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Matthias Lang10, Hans-Ulrich Kauczor2,11, Dirk Jäger12,13, Jürgen Debus4,5,14, Uwe Haberkorn1–3, and
Frederik L. Giesel1

1Department of Nuclear Medicine, University Hospital Heidelberg, Heidelberg, Germany; 2Translational Lung Research Center
Heidelberg, German Center for Lung Research, Heidelberg, Germany; 3Clinical Cooperation Unit Nuclear Medicine, German
Cancer Research Center, Heidelberg, Germany; 4Department of Radiation Oncology, University Hospital Heidelberg, Heidelberg,
Germany; 5Heidelberg Institute for Radiation Oncology, Heidelberg, Germany; 6Department of Surgery, Thoraxklinik at University
Hospital Heidelberg, Heidelberg, Germany; 7Department of Otorhinolaryngology, Head and Neck Surgery, University Hospital
Heidelberg, Heidelberg, Germany; 8Department Obstetrics and Gynecology, University Hospital Heidelberg, Heidelberg, Germany;
9Department Obstetrics and Gynecology, University Hospital Mannheim, Mannheim, Germany; 10Department of Surgery, University
Hospital Heidelberg, Heidelberg, Germany; 11Department of Diagnostic and Interventional Radiology, University Hospital
Heidelberg, Heidelberg, Germany; 12Department of Medical Oncology and Internal Medicine VI, National Center for Tumor
Diseases, University Hospital Heidelberg, Germany; 13Clinical Cooperation Unit Applied Tumor Immunity, German Cancer Research
Center, Heidelberg, Germany; and 14Clinical Cooperation Unit Radiation Oncology, German Cancer Research Center, Heidelberg,
Germany

The recent development of quinoline-based PET tracers that act as

fibroblast-activation-protein inhibitors (FAPIs) demonstrated prom-
ising preclinical and clinical results. FAP is overexpressed by

cancer-associated fibroblasts of several tumor entities. Here, we

quantify the tumor uptake on 68Ga-FAPI PET/CT of various pri-

mary and metastatic tumors to identify the most promising indica-
tions for future application. Methods: 68Ga-FAPI PET/CT scans

were requested by various referring physicians according to individ-

ual clinical indications that were considered insufficiently covered

by 18F-FDG PET/CT or other imaging modalities. All PET/CT was
performed 1 h after injection of 122–312 MBq of 68Ga-FAPI-04. We

retrospectively identified 80 patients with histopathologically proven

primary tumors or metastases or radiologically unequivocal meta-
static lesions of histologically proven primary tumors. Tumor uptake

was quantified by SUVmax and SUVmean (60% isocontour). Results:
Eighty patients with 28 different tumor entities (54 primary tumors and

229 metastases) were evaluated. The highest average SUVmax (.12)
was found in sarcoma, esophageal, breast, cholangiocarcinoma,

and lung cancer. The lowest 68Ga-FAPI uptake (average SUVmax

, 6) was observed in pheochromocytoma, renal cell, differentiated

thyroid, adenoid cystic, and gastric cancer. The average SUVmax of
hepatocellular, colorectal, head–neck, ovarian, pancreatic, and

prostate cancer was intermediate (SUV 6–12). SUV varied across

and within all tumor entities. Because of low background in muscle

and blood pool (SUVmax , 2), the tumor-to-background contrast
ratios were more than 3-fold in the intermediate and more than 6-

fold in the high-intensity uptake group. Conclusion: Several highly
prevalent cancers presented with remarkably high uptake and im-
age contrast on 68Ga-FAPI PET/CT. The high and rather selective

tumor uptake may open up new applications for noninvasive tumor
characterization, staging examinations, or radioligand therapy.
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Several tumor entities, such as breast, colon, and pancreatic
carcinomas, are characterized by a strong desmoplastic reaction

