
Uterine uptake was found in most women (66.7 %), with a mean SUV,ax
of 12.2 = 7.3, and uptake correlated negatively with age (SUV,ax,
r=—0.6,P < 0.01; SUVpear, r = —0.57, P < 0.01; SUVpmean, r = —0.58,
P < 0.01). Conclusion: Pitfalls include non-tumor-specific *Ga-FAPI
uptake in degenerative lesions, muscle, the head and neck, scarring,
the mammary glands, or the uterus. Here, we summarize the find-
ings to help readers avoid common mistakes at centers introduc-
ing ®8Ga-FAPI PET/CT.
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Fibroblast-activation protein (FAP) is a protein commonly
expressed in cancer-associated fibroblasts, which are present in the
stroma of 80%—90% of all cancers. Mediators produced by carcinoma-
associated fibroblasts influence tumor cells on many levels by promot-
ing tumor angiogenesis, migration, and proliferation (Z,2). In normal
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fibroblasts, the structurally similar enzyme dipeptidyl peptidase 4 is
expressed, whereas FAP is not expressed (3,4). On this basis, a metaa-
nalysis of 15 studies proved that FAP overexpression in solid tumors is
associated with a poor outcome and is distinctly present in tumor cells
compared with normal tissue (5). Therefore, FAP has become a highly
promising target for novel cancer therapeutics and diagnostics.

In 2018, Loktev et al. showed that DOTA-containing FAP
inhibitors (FAPIs) can be coupled with *3Ga and used for PET
imaging of multiple tumor entities, such as breast, colon, lung, and
pancreatic cancer (6). Since then, clinical evidence has been grow-
ing for FAP-targeted PET.

TABLE 1
Patient Characteristics

Characteristic Data
Overall 91
Age (y)

Mean 57.4 (SD, 13.3)

Median 58.0 (range, 18.0-83.0)
Sex

Female 42 (46.2%)

Male 49 (53.8%)
Oncologic diagnosis 76

Pancreatic cancer 28 (36.8%)

Sarcoma 16 (21.1%)

Lung cancer 10 (13.2%)

Other 22 (28.9%)
Nononcologic diagnosis 15

CAD 10 (66.7%)

Atrial fibrillation 3 (20.0%)

Other 2 (13.3%)
FAP radiotracer

FAPIO4 25 (27.5%)

FAPI46 66 (72.5%)

CAD = coronary artery disease.

Data are number followed by percentage in parentheses,
except for age.
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Screening of patients with #Ga-FAPI-PET/CT
N=105

MATERIALS AND METHODS

Patients
One hundred five patients who underwent

excluded

No. of patients without wholebody PET/CT:
N=14

clinically indicated *®Ga-FAPI PET/CT with
either FAPI-04 or FAPI-46 between October

2018 and July 2020 were screened for eligibil-

No. of patients included into analysis:

ity. Only patients who had undergone whole-
body PET/CT were included in the analysis,

which led to the exclusion of 14 patients.
All patients were referred for ®*Ga-FAPI PET/
CT by treating physicians because of diagnos-

tic challenges in oncologic and nononcologic

diseases. All reported investigations were
conducted in accordance with the Helsinki
Declaration and with national regulations. The

retrospective analysis was approved by the
local Ethics Committee (permits 20-9485-BO
and 20-9777-BO). Radiolabeling and adminis-

N=91
| FAPI04 (N = 25) ‘ | FAPI46 (N = 66) |
Oncology Non-oncology Oncology Non-oncology
N=21 N=4 N=55 N=11
FIGURE 1. Patient selection flowchart.

It was recently shown that ®Ga-FAPI PET can identify tumor
lesions in various malignancies, with clinically beneficial tracer
kinetics and lower tracer-to-background ratios than for '8F-FDG
(7-10). Furthermore, 8Ga-FAPI showed a biodistribution similar
to that of 'F-FDG, with lower background uptake (7). Because
tracer kinetics are independent from blood glucose levels, dietary
arrangements are not needed for adequate imaging. Although
promising data on this new radiotracer are increasing, false-positive
results have been increasingly observed as well, such as in fibrotic
or scar tissue (7). Recently, cases of nonmalignant diseases with
FAPI uptake have been emerging, leading to questioning of the ini-
tially proclaimed tumor specificity (11—17).

After the introduction of a novel radiotracer, various potential
pitfalls emerge over time and need to be summarized for the
imaging community. Challenging findings have been reported in
the past, such as for prostate-specific membrane antigen PET,
for which a variety of false-positive findings have been found
(18,19).

