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For oncologic management or radiotherapy planning, reliable
staging tools are essential. The recent development of quinoline-
based ligands targeting cancer-associated fibroblasts demon-
strated promising preclinical and clinical results. The current
study aimed to evaluate the role of fibroblast activation protein
inhibitor (FAPI) PET/CT as a first clinical analysis for primary
malignancies within the lower gastrointestinal tract (LGT).
Methods: 68Ga-FAPI PET/CT was performed on a cohort of
22 patients with LGT tumors, including 15 patients with meta-
static disease, 1 patient with suspected local relapse, and 6
treatment-naive patients. Uptake of 68Ga-FAPI-04 and ©8Ga-
FAPI-46 was quantified by SUV ,ax and SUVean. After compar-
ison with standard imaging, changes in tumor stage or localization
and in oncologic or radiooncologic management were recorded.
Results: The highest uptake of FAPI tracer was observed in liver
metastases and anal cancer, with an SUV,.x of 9.1 and 13.9, re-
spectively. Because of low background activity in normal tissue, there
was a high tumor-to-background ratio of more than 3 in most lesions.
In treatment-naive patients, TNM was changed in 50%, whereas in
patients with metastases, new findings occurred in 47%. In total,
FAPI imaging caused a high, medium, and low change in oncologic
or radiooncologic management in 19%, 33%, and 29%, respectively.
For almost every patient undergoing irradiation, target volume delin-
eation was improved by 68Ga-FAPI PET/CT. Conclusion: The present
study demonstrated that both primary and metastatic LGT tumors
were reliably detected by 68Ga-FAPI PET/CT, leading to relevant
changes in TNM status and oncologic or radiooncologic manage-
ment. 68Ga-FAPI PET/CT seems to be a highly promising imaging
agent for the diagnosis and management of LGT tumors, potentially
opening new applications for tumor staging or restaging.
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Fibroblast activation protein (FAP), expressed by cancer-associated
fibroblasts, is a type Il transmembrane serine protease (/,2). The pro-
tein, which can be detected in a variety of malignant tumors, is able to
activate cell signaling and contributes to tumor cell migration, tumor
cell invasion, and tumor angiogenesis (3-5). With the development of
FAP-targeting molecules, new imaging and therapeutic agents can be
developed (6,7). Several preclinical studies identified the quinolone-
based FAP inhibitor (FAPI), FAPI-04, as a promising radiotracer for
malignant tumors that harbor a high number of activated fibroblasts
(8,9). Meanwhile, novel derivates were synthesized with enhanced
FAP binding and improved pharmacokinetics (/0). Preliminary dosim-
etry estimates and biodistribution demonstrated rapid renal clearance
and low uptake in background organs between 10 min and 3 h after
injection. Furthermore, ®Ga-FAPI PET/CT had a tumor-to-back-
ground ratio equal to or better than that of '8F-FDG (17). However,
reliable clinical data are still missing. In a first study, lower gastroin-
testinal tract (LGT) tumors such as colorectal or anal cancer demon-
strated high uptake, with an SUV,,, of 612 (/2). Here, we report our
first clinical experience with %®Ga-FAPI PET/CT in a cohort of patients
with LGT tumors. After quantifying tracer uptake in primary tumors
and metastases, we compared the results of ®3Ga-FAPI PET/CT with
those of conventional imaging, recording changes in tumor stage, me-
tastasis localization, and oncologic or radiooncologic management.

MATERIALS AND METHODS

Patient Cohort
Our cohort consisted of 22 patients with LGT tumors. Written in-
formed consent was obtained from all patients undergoing °*Ga-FAPI

Koerber et al. 1331


mailto:f.giesel@dkfz.de

PET/CT on an individual-patient basis following the regulations of
the German Pharmaceuticals Act, §13(2b). All patients were referred
for the experimental diagnostics by their treating oncologists, who
were facing a diagnostic challenge that could not be solved suffi-
ciently with standard diagnostic imaging. Examples of such chal-
lenges are inconclusive results from standard imaging, such as
MRI; insufficient tumor delineation for target-volume segmentation
before irradiation; or the need to select target-positive patients for
experimental last-line therapy with therapeutic FAPI conjugates.
This retrospective study was approved by the local institutional
review board, and all subjects gave written informed consent to
participate.