(1). Cancer-associated fibroblasts and extracellular fibrosis can

contribute up to 90% of the gross tumor mass, leaving original

tumor cells in the minority (2,3). Many cancer-associated fibro-

blasts differ from normal fibroblasts by their relative specific

expression of fibroblast activation protein (FAP). Therefore,

FAP-specific inhibitors were first developed as anticancer drugs

and then were consecutively advanced into tumor-targeting radio-

pharmaceuticals (4,5).
A biodistribution and initial dosimetry study of 68Ga-FAP in-

hibitor (FAPI) PET/CTwith 2 DOTA-containing ligands suggested

that these tracers may expand and enrich the diagnostic cancer

portfolio currently covered by 18F-FDG (6). Moreover, the biodis-

tribution suggested that 68Ga-FAPI may be suitable for radioligand

therapy (7). In view of the favorable initial results, 68Ga-FAPI

PET/CTwas requested by various referring physicians on the basis

of individual clinical indications. Often, scans were ordered to im-

prove tumor delineation for planned surgery or radiotherapy. Thus,

even lesions that were already unequivocally identified radiolog-

ically or by histopathology could be additionally characterized

with 68Ga-FAPI PET/CT.
The aim of this retrospective analysis was to quantify 68Ga-FAPI

uptake in a variety of primary, metastatic, or recurring cancers.
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MATERIALS AND METHODS

Patients

All patients were referred for experimental diagnostics by their

treating oncologists, who were facing an unmet diagnostic challenge
that could not be solved sufficiently with standard diagnostic means.

Although the location and nature of tumor lesions were frequently
known, the intent was to improve tumor delineation for reasons such

as planning of radiotherapy. All patients gave written informed consent
to receive 68Ga-FAPI PET/CT on an individual-patient basis. The data

were analyzed retrospectively with approval of the local ethics com-
mittee (approval S016/2018).

Radiopharmaceuticals

Synthesis and labeling of 68Ga-FAPI-04 have already been de-

scribed previously (4,5). Following the regulations of the German

Pharmaceuticals Act x13(2b), the indication for the exam and labeling

of the FAPI tracers was done under the direct responsibility of the
applying physician. Injected activities were dependent on labeling

yields. According to a previous dosimetry estimate—effective dose,
1.6 mSv/100 MBq (6)—an upper limit of 370 MBq regarding radiation

exposure and a lower limit of 100 MBq per examination to achieve a
sufficient count rate have been considered.

PET/CT Imaging

All imaging was performed on a Biograph mCT Flow scanner (Siemens).

After non–contrast-enhanced low-dose CT (130 keV, 30 mAs, CareDose;
reconstructed with a soft-tissue kernel to a slice thickness of 5 mm),

PET was acquired in 3-dimensional mode (matrix, 200 · 200) using
FlowMotion (Siemens). The emission data were corrected for randoms,

scatter, and decay. Reconstruction was performed with an ordered-subset
expectation maximization algorithm with 2 iterations/21 subsets and was

Gauss-filtered to a transaxial resolution of 5 mm in full width at half
maximum; attenuation correction was performed using the nonenhanced

low-dose CT data. The injected activity for the 68Ga-FAPI examinations
was 122–312 MBq, and the PET scans were started 1 h after injection. A

500-mL volume of saline with 20 mg of furosemide was infused from
15 min before to 30 min after tracer application. The patients were asked

to self-report any abnormalities 30 min after finishing the examination.

Imaging Evaluation

Tumor tracer uptake was quantified by SUVmean and SUVmax at 1 h
after injection. For calculation of the SUV, circular regions of interest

were drawn around the tumor lesions with focally increased uptake in
transaxial slices and automatically adapted to a 3-dimensional volume

of interest with e.soft software (Siemens) at a 60% isocontour. The
unspecific background in blood pool (aortic vessel content) and mus-

cle was quantified with a circular 2-cm-diameter sphere.

RESULTS

Adverse Events

All patients tolerated the examination well. No drug-related
pharmacologic effects or physiologic responses occurred. During

injection and the 1.5 h of follow-up, no
patient reported any new symptoms.

