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Abstract

Background Cancer associated fibroblasts have become a target of interest in different malignancies for positron
emission tomography (PET) imaging, using positron emitter labelled fibroblast activation protein inhibitors

(FAPI). New data underline the advanced imaging properties of FAPI-PET/CT for the staging of esophageal cancer
compared to standard imaging. Potential benefits of FAPI-PET/CT in radiation therapy planning are the subject of this
investigation.

Methods Ten patients with newly diagnosed esophageal cancer treated with radiochemotherapy (RCT) were
retrospectively analyzed. All patients underwent [68Ga]OncoFAP-PET/CT in treatment position to facilitate radiation
treatment planning. Six patients received neoadjuvant RCT as part of a trimodal therapy and four patients underwent
definitive RCT. In five cases, restaging after initial treatment was performed with FAPI-PET/CT.

Results [68GalOncoFAP-PET/CT based imaging showed a high correlation with the endoscopic staging for initial
imaging. In three cases, new sites of disease were unmasked, not visible in CT- and endosonographic staging.
[68GalOncoFAP-PET/CT based RT delineation offered good definition of clinical target volumes, especially in retro-/
paracardial areas and the gastroesophageal junction.

Conclusion [68Ga]OncoFAP-PET/CT may aid and improve radiation treatment planning for patients with esophageal

cancer.
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Background

The incidence and mortality of esophageal cancer depend
on the histological subtype and show high regional dif-
ferences [1]. Squamous cell carcinoma (SCC) and adeno-
carcinoma are the most frequent histological subtypes.
Globally, SCC is more prevalent, oftentimes being asso-
ciated with behavioral risk factors and particularly fre-
quent in low-income countries [1]. SCC tends to have a
more aggressive course and poorer prognosis, leading to
increased mortality rates compared to adenocarcinoma
[2].

In advanced stages, optimal treatment usually requires
a multimodal approach, including surgery and radioche-
motherapy (RCT). If resection is not possible due to loca-
tion (e.g., cervical esophagus) or patient characteristics
(e.g., co-morbidities), definitive RCT is the standard of
care [2, 3].

Pre-treatment workup staging includes upper gastro-
intestinal endoscopy with tumor site biopsy and endo-
scopic ultrasound (EUS), contrast enhanced computed
tomography (CT) of the thorax and abdomen/pelvis and,
if available, [18F]fluorodeoxyglucose positron emission
tomography [18F]FDG-PET) [4]. For radiation treat-
ment planning, precise definition of the target volumes
is of utmost importance. However, the accurate identi-
fication of the tumor extension may be challenging due
to limited contrast between the tumor and surrounding
tissue. Transferring endoscopically obtained measure-
ments of tumor spread to planning CT scans can be chal-
lenging. These difficulties play a key role especially in
non-obstructing tumors that may not be visible on con-
trast-enhanced CT. Molecular imaging with [18F]FDG-
PET, which visualizes increased glucose utilization, also
faces some tracer-specific drawbacks:

(a) uptake in infection/inflammation; e.g. esophagitis in
reflux disease.

(b)small tumors and lymph-node metastases can be
false negative.

(c) uptake in surrounding tissue, especially myocardium
and stomach can hamper target volume delineation
for radiotherapy (RT).

Fibroblast activation protein (FAP) is an antigen
expressed on cancer associated fibroblasts as part of the
tumor microenvironment and on the surface of can-
cer cells in a variety of malignant neoplasms [5]. FAP
inhibitors (FAPI) can be combined with 3-emitters such
as [18F] or [68Ga] to be used in PET for diagnostic pur-
poses and staging across different types of cancers [6].
Many different FAPI-PET compounds have been used
and previously published in different clinical scenarios
[6]. First results in esophageal cancer hint towards.
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(a) improved tumor detection rates for FAPI-PET
compared to [18F]FDG-PET/CT [7].

(b)a potential benefit for RT planning with significant
differences in gross tumor volume (GTV) delineation
(8].

(c) a potential prognostic value of FAPI-PET parameters
to predict response to definite RCT [9, 10].

However, most research approaches mainly included
SCC (with only a minority of adenocarcinoma due to
reduced local prevalence [7, 9, 10]). Many previous stud-
ies focus on patients with definitive RCT [9, 10]. Emerg-
ing data suggest a potential role of FAPI-PET in assessing
treatment response after neoadjuvant therapy [11].

In this retrospective study we present evidence of
FAPI-PET-based RT planning in a real-world collective
of esophageal cancer patients, including both SCC and
adenocarcinoma as well as different radiation oncology
treatment strategies. We also show first results on FAPI-
PET response assessment after (neoadjuvant) RCT.