Radiopharmaceuticals and 8Ga-FAPI PET/CT Imaging

Synthesis and labeling of both ®3Ga-FAPI-04 and 8Ga-FAPI-46
followed the methods described by Lindner et al. (§) and Loktev et
al. (9). A Biograph mCT Flow scanner (Siemens) was used for PET
imaging. All scans were performed according to scan protocols as
previously published (/7,12). In summary, after low-dose CT without
contrast, PET scans were acquired in 3-dimensional mode (matrix,
200 x 200), emission data were corrected, and reconstruction was
performed. The injected activity for the °3Ga-FAPI examinations
ranged from 111 to 298 MBq. PET scans were obtained 1 h after
injection of the radiotracer. After injection, patients were asked about
new symptoms, and vital signs were monitored starting at the time of
tracer injection up to 30 min after the end of the examination.

Image Evaluation
The tracer biodistribution in patients was quantified by SUV can
and SUV .« at 1 h after injection.

For calculation of the SUYV, circular regions of interest were drawn
around the tumors on transaxial slices and automatically adapted to a
3-dimensional VOI with e.soft software (Siemens) at a 60% iso-
contour. The normal organs were evaluated with a 1-cm-diameter (for
the small organs thyroid, parotid gland, myocardium, oral mucosa,
and spinal cord) or 2-cm-diameter (brain, muscle, liver, spleen,
kidney, fat, aortic lumen content, and lung) sphere placed inside the
organ parenchyma. °Ga-FAPI PET/CT scans were evaluated by 1
board-certified radiologist and 2 board-certified nuclear medicine phy-
sicians in consensus. Conventional imaging was interpreted by 2
board-certified radiologists in consensus without knowledge of the
68Ga-FAPI PET/CT results, thus establishing the pre-°®Ga-FAPI
PET/CT TNM classification. For all patients, changes in TNM stage,
localization of metastases, and oncologic or radiooncologic manage-
ment were recorded. This was done by documenting stage or tumor
localization and oncologic or radiooncologic management before and
after °®Ga-FAPI imaging by 2 nuclear medicine physicians and 1
radiation oncologist/medical oncologist. All findings and changes
were interpreted in consensus. Changes in oncologic or radiooncologic
management were graded by the level of impact: fundamental changes
with regard to alteration of treatment type or treatment intent, significant
changes within a treatment regime, and improvements in radiation oncol-
ogy were classified as high, medium, and low, respectively.

Statistical Analysis

We performed descriptive analyses of patients and their tumor
characteristics. For determination of SUVs, median and range were
used. The correlation of FAPI uptake within or outside the tumor was
determined using a 2-sided ¢ test, with a P value of less than 0.05
being defined as statistically significant.

TABLE 1
Patient Characteristics
Patient no. Diagnosis Cancer status Sex Age (y) Tracer
1 Colon cancer Metastasized M 68 68Ga-FAPI-04
2 Sigmoid cancer Metastasized M 68 68Ga-FAPI-04
3 Sigmoid cancer Metastasized M 55 68Ga-FAPI-04
4 Rectal cancer Metastasized F 44 68Ga-FAPI-04
5 Rectal cancer Metastasized M 66 68Ga-FAPI-04
6 Anal cancer Metastasized F 43 68Ga-FAPI-04
7 Rectal cancer Metastasized M 71 68Ga-FAPI-04
8 Rectal cancer Metastasized M 71 68Ga-FAPI-04
9 Sigmoid cancer Metastasized F 59 68Ga-FAPI-04
10 Sigmoid cancer Metastasized F 50 68Ga-FAPI-04
11 Sigmoid cancer Metastasized F 46 68Ga-FAPI-04
12 Sigmoid cancer Local relapse F 45 68Ga-FAPI-04
13 Colon cancer Metastasized M 69 68Ga-FAPI-04
14 Colon cancer Metastasized M 72 68Ga-FAPI-04
15 Colon cancer Metastasized F 46 68Ga-FAPI-04
16 Colon cancer Metastasized M 62 68Ga-FAPI-04
17 Anal cancer Treatment-naive M 79 68Ga-FAPI-46
18 Anal cancer Treatment-naive F 60 68Ga-FAPI-46
19 Anal cancer Treatment-naive F 38 68Ga-FAPI-46
20 Anal cancer Treatment-naive F 72 68Ga-FAPI-46
21 Anal cancer Treatment-naive F 72 68Ga-FAPI-46
22 Anal cancer Treatment-naive F 69 68Ga-FAPI-46
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TABLE 2
68Ga-FAPI-Positive Tumor Sites