Quantifying 68Ga-FAPI Uptake in

Primary Tumors and Metastatic

Disease

Patient numbers were not sufficient to
compare the SUVs of primary tumors
versus metastases for individual cancers.
The overall SUV mean (11.5 6 5.5 vs.
10.0 6 6.3), median (10.7 vs. 8.5), and
range (2.9–21.6 vs. 2.0–44.8) of 68Ga-
FAPI in primary tumors (n 5 54) and met-
astatic lesions (n5 229) did not differ (Fig. 1).
Subsequently, we analyzed primary and
metastatic lesions of individual tumor enti-
ties in a pooled fashion.
The highest average SUVmax (.12) was

found in sarcoma, esophageal, breast, cholan-
giocarcinoma, and lung cancer. The lowest
68Ga-FAPI uptake (average SUVmax , 6)
was observed in renal cell, differentiated thy-
roid, adenoid cystic, gastric, and pheochromo-
cytoma cancer. The average SUVmax of
hepatocellular, colorectal, head–neck, ovar-
ian, pancreatic, and prostate cancer was

FIGURE 1. Neither mean, median, nor range of SUVmax of 68Ga-FAPI-04

PET differs significantly between primary tumors and metastases.

FIGURE 2. Average SUVmax of 68Ga-FAPI PET/CT in various tumor entities. Low, intermediate,

and high uptake was defined by cutoff at SUVs 6 and 12. By comparison, average background

(blood pool) was found to have SUV 1.4. Ca5 cancer; CCC5 cholangiocellular carcinoma; CUP5
carcinoma of unknown primary; HCC 5 hepatocellular carcinoma; NET 5 neuroendocrine tumor.
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intermediate (SUV 6–12). All tumor entities exhibited a high in-
terindividual SUV variation (Fig. 2). Because of the low back-
ground activity (average SUVmean of blood pool and muscle, 1.2
and 1.0, respectively; SUVmax, 1.6 and 1.4, respectively), the tumor-
to-background ratios are more than 3 in the intermediate and more
than 6 in the high-intensity uptake group (Fig. 2). These high ratios
resulted in high image contrast and excellent tumor delineation in
most of the evaluated patients (Fig. 3).

DISCUSSION

The aim of this retrospective analysis was to quantify the uptake
of 68Ga-FAPI ligand in different types of cancer.
The highest uptake (average SUVmax . 12) was found in lung,

breast, and esophageal cancer; cholangiocellular carcinoma; and
sarcoma. This may open indications for 68Ga-FAPI PET/CT for
cases in which 18F-FDG PET/CT faces its limitations. Because of
low uptake of 18F-FDG in low-grade sarcomas, there is a wide
overlap between benign and malignant lesions, and even dual–
time-point imaging could not eliminate this well-known limitation

of 18F-FDG PET/CT (8,9). The main limitation of 18F-FDG PET/CT
in staging of esophageal cancer is its low to moderate sensitivity
for lymph node staging (10) and delineation between viable tumor
and regional esophagitis. In breast cancer, 18F-FDG PET/CT is
commonly used in recurrence but not generally recommended
for initial staging (11). Cholangiocarcinoma exhibits considerable
variability in 18F-FDG uptake, which was correlated with a weak
expression of hexokinase-2 (12). 18F-FDG PET/CT performs well
in lung cancer; however, high cerebral background requires brain
MRI for complete staging (13). Thus, these tumors may benefit
from 68Ga-FAPI PET/CT imaging. However, the limited number
of patients examined by 68Ga-FAPI PET/CT until now does not
allow subgroup analysis of histologic variants or differentiation
grades.
Surprisingly, colon and pancreatic cancers, that is, the ones with

the highest desmoplastic reaction by histopathology (3), demon-
strated only intermediate 68Ga-FAPI uptake (SUV 6–12). The liver
is the first target organ for metastases of colorectal cancer. We
already reported a significantly lower hepatic background for
68Ga-FAPI (SUV 1.7) than for 18F-FDG (SUV 2.8). This may