Methods

Patient selection

We retrospectively analyzed data from ten patients with
a first diagnosis of esophageal cancer who underwent
RCT with curative intent at our institution between Janu-
ary 2022 and January 2023. After initial consultation with
the radiation oncologist and obtaining informed consent,
all patients received a FAPI-PET/CT in the radiotherapy
treatment position on an individual clinical basis, with
the compound [68Ga]Ga-OncoFAP-DOTAGA ([68Ga]
OncoFAP).

[68Ga]OncoFAP-PET

[68Ga]OncoFAP-PET/CT scans were conducted 60 min
after injection of a median of 168 MBq [68Ga]Ga-
OncoFAP-DOTAGA (range: 106-226MBq). Precursor
was provided by Philochem AG, Otelfingen, Switzer-
land. Imaging was performed on a PET/CT scanner
(mCT, Siemens Healthineers, Munich, Germany). To
ensure an optimal positioning of the patient the proce-
dure was accompanied by a physician and a dosimetrist
of the department of radiation oncology. The simultane-
ously acquired CT imaging consisted of a full body con-
trast enhanced CT. Notably, patients did not need to fast
before the examination (as opposed to FDG-PET/CT).
A nuclear medicine physician and radiation oncologist
assessed PET imaging. Quantitative uptake measure-
ments of active areas were obtained by calculation of
maximal standard uptake value (SUVmax) and the SUV-
peak (maximal standard uptake value in a 1cm?® volume
of interest).
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Radiation therapy planning and image analysis
Delineation of target volumes and organs at risk (OAR)
for RT was performed by a board-certified radiation
oncologist after image import into the planning software
Varian Eclipse 11.0 (provided by Varian Medical Systems,
Palo Alto, CA, USA). Treatment planning was completed
according to the current guidelines and the ICRU-Report
83 for treatment volume definition and dose prescrip-
tion for intensity-modulated radiotherapy (IMRT) [12,
13]. Primary tumor and metastases visible in [68Ga]
OncoFAP-PET imaging and contrast enhanced CT were
used for the delineation of gross tumor volume (GTV).
A lesion-based threshold of 40% was used to assess
the PET-positive GTV. To further evaluate volumetric
changes regarding the target volumes, additional struc-
tures were defined for study purposes: GTVp_CT and
GTVn_CT, defined as (primary) tumor and nodal GTV
using only information gained by CT and endoscopy, and
GTVp_CT+PET and GTVn_CT +PET, defined as GTV
also incorporating information gained by [68Ga]Onco-
FAP-PET/CT. Of note, the whole esophagus was con-
toured at the level of the PET-positive lesion for GT Vp,
not only the lesion itself. The PET-based planning pro-
cess in a patient receiving neoadjuvant RCT (patient 10)
is exemplarily illustrated in Fig. 1.
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The primary clinical target volume (CTVp) around the
corresponding GTVp was defined with a craniocaudal
expansion of 4 cm and 0.5-1 cm radial margin around
the esophagus at the level of the primary tumor. In case
of suspect lymph nodes, a CTVn (“nodal”) was created
including all PET-positive or otherwise suspect lymph
nodes with a short axis of above 1 cm. Organs at risk
were spared as clinically appropriate. In case of definitive
RCT a CTVb (“boost”) was defined for dose escalation to
the primary tumor, with a reduced craniocaudal margin
of 1 cm. To address a potential set-up error, planning tar-
get volumes (PTV) were defined with an additional iso-
metric expansion of 0.5 cm.

GTV and CTV volumes were qualitatively analyzed
by two radiation oncology experts and the DICE coeffi-
cient was calculated for quantitative analysis as a similar-
ity measure ranging from O to 1, describing the overlap
between two volumes. A high DICE coefficient therefore
indicates a high similarity between the measured vol-
umes. The standard-of-care contouring using CT and
endoscopy (GTVp/n_CT) was considered the ground
truth [14].

Treatment and response assessment
Treatment plans were realized with either 6MV-pho-
tons from a Varian TrueBeam linear accelerator or

Fig. 1 Exemplary target volume definition (A-C) for [68GalOncoFAP-PET/CT based neoadjuvant treatment in a patient is esophageal SCC. As part of
target volume delineation, the [68GalOncoFAP-based GTVp_PET +CT (including the whole esophagus on the level of PET-activity) is depicted by the red
outline, the resulting CTV by the cyan structure and the PTV in orange. Note the superb visibility of the PET-positive lesion directly adjacent to the heart.