Site n SUVmax SUVean
Primary 15.57 (£7.31) 7.71 (£3.99)
Local relapse 6.56 (£4.14) 2.79 (£1.38)
Lymph node metastases 27 8.33 (£4.33) 4.18 (+2.33)
Pulmonary metastases 19 7.01 (£2.98) 3.31 (£1.45)
Tissue metastases 12 6.91 (+2.91) 3.50 (+1.74)
(peritoneum, skin)
Liver metastases 14 9.54 (£3.74) 4.86 (+x2.14)

All statistical analyses were performed using SPSS Statistics (version
24; IBM) and Excel (version 15.41; Microsoft) for Mac (Apple).

RESULTS

The median age of the cohort was 62 y (range, 38-79 y). In
total, 15 patients had known metastases, and 6 patients had new
diagnoses. For 16 patients, ©8Ga-FAPI PET/CT was performed for
restaging because of suspected progressive disease, whereas the 6
patients with new diagnoses underwent PET imaging for primary
staging. The patient characteristics are provided in Table 1.

Safety

During and after ®®Ga-FAPI PET/CT, no drug-related side ef-
fects occurred. PET imaging was tolerated well by all patients.
Vital parameters remained stable, and no patient reported any new
symptoms during the observation period.

68Ga-FAPI Uptake in Primary Tumors and Metastases

68Ga-FAPI PET/CT detected 6 primary tumors and 27 node, 14
liver, 12 soft-tissue, and 19 pulmonary metastases. In total,
72 %8Ga-FAPI-positive metastases were observed in 22 patients
(Table 2). One hour after injection, overall SUV ., and SUV can
for all primary tumors were 12.59 (=7.46) and 6.11 (£4.00),
respectively. Uptake in colorectal cancers was intermediate
(SUV a0 8.6), whereas uptake in anal cancers was high (SUV ., 13.9).

The median SUV,,,,x and SUV .., of all metastases are 7.95
(£3.49) and 3.96 (+1.92), respectively. The highest °*Ga-FAPI
uptake in metastases was observed for liver lesions, with an SUV .«
of 9.1 (£3.6) and an SUV ., of 4.8 (=2.1). Background activity
and activity in normal organs was low (SUV ., and SUV .., of
1.60 and 1.11, respectively, for muscle; 1.85 and 1.21, respectively,
for blood pool; and 1.46 and 0.84, respectively, for normal liver
parenchyma), leading to high tumor-to-background ratios of
more than 3 with statistically significant differences from tumor
activity (P = 0.002 each) (Fig. 1). No clinically relevant differ-
ences were observed between the 2 93Ga-FAPI tracers.

Clinical Implications

The cohort of patients with colorectal cancer included 16 men
and women with metastatic disease (15) or local relapse (1). Seven
patients underwent CT, 1 patient MRI, and 6 patients both CT and
MRI. One patient with colon cancer underwent '3F-FDG PET/CT
for restaging, whereas 1 additional patient with colon cancer had
no available conventional imaging data. ®3Ga-FAPI PET/CT
resulted in new findings in 7 of 15 patients (47%), which was
caused mainly by the detection of metastases in a new organ
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system (7 patients). For 1 patient, a local relapse and nodal me-
tastases were also detected. Furthermore, 8Ga-FAPI PET/CT was
able to detect new lesions within the spleen (1 patient), lung (1
patient), and skull (1 patient). Further details are listed in Table 3.
68Ga-FAPI PET/CT resulted in a change in oncologic or radio-
oncologic management in 11 of 15 metastatic patients (73.3%),
including 5 patients with a change in systemic therapy and 1 pa-
tient for whom the surgical approach was altered instead of sys-
temic therapy. Local irradiation was performed instead of
systemic therapy for 2 patients because of the 8Ga-FAPI imaging
results (Table 4).