be advantageous for liver metastasis detec-
tion (6). Within the patients reported here,
we identified liver metastases as small as 1
cm in diameter (Fig. 4). Because of its lim-
ited sensitivity of 30% for detecting lymph
node metastasis (14) and false-positive
findings in acute pancreatitis, 18F-FDG
PET is of limited usefulness for surgical
planning in pancreatic cancer (15). Thus,
even intermediate uptake in 68Ga-FAPI
PET/CT presents a reasonable perspective
to improve clinical diagnostic performance.
In ovarian cancer, another tumor in the
intermediate-intensity group, 18F-FDG can
overcome some limits of conventional im-
aging but, because of peristaltic activity, of-
ten suffers from heterogeneous uptake in
the intestinal wall (16,17). In contrast,
68Ga-FAPI demonstrates very low unspe-
cific intestinal/peritoneal uptake and might
be superior to identify peritoneal carcino-
matosis, the main clinical challenge of ad-
vanced-stage ovarian cancer. Head–neck
tumors often go along with local inflamma-
tion. Unfortunately, a recent review reported
that most original work found that 18F-FDG
PET/CT is not useful in discriminating be-
nign from malignant tumors because of the
overlap of uptake in both conditions (18–
20). In this setting, 68Ga-FAPI PET/CT
may offer an advantage regarding tumor
delineation—for example, in planning of ra-
diotherapy (Fig. 5). Differentiation between
residual/recurrent disease and postchemora-
diation fibrosis was reported to be a diag-
nostic challenge for 18F-FDG (21). It should
be mentioned that unspecific fibrosis may
also cause issues for 68Ga-FAPI PET; how-
ever, because of the inherent difference in
normal activated fibroblasts and cancer-
associated fibroblasts (4,5), this possibility

FIGURE 3. Maximum-intensity projections of 68Ga-FAPI PET/CT in patients reflecting 15 differ-

ent histologically proven tumor entities (sorted by uptake in descending order). Ca 5 cancer; CCC 5
cholangiocellular carcinoma; CUP5 carcinoma of unknown primary; MTC5 medullary thyroid cancer;

NET 5 neuroendocrine tumor.
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still needs to be proven. Intermediate to high 68Ga-FAPI uptake
was also observed in prostate cancer. However, only patients with
prostate-specific membrane antigen–negative tumors, which are
the minority of prostate cancers, were selected to receive addi-
tional 68Ga-FAPI PET/CT, and because of this selection bias, our
cohort does not reflect typical patients.

18F-FDG PET often performs poorly in renal cell carcinoma,
pheochromocytoma, and neuroendocrine tumors, including med-
ullary thyroid cancer and insulinomas. This limitation is unlikely
to be overcome, because SUVs for these tumors are also low for
68Ga-FAPI (average SUVmax , 6). This is likely not a significant
problem because several special PET tracers such as 18F-DOPA
for neuroblastoma/pheochromocytoma (22), 68Ga-labeled somato-
statin analogs for neuroendocrine tumors (23), 89Zr-girentuximab
for renal cell carcinoma (24), and 68Ga-exendin targeting glucagon-
like peptide-1 receptor on insulinoma (25) recently closed this gap.
The current imaging findings are largely consistent with histopa-

thology reports. FAP expression on activated fibroblasts in tumor
stroma was already quantified in 1990 using the antibody-F19 (3).
Well in line with our results, a weak desmoblastic reaction was
observed in renal cell cancer and neuroblastoma/pheochromocytoma;
intermediate staining in pancreatic, gastric, endometrial/cervix
cancer; and high expression in breast cancer (3). In contrast to