The aim of this study was to evaluate the frequency and inten-
sity of common unspecific uptake patterns or pitfalls in °®Ga-FAPI
PET/CT in oncologic and nononcologic patients. We present data
from our single-center retrospective study.

tration of *Ga-FAPI-04 and “®Ga-FAPI-46
complied with national and regional regula-
tions for unproven interventions.

Image Acquisition

PET scans were obtained on a PET/CT system (Biograph mCT or
Vision; Siemens). Two scans were performed approximately 10 and
60min after injection. The injected activity of **Ga-FAPI was 149.7 *
37.9 MBq. All PET images were iteratively reconstructed (Vision: 4 itera-
tions, 5 subsets, 220 X 220 matrix, gaussian filtering of 5 mm; mCT: 3
iterations and 21 subsets) with time-of-flight information, using the dedi-
cated software of the manufacturer (syngo MI.PET/CT; Siemens). Low-
dose CT was acquired for attenuation correction (30 mAs, 120 keV, 512
X 512 matrix, 3-mm slice thickness) in cases of CT imaging.

Image Evaluation

Unspecific or nontumor findings were defined as findings not related
to the respective disease or the purpose of the scan. Findings were rated
in a consensus session by 2 experienced nuclear medicine physicians,
with availability of all clinical and imaging information, and were
reported along with SUV, SUV 4y, SUV ear, and SUV eqq 10 min and
60 min after tracer injection. Equivocal findings that could not clearly
be discriminated from tumor or malignant lesions were not measured.
Findings were grouped in major categories: degenerative findings, scar-
ring and wound healing, focal or localized muscle uptake, mammary
gland uptake, uterine uptake, and head-and-neck uptake (e.g., salivary
glands, extraocular muscles, and dental foci).

TABLE 2
Pitfalls Listed Separately for Categories and Groups
Pitfall All (n = 91) FAPI-04 (n = 25) FAPI-46 (n = 66) P
Unspecific or non-tumor-specific findings 74 (81.3%) 17 (68.0%) 57 (86.4%) 0.06
Bone degenerative lesions 47 (51.6%) 8 (32.0%) 39 (59.1%) 0.41
Focal or localized muscle uptake 26 (28.6%) 7 (28.0%) 19 (28.8%) 0.99
Scarring or wound healing 18 (19.8%) 4 (16.0%) 14 (21.2%) 0.77
Mammary glands 7 (7.7%) 2 (8.0%) 5 (7.6%) 0.99
Uterus (n = 36) 24 (66.7%) 7 (19.4%) 17 (47.2%) 0.99
Head and neck (dental uptake, salivary glands, nasal mucosa) 41 (45.1%) 11 (44.0%) 30 (45.5%) 0.99
Data are number followed by percentage in parentheses.
®8Ga-FAPI PET PrrrarLs - Kessler et al. 891



TABLE 3
Radioligand Uptake in Pitfall Lesions at 60 Minutes After Injection

Pitfall lesion SUVnax SUVpeak SUVmean
Degenerative lesions

Mean 7.7 (2.9) 4.3 (1.8) 4.3 (1.8)

Median 8.0 (3.1-17.3) 4.2 (2.1-11.5) 41 (1.1-9)
Focal or localized muscle uptake

Mean 6.1 (2.2) 4.2 (1.4) 3.6 (1.5)

Median 5.45 (2.14-10.6) 3.8 (1.6-7.4) 3.25 (1.27-7.1)
Scarring and wound healing

Mean 7.7 (3.3) 4.8 (1.9 4.6 (1.9

Median 7.6 (2.42-13.3) 5.0 (1.92-7.5) 4.7 (1.62-7.0)
Mammary glands

Mean 4.5 (1.5) 2.6 (0.8) 2.7 (0.8)

Median 4.3 (2.3-7.25) 2.5 (1.5-3.9) 2.6 (1.2-3.8)
Uterine uptake

Mean 12.2 (7.3) 9.6 (5.7) 7.5 (4.7)

Median 10.2 (4.2-31.2) 7.3 (3.8-24.6) 5.6 (2.2-19.3)
Salivary glands

Mean 3.2 (0.2 2.4 (0.2 2.1 (0.3)

Median 3.1 (3.1-3.5) 2.4 (2.3-2.6) 2.1 (1.8-2.3)
Pancreatic uptake

Mean 9.7 (6.0) 6.5 (4.9) 6.3 (4.0)

Median 8.8 (3.0-17.0) 5.45 (2.0-12.3) 5.75 (1.8-10.9)

Data in parentheses are SD or range.