For all patients with treatment-naive carcinoma of the anal
canal, MRI was performed. ®8Ga-FAPI PET/CT was performed
before definitive chemoradiation. For 3 of 6 patients, a change
in TNM classification occurred because of °®Ga-FAPI-positive
nodes (2 patients with ill-defined results on MRI) or the absence
of tracer uptake within suspected pulmonary lesions on CT (1 pa-
tient). These results led to changes in oncologic or radiooncologic
management. For 2 patients, radiooncologic dose concepts were
adapted. One of these patients underwent curative chemoradia-
tion instead of palliative systemic therapy. Because of a high
68Ga-FAPI positivity within the primary tumor, boost volume
delineation was improved for almost every patient (Figs. 2 and
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FIGURE 1. PET-based biodistribution analysis of 22 patients with

88Ga-FAPI PET, imaged at 1 h after injection. LN = lymph node.
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TABLE 3
Changes in Tumor Stage or Further Findings According to
68Ga-FAPI PET/CT

Characteristic N
Metastatic disease 15/21
Overall change 7/15 (47%)
Metastases in new organ system 7/7*
(lymphatic [2], splenic [1], hepatic [1],
peritoneal [2], cutaneous [1])
Absence of suggestive findings on 1/7*
conventional imaging
New detection of local relapse 1/7*

and nodal metastases

No change 8/15 (53%)
Treatment-naive patients 6/21
Overall change 3/6 (50%)
NO/Nx to N1 2/3
M1 to MO 1/3
No change 3/6 (50%)

*Some patients had multiple forms of changes.

3). One female patient was diagnosed with a multifocal anal
cancer on %8Ga-FAPI PET/CT, leading to an adapted target
boost volume during radiation therapy (Table 4).

DISCUSSION

With more than 145,000 estimated new cases in the United
States, colorectal cancer is the third most frequent cancer with
regard to incidence and mortality (/3). Modern oncologic and
radiooncologic tumor management with individualized treatment
approaches is necessary to improve clinical outcome while reduc-
ing treatment-related toxicity. However, effective tumor treatment
depends on accurate and reliable diagnostic imaging. In 1990,
Garin-Chesa et al. observed a high expression of fibroblast acti-
vation protein in colorectal tumor tissue (/4). Meanwhile, several

TABLE 4
Changes in Oncologic or Radiooncologic Management
According to $8Ga-FAPI PET/CT

Characteristic N
Overall change 17/21
High impact 4/21 (19%)
Palliative to curative intent 1/4
Systemic therapy to local irradiation 2/4
Systemic therapy to surgery 1/4
Medium impact 7/21 (33%)
New systemic therapy 5/7
Radiotherapy: modified dose concept 2/7

Low impact (radiotherapy: improved
target volume delineation)

6/21 (29%)

No change 4/21
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FIGURE 2. |Inclusion of PET-positive pararectal node in boost area (E)
after 88Ga-FAPI PET/CT (A: maximum-intensity projections; B: CT; C: PET;
D: PET/CT) in patient with anal cancer. Arrow = nonspecific uptake in uterus.

studies suggested that LGT tumors commonly harbor cancer-
associated fibroblasts expressing fibroblast activation protein (15—
18). A first trial evaluating the uptake of 3Ga-FAPI in a cohort of
patients with 28 different malignant tumors observed promising
results with regard to colorectal and anal cancer (/2).

Our study demonstrated that 8Ga-FAPI PET/CT was able to
detect both primary tumors and metastases arising from the LGT.
Although the current SUVs for colorectal tumors were comparable
to the results of Kratochwil et al., a slightly higher tracer uptake
was observed for anal cancer: Evaluation of patients with carci-
noma of the anal canal undergoing %8Ga-FAPI PET/CT yielded a
high SUV 1.« of 13.9, compared with intermediate uptake in pre-
vious findings (/2). A heterogeneity of expression and a low case
number are the likely explanations for these differences. For me-
tastases, the highest uptake was found in liver metastases, which
are common in colorectal cancer. The use of a FAPI tracer may be
advantageous for patients with suspected liver metastases, because
of the low background of the normal liver (SUV ., 1.5), leading
to a potential high detection rate. This is in accordance with initial
results obtained by Giesel et al., who found hepatic background to
be significantly lower when using ®®Ga-FAPI than '3F-FDG (/1).

FIGURE 3. Adapted boost volume delineation (E) due to multifocal
cancer detected by ®8Ga-FAPI PET/CT in patient with anal cancer (A:
maximum-intensity projections; B: CT; C: PET; D: PET/CT). Arrow =
nonspecific uptake in bladder.
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To the best of our knowledge, this was
the first study evaluating the clinical role of
68Ga-FAPI PET/CT in LGT tumors. As
such, it had several limitations. The patient
cohort was small and retrospective. More-
over, no histologic verification was possible
for most lesions. However, the study none-
theless showed the potential of this agent to
identify LGT disease and should encourage
further studies on larger cohorts.