Additionally, the RT dose distribution is illustrated (D-F)
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6MV-flattening filter free (FFF) photons using a Var-
ian Halcyon linear accelerator. Sliding window IMRT or
volumetric modulated arc therapy were performed with
image guidance (regular cone-beam CT quality assur-
ance). Patients treated in a neoadjuvant setting received
45 Gy in 25 daily fractions to the PTV. Patients in a defin-
itive setting sequentially received twelve additional frac-
tions as a boost to the initial tumor site to a cumulative
dose of 66.6 Gy. Medical and physical treatment planning
was performed with means of quality assurance accord-
ing to the in-house standard procedure with multistep
review before the initiation of treatment. Simultaneous
chemotherapy consisted of weekly intravenous applica-
tion of Paclitaxel 50 mg/m2 and Carboplatin AUC 2 (5
cycles in neoadjuvant treatment, 6 cycles in a definitive
setting) [2, 15].

Four to six weeks after RCT, re-staging was performed
(with five of ten patients receiving [68Ga]OncoFAP-PET/
CT as part of response assessment). In case of a planned
resection, re-staging was accompanied by endoscopic
biopsy. Imaging results were correlated with pathological
reports after tumor resection.

All statistical analysis was performed using IBM SPSS
statistics Version 29.0 (provided by IBM, Armonk, Ny,
USA). Non-normally distributed variables are expressed
as median and range. Relative values are given in per-
centage. Wilcoxon signed-rank test was used to compare
non-normally distributed paired variables. Unpaired,
non-normally distributed data was compared with Mann
Whitney U test. A value for p<0.05 was regarded as
significant.

Table 1 Patient characteristics
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Results

Patient demographics and data

Patients were evenly distributed between histological
subtypes (50% adenocarcinoma, 50% SCC) with charac-
teristics shown in Table 1.

[68GalOncoFAP-PET

All primary tumors were detected with [68Ga]OncoFAP-
PET/CT. Primary tumors showed high uptake, with a
median SUVmax of 19.4 (range: 10.8—28.8), and a median
SUVpeak of 14.4 (range: 8.24-21.45). Elevated uptake
was also seen in lymph nodes (SUVmax: median: 16.2
(range: 15.2-18.12), SUVpeak: median 10.1 (range: 9.5—
11.3)). Uptake values of the primary tumor did not differ
significantly (p=0.35) between adenocarcinoma (median
SUVmax: 15.9; range: 10.8—24.8) and SCC (median SUV-
max: 23.0; range:14.8—28.8).

In 3/10 patients [68Ga]OncoFAP-PET changed TNM
stage after initial standard EUS- and CT-based assess-
ment by unmasking additional lymph node metastases
(patients 1,2,3). While patients 1 and 2 were treated with
definitive RCT, patient 3 received trimodal therapy and
was staged ypNO after neoadjuvant RCT. Figure 2 shows
the projections of [68Ga]OncoFAP-uptake in the evalu-
ated patients via maximum intensity projection.

To note that highly elevated uptake in the liver of
patient 8 is related to a liver cirrhosis. Uptake in the liver
remained unchanged in follow-up imaging (Fig. 3).

Radiation therapy planning

The addition of [68 Ga]OncoFAP-PET information in the
process of target volume delineation led to an improved
visibility of tumor infiltration as the extent of disease was
visualized even in tumors directly adjacent to the heart
or stomach. Setup-errors due to co-registration of PET/

Number 1 2 3 4 5 6 7 8 9 10
Sex W M W W M W M M M M
Age [years] 80 65 83 64 59 69 81 70 68 63
Histology S A S A S A A S S A
A=Adeno-Ca

S=5CC

Grading 2 2 3 3 3 2 2 3 2 2
RCT-Setting D p p p D D p D
D=definitive

P =preoperative

cT stage 3 3 3 2 2 3 3 3 3
CT cN stage 2 2 1 1 0 0 0 1
EUS cN stage + + + + + + - +
FAPI cN stage 3 2 0 0 0 0 0 0 0 2
ypT stage 2 0 3 0 3 0

ypN stage 0 0 0 0 0 0
[68Ga]OncoFAP -PET No No No No No Yes Yes Yes Yes Yes

Follow up
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Fig. 2 Maximum intensity projections of [68GalOncoFAP-PET of all esophageal cancer patients treated in our cohort

CT and planning-CT scans were reduced to a minimum
by acquiring the PET/CT in the pre-defined treatment
position.