SUV parameters were calculated by 3-dimensional volumes of
interest using e.soft software (Siemens) at a 50% isocontour. The
unspecific background in the blood pool (aortic vessel content), liver,
and muscle was quantified with a circular 2-cm-diameter sphere.

Statistical Analysis

Statistical analyses were performed using
Prism (version 9.1.0; GraphPad Software).
Quantitative values were expressed as mean =+
SD or as median and range when appropriate.
Data were tested for a gaussian distribution
using Shapiro-Wilk testing. When there was a
gaussian distribution, paired Student ¢ testing
was used. Nonparametric data were compared
using a Mann—Whitney U test. For bivari-
ate correlation analyses, Spearman or Pear-
son correlation coefficients were calculated.
For comparison of distribution, contingency
testing using the Fisher exact test was used.
All statistical tests were performed 2-sided,
and a P value of less than 0.05 was consid-
ered to indicate statistical significance.

RESULTS

Patient characteristics are given in Table 1.
In total, 91 patients were included in the
analysis, primarily with a diagnosis of can-
cer (83.5%). Twenty-five patients (27.5%)

were scanned with ®Ga-FAPI-04, and 66 patients (82.5%) were
scanned with *®Ga-FAPI-46 (Fig. 1).

In most patients (81.3%), there was at least one reported find-
ing that was rated as not related to the respective disease and
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FIGURE 2. Degenerative lesions, associated mostly with joints and osteophytes. (A and B)
Increased uptake of lumbar facet joints (A) and craniotemporal joint (B). (C) Uptake values showing
wide range of intensity and significant increase in SUVax (6.3 = 2.5 vs. 7.7 = 2.9, P = 0.04) from
10 to 60 min after injection. MIP = maximum-intensity projection.
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19.8%, with a mean SUV,,,, of 7.7 = 3.3
A MIP 10 min p.i. | MIP 60 min p.i. | Axial | C | SUV parameter (Tables 2 and 3) Sites With a predilection
J ‘ I' i N 15, *10min =60min for muscle uptake were larger muscle
BS 14 groups such as the quadriceps femoris mus-
g% \‘ § 4 ~N ‘ ‘ cle, latissimus dorsi muscle, triceps muscle,
8 g ® and autochthone muscles. SUV parameters
i ) did not differ between early and late imag-
. © SVmar  SUVmemn  Suvpesk ing either in muscle uptake findings (mean
B | wmP10minpi | | Axial | SUVyna 5.0 = 1.3 vs. 6.1 = 2.2, P = 0.06)
= 10y *10mn ~&0min or in scarring and wound-healing processes
- (mean SUVyny, 54 = 24 vs. 7.7 = 33,
2 P = 0.08) (Fig. 3).
1A s
) -V‘«;\{ Head-and-Neck Pitfalls
7 ‘-_"; ‘ e S0Vt SUVaEE In 41 patients (45.1%), uptake could be

found in the head and neck, most frequently

FIGURE 3. Scarring, wound healing, and muscle uptake. (A) Focal uptake along access route after  localized in the extraocular muscles, the sal-
surgical or interventional procedures can be observed, such as after tumor resection of round cell sar- ivary glands, the oral or nasal mucosa, or

coma of right abdominal wall. (B) Localized, isolated increased uptake is observed in larger muscles
and tendon insertions. (C) Both findings show stable uptake values over 60 min. MIP = maximum-

intensity projection; p.i. = after injection.

focally in the teeth (Fig. 4, top panel). The
salivary glands showed a significant
decrease in uptake from early to late imag-
ing timepoints (SUV ., 6.0 £ 1.2 vs. 3.2

therefore categorized as unspecific. Comparison of distributions  # 0.2; SUV yean, 4.4 * 0.8 vs. 2.4 *+ 0.2; SUVpeq, 3.7 = 0.7 vs. 2.1
showed no statistically significant differences in findings between = 0.3 [P < 0.05]). Uptake in the extraocular muscle and teeth
%8Ga-FAPI-04 and *Ga-FAPI-46 (Table 2). A detailed description of ~ was stable between 10 and 60 min after injection (Fig. 4, mid-
uptake locations for degenerative, muscle, and scar/wound healing is  dle and bottom panels).

given in Supplemental Table 1 (supplemental materials are avail-

able at http://jnm.snmjournals.org). Uptake values for the catego-

Uterine and Mammary Findings

ries are shown in Table 3. and %Ga-FAPI-04 and %®Ga-FAPI-46 Intense, variable uptake in the uterus occurred in 66.7% of

uptake for the respective categories is additionally discriminated in
Supplemental Table 2. Here, we will discuss the findings and pit-

falls by category.