this historical paper, we found a higher
68Ga-FAPI uptake in neuroendocrine tu-
mors (intermediate group in 68Ga-FAPI
PET, weak in histology) and lung cancer
(high uptake in 68Ga-FAPI PET, interme-
diate in histology). For colorectal cancer,
which was the most commonly high-express-
ing tumor in the work of Garin-Chesa et al.
(3), we only measured intermediate values.
Low case numbers, heterogeneity of ex-
pression, random effects in tissue sam-
pling, and high interindividual variability
appear the most appropriate explanations
for these differences between histologic in
vitro and imaging in vivo results. Another
explanation and also a possible reason for
the high interindividual variability can be
patient selection. Immunohistochemical
work-up has primarily been performed in
early-stage nonmetastatic, and thus rather in-
dolent, tumors. In contrast, the patients eval-

uated by 68Ga-FAPI PET/CT are a more heterogeneous group. Most
presented with recurrent and metastatic disease and sometimes (most
frequently in colorectal cancer patients) even after several lines of
systemic therapy. We also want to emphasize that the aim of this
work was only to characterize true-positive lesions (proven by histo-
pathology or unequivocal radiologic findings of histopathologically
proven primary tumors), as no acceptable gold standard to rule out
false-negative findings was available. Thus, sensitivity and overall
diagnostic accuracy cannot be determined.
FAP was considered a promising target for nuclear-labeled tumor

probes in 1994. Because of tumor-to-liver ratios of up to 21:1, the
antibody 131I-mAb-F19 could delineate liver metastases of colorectal
cancer as small as 1 cm in diameter (26). This was confirmed by our
observations (Fig. 4) and is supported by earlier data that cancer-
associated fibroblasts are already found in lesions above 1–2 mm in
diameter (27). However, well in line with typical antibody kinetics, the
optimal time for tumor imaging with 131I-mAb-F19 was 3–5 d after
administration (26). In contrast, 68Ga-FAPI PET/CT can be performed
10 min to 1 h after administration and, in contrast to 18F-FDG studies,
can be done without fasting and resting time (6). This is a potential
operational advantage, as observed between prostate-specific mem-
brane antigen targeting with the antibody J591 and an optimal imaging
after 6–8 d (28) versus low-molecular-weight prostate-specific mem-

brane antigen ligands that can be imaged 1 h
after injection (29).

CONCLUSION

Several epidemiologically important tu-
mor entities, in particular breast, esopha-
gus, lung, pancreatic, head–neck, and colo-
rectal cancer, present with a remarkably
high uptake in 68Ga-FAPI PET/CT. This
may open new applications for noninvasive
tumor characterization and staging examina-
tions. Because the 68Ga-FAPI tracers contain
the universal DOTA chelator, also a theranos-
tic approach—after labeling the ligand with
an appropriate therapeutic radionuclide—
seems feasible. Other known 18F-FDG limi-
tations, for example, in differentiated thyroid

FIGURE 4. Maximum-intensity projection (A) of patient with colorectal carcinoma. Because of

low physiologic background uptake, tiny lesions in lung (B) and liver (D) were detected by 68Ga-

FAPI-04 PET/CT and measured in dedicated CT of lung (C) and hepatic MRI (E) with long-axis

diameters of 1 cm. *Primary tumor in left colon flexure. Red arrow 5 unspecific uptake in uterus.

FIGURE 5. Among others, one clinical application for 68Ga-FAPI PET/CT can be to improve

gross tumor volume delineation in preparation for external-beam radiotherapy—in this case,

squamous cell carcinoma of neck with local lymph node metastases. From left to right: whole-

body maximum-intensity projections, coronal PET slice through head/neck tumor, its fusion with

coregistered CT, PET-segmented target-volume definition for external-beam radiotherapy.

804 THE JOURNAL OF NUCLEAR MEDICINE • Vol. 60 • No. 6 • June 2019



and renal cell carcinoma, can probably not be overcome with
68Ga-FAPI. The limitations of this report, such as retrospective
evaluation, a heterogeneous patient collective, and a low case
number for some kinds of tumor, require further studies.
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