CONCLUSION

For patients with LGT malignancies,
68Ga-FAPI PET/CT was able to demonstrate
promising results with regard to uptake and
restaging. These properties make the agent
useful for guiding radiation therapy of LGT

FIGURE 4.

and bevacizumab) indicates treatment response.

Thus, °3Ga-FAPI imaging might be helpful for local therapies
such as stereotactic body radiotherapy by improving accuracy.
The integration of precise diagnostic means for target volume
delineation in radiation oncology maximizes therapeutic benefit
while minimizing side effects. The results of PET-based radio-
therapy with ©3Ga-FAP1 PET planning of liver metastases
showed promising results, with a change in target volume def-
inition in 84% (19). Furthermore, the use of 4-dimensional
PET/CT allowed a significant decrease of planning target vol-
ume in a small cohort of 8 patients (20). Thus, °8Ga-FAPI PET/
CT may contribute to improved radiotherapy planning and more
precise staging or restaging for patients with colorectal cancer
(Fig. 4).

In our cohort, an alteration of target volume delineation was
caused in every case also for treatment-naive patients with anal
cancer. To avoid tumor relapses and improve overall survival, the
use of %¥Ga-FAPI PET/CT for treatment planning may guide boost
volume definition or decrease elective node irradiation, which
could reduce side effects. Preliminary data suggest that treatment
outcome may be improved significantly by targeting cancer-
associated fibroblasts (FAPI-guided radiotherapy) as a supplementary
treatment to conventional irradiation (27). Furthermore, PET im-
aging may also contribute to improved clinical outcome by aggres-
sive, local treatment approaches for patients with oligometastatic or
oligoprogressive disease. For almost 20% of our cohort, a significant
change in oncologic or radiooncologic management was caused
by %8Ga-FAPI PET/CT, leading to local treatment approaches.
In a previously published trial by Palma et al., patients with 1-5
oligometastatic lesions undergoing stereotactic body radiotherapy
had a significantly better overall survival than patients undergoing
standard-of-care palliative treatment after a median follow-up of
25 mo (22). However, even though °3Ga-FAPI PET/CT may open
new applications in tumor staging and oncologic management
for LGT tumors, larger and prospective trials are needed to pro-
vide more data evaluating the role of this new hybrid imaging
technology in daily clinical practice.

LowER GASTROINTESTINAL ®8Ga-FAPI PET/CT

In patient with metastatic carcinoma of sigmoid colon, decrease in 58Ga-FAPI
uptake in bone and nodal metastases after initiation of systemic therapy (ipilimumab, nivolumab,

tumors. Given its short uptake time and the
fact that patient do not need to fast before the
study, %¥Ga-FAPI PET/CT could be ideal
for oncologic or radiooncologic manage-
ment and may open new applications for
individualizing treatments for patients with LGT tumors.

DISCLOSURE

A potential financial conflict of interest is present for Clemens
Kratochwil, Uwe Haberkorn, Thomas Lindner, and Frederik Giesel
because of a patent application for quinoline-based FAP-targeting
agents for imaging and therapy in nuclear medicine. No other
potential conflict of interest relevant to this article was reported.

ACKNOWLEDGMENT

We gratefully acknowledge all participating patients.

KEY POINTS

QUESTION: Does %8Ga-FAPI PET/CT have an impact on the on-
cologic or radiooncologic management of patients with malignant
gastrointestinal tract tumors?

PERTINENT FINDINGS: A cohort of 22 patients with malignan-
cies of the LGT was evaluated. Changes in tumor stage or local-
ization and in oncologic or radiooncologic management were
recorded after a comparison with standard imaging. Although the
TNM stage was changed in 50% of patients (treatment-naive), and
for 47% of all patients with metastatic disease new findings were
obtained, a change in oncologic or radiooncologic management
occurred in 81% because of 68Ga-FAPI imaging.

IMPLICATIONS FOR PATIENT CARE: 68Ga-FAPI PET/CT was
able to demonstrate promising results with regard to uptake
and restaging and may open new applications for individualizing
treatments for patients with malignant tumors of the LGT.
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