Degenerative Pitfalls

Common pitfall findings were degenera-
tive lesions, mostly associated with joints
and vertebral bones (51.6%), with no
significant difference between °%Ga-
FAPI-04 and ®3Ga-FAPI-46 (P = 0.41)
(Table 2). The lesions showed focal uptake
with a mean SUV ,, of 7.7 £ 2.9 (Table
3). Figure 2 depicts a case of uptake in
the facet joints of the lumbar vertebrae
with degenerative features on CT (Fig. 2A),
as well as a case of focal uptake in the
left temporomandibular joint (Fig. 2B).
SUV  parameters showed a significant
increase in SUV . (mean SUV ,, 6.3 £
25vs. 77 £29, P = 0.04) but no differ-
ence between early and late imaging time-
points for SUVyean and SUVe (mean
SUVpeai, 3.8 £ 1.6 vs. 43 = 1.8, P = 0.19;
mean SUV e, 3.7 = 1.7vs. 43 = 1.8, P =
0.14) (Fig. 2C).

Scarring/Wound Healing and
Muscle Uptake

Focal or localized muscle uptake was
observed in 28.6%, with a mean SUV .,
of 6.1 = 2.2, and uptake in scars or
wound-healing processes was found in

all female patients (n = 36; posthysterectomy patients excluded)
(SUVpnax 60 min after injection, 12.2 * 7.3; range, 4.2-31.2).
Younger women, in particular, showed higher uptake in the uterus,
with a negative correlation between SUV parameters and age
(SUVpax, ¥ = —0.6, P < 0.01; SUVeq, ¥ = —0.57, P < 0.01;

MIP 10 min p.i. MIP 60 min p.i.

T
&

SUV parameter |
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60 min * 10 min
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SUVmax SUVmean SUVpeak

Dental
*

*10 min 60 min

SUVmax SUVmean SUVpeak

FIGURE 4. Head-and-neck findings. Salivary glands show significant decrease in uptake from 10
to 60 min after injection (P < 0.05). Few patients have increased uptake in extraocular muscles. Den-
tal foci are often reported most likely linked to chronic inflammatory processes. MIP = maximum-
intensity projection; p.i. = after injection
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Fusion axial I

Spearman r correlation

patterns and common interpretation pit-
falls that were recorded in our retro-

Uterus
-
—a*

Spearman r

spective database.

Further, we aimed to report uptake inten-
® SUVmax sity, location, and frequency of occurrence.
SUVpeak In our opinion, such a report is of great

SUVimean importance in avoiding misdiagnosis, as

this novel modality will soon become more
widespread.

We found that unspecific or nontarget
uptake can be observed in degenerative,
traumatic, inflammatory, and physiologic
processes, and we were able to show that
non—tumor-specific or unspecific uptake is

FIGURE 5. Uterine findings. Of female patients (posthysterectomy patients excluded), 66.7%
showed fibroblast activation of uterus. Uterine uptake has moderate to strong negative corre-
lation with age (SUVpay, r = —0.6, P < 0.01; SUVgeax, r = —0.57, P < 0.01; SUVean, r =
—0.58, P < 0.01), possibly linked to menopausal shrinkage. MIP = maximum-intensity projec-

tion; p.i. = after injection.

SUViean, ¥ = —0.58, P < 0.01) (Fig. 5). As depicted in Figure 6,
few patients (7.7%) showed increased uptake in the mammary
glands; uptake was stable over 60 min, with a mean SUV,,,, of 4.5
* 1.5 at 60 min after injection. Age ranged from 24 to 67 y in these
female patients.

DISCUSSION

FAP-directed °®Ga-FAPI PET/CT is a novel modality intro-
duced for imaging of various entities. Recent studies have dem-
onstrated comparable or even increased detection rates in
comparison with '8F-FDG PET/CT, such as in pancreatic cancer,
sarcoma, and hepatic malignancies (9,70,20). In the interpretation
of ®®Ga-FAPI PET/CT scans, the readers—especially at centers to
which this technology was recently introduced—need to be
informed about common findings and potential pitfalls. This picto-
rial analysis aimed to summarize °3Ga-FAPI PET/CT uptake

present in most patients at a variety of loca-
tions, but especially in degenerative spine
conditions. In our cohort, uterine uptake
was noted in 66.7% of women and showed
a decrease in intensity with age. Hypotheti-
cally, this is due to the decreased FAP
expression of the endometrium after meno-
pause, as is supported by proteomic data
and PET data on the FAP expression of the endometrium before and
after menopause (16,21,22). This decreased expression might pose
an important pitfall and limitation in the use of ®®Ga-FAPI PET/
CT for local staging of gynecologic cancers and should be take
into consideration, but larger cohorts are needed to verify this
finding.

Furthermore, we observed in nearly half of patients non—tu-
mor-related uptake in the head-and-neck region. Interestingly,
the salivary glands showed a decrease in tracer retention within
the first hour after injection, but a thorough literature review
did not reveal the underlying mechanism. This observation
might reflect unspecific tracer accumulation, which should be
considered when patients with head-and-neck cancer are being
imaged; these tumors might benefit from use of later imaging
timepoints. Additionally, intense uptake in the extraocular muscles
was noted in 9% of the patients; however, these patients had no
medical history of major ocular disorders and, to date, no specific
data on FAP expression in these muscles is
available.

MIP 60 min p.i.

Fusion axial 10 min p.i. I

SUV parameter

Previous studies demonstrated decreas-

® 10 min

Mammary glands

60 min

ing uptake in pancreatitis and other, unspe-
cified, inflammatory diseases (9,17,23). In
contrast, in our study dental foci of active
inflammation showed increased uptake
over time, possibly due to unspecific uptake
in surrounding edema.

Numerous studies provide data on FAP
overexpression in carcinoma-associated
fibroblasts and in various other processes,
such as fibrosis, inflammatory atheromata,

T
SUVmax

T
SUVmean

and osteoarthritis (24—27). FAP is overex-
pressed by myofibroblasts in tissue remod-
eling, wound healing, and fibrotic tissue

T
SUVpeak

FIGURE 6. Mammary gland findings. Rarely, patients showed increased uptake in mammary
tissue (7.7%). Uptake was reported in middle-aged women and one man with gynecomastop-
athy. Additionally, other non-tumor-specific uptake around shoulder and hip joints can
be seen, as well as tracer accumulation in urinary tract. MIP = maximume-intensity projection;

p.i. = after injection.
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(28). This phenomenon has already been
found by our group and others that stud-
ied patients after myocardial infarction
using °%Ga-FAPI PET/CT (29-31). In
those patients, **Ga-FAPI uptake matched
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the affected myocardium, most likely due to ongoing remodeling
processes, and agrees with scientific evidence on fibroblast
activation after ischemia (32,33).

Pitfalls may originate from specific uptake through an increased
FAP expression level and mechanisms of unspecific uptake, includ-
ing edema, tracer extravasation, and some inflammatory disorders.
Future studies should aim to thoroughly validate positive **Ga-FAPI
PET/CT findings via immunohistochemical FAP expression (10,34).

Our study comes with several limitations. Our single-center
analysis consisted of a heterogeneous cohort with various onco-
logic and nononcologic diseases and at different disease stages.
In addition, we analyzed 2 different FAPI tracers, which might
have different frequencies of certain pitfalls, although such
differences were not observed in our cohort. Lastly, the list of
common findings we have reported here is not intended to be
exhaustive and cannot give proper answers about the underly-
ing pathophysiologic processes. Future studies should eluci-
date disease- and tracer-specific pitfalls and common findings.
Because the implementation of ®3Ga-FAPI PET is expanding,
it is important to share pitfalls and common findings now,
especially for centers that have recently introduced this new
technology.

CONCLUSION

Here, we have reported non—tumor-specific **Ga-FAPI uptake—
especially in degenerative lesions, wound healing, muscles, and the
uterus—as a potential pitfall in the interpretation of **Ga-FAPI PET/
CT images. This report will help readers improve the accuracy of
image interpretation at centers that have recently begun using
%8Ga-FAPI PET/CT. Our work can be seen as an initial guide to
the reporting of ®*Ga-FAPI PET/CT, a novel and rapidly expanding
imaging modality.
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KEY POINTS

QUESTION: Is there an association between ®Ga-FAPI uptake
intensity and FAP expression in bone and soft-tissue sarcomas,
and what is the diagnostic performance of ®®Ga-FAPI PET in sar-
coma patients?

PERTINENT FINDINGS: We observed an association between
%8Ga-FAPI uptake intensity and immunohistochemical FAP
expression in sarcomas and showed ®3Ga-FAPI PET to have high
accuracy in sarcoma patients.

IMPLICATIONS FOR PATIENT CARE: %®Ga-FAPI PET has diag-
nostic utility for patients with sarcoma and future implications in
FAP-targeted therapies.
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