[68Ga]OncoFAP-PET information led to a reduction
in contoured GTVp volumes in 60% of cases. This was
observed especially regarding the craniocaudal and gas-
tric extent of the disease. An enlargement of the GTV
was observed in 30% of cases with the inclusion of pre-
viously not suspected lymph nodes (patients 1,2 and 3).
However, two patients with CT-graphically and/or endo-
scopically suspect lymph nodes did not show increased
[68Ga]OncoFAP uptake in those nodes (patient 4 and
7). This would result in a potential omission of targeted
lymphonodal irradiation. Nevertheless, all initially sus-
pected manifestations were included in neoadjuvant RCT
planning. The postoperative staging revealed a complete
nodal response (ypNO) in both cases.

In several cases, the use of [68Ga]OncoFAP-PET-
information led to a distinct remodeling of the GTV in
different areas. These changes did not lead to a signifi-
cant change in absolute volume but are represented in
reduced DICE coefficients averaging 0.8. This underlines

the substantial impact of [68Ga]OncoFAP-imaging on
target volume definition in this cohort.

The volumetric changes and DICE coefficients are
shown in Table 2.

Treatment and response assessment
In our cohort, five patients received follow-up [68Ga]
OncoFAP-PET with a mean of 5 weeks after finish-
ing RCT as part of re-staging (Fig. 3). Of these patients,
three were treated in a definitive RCT and two received
trimodal therapy with PET/CT prior to resection. In all
cases, SUVmax decreased significantly in post-therapeu-
tic [68Ga]OncoFAP-PET compared to initial assessment
(median decrease: 51%, range: 27-72%, p = 0.043).
However, a relevant residual uptake was observed
in all patients (median SUVmax: 7.4, range: 5.2-10.8).
Here, differentiation between residual tumor and reac-
tive fibrotic changes after radiation therapy remains
doubtful. Histopathological correlation is need to fur-
ther elaborate on the specificity of uptake. In this study
two patients with restaging [68Ga]OncoFAP-PET after
neoadjuvant treatment, underwent surgery allowing for
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Fig. 3 Comparison of [68Ga]OncoFAP uptake before and after RCT

Table 2 Tumor volume metrics and DICE coefficient values

Number 1 2 3 4 5 6 7 8 9 10
GTVp_CT [cm?] 65.6 62.3 558 230 134 539 36.6 16.4 1.8 36.1
GTVp_CT+PET [cm?] 64.2 62.3 56.2 204 111 554 39.1 109 85 35.1
Difference [cm?] -14 0 +0.3 -26 -24 +15 +24 -55 -33 -1.1
DICE 0.99 1 0.98 0.81 0.80 0.80 0.86 0.76 0.75 0.94
GTVn_CT [cm?] 37.7 50 42 - - 20 - - - 83
GTVn_CT+PET [cm?] 385 838 0 - - 0 - - - 94
Difference [cm®] +08 +38 42 - - 20 - - - +1.1
DICE 0.76 0.73 - - - - - - - 0.94
histopathological response assessment: Patient 9 had  Discussion

a lower residual uptake (SUVmax 6.1 and SUVpeak 4.0,
compared to SUVmax 22.0 and SUVpeak 14.1 in initial
imaging) and was confirmed a histopathological com-
plete response, while patient 6 showed a higher residual
[68Ga]OncoFAP uptake with lesser drop-off (SUVmax
10.8 and SUVpeak 8.0, compared to SUVmax 14.8 and
SUVpeak 12.5 in initial imaging), revealing incomplete
response in postoperative histopathology (10% viable
tumor cells). Follow up imaging of [68Ga]OncoFAP-PET
positive lymph nodes (CT: ¢cN1, FAPIL: cN2) after defini-
tive RCT was obtained in one patient (patient #10) and
showed a complete response of lymphatic manifesta-
tions, but revealed first diagnosis of multifocal metastatic
spread to the bones, previously not detectable in any
imaging. Comparison of pre- and post-treatment [68Ga]
OncoFAP uptake is visualized in Fig. 3.

Imaging-based initial staging plays a key role for treat-
ment decision-making in esophageal cancer. This may
either lead to curative-intent neoadjuvant RCT followed
by surgical resection or definitive RCT in a curative or
palliative setting. Previous publications hint towards
improved diagnostic sensitivity of FAPI-PET/CT com-
pared to [18F]FDG-PET/CT [7]. In the ten patients
evaluated in our study, [68Ga]OncoFAP-PET also dem-
onstrated high uptake values with excellent visibility of
tumor lesions in otherwise difficult locations (such as
at the esophageal-gastric junction or in the retrocardiac
mediastinum). [68Ga]OncoFAP is a relatively new FAPI-
PET compound with favorable radiochemical properties,
including low background activity and intense tumor
uptake [16]. This tracer is therefore a powerful alternative
to other FAP-compounds.
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While the majority of previous studies on esophageal
cancer predominantly included SCC [7, 17], our study
included patients with an even distribution of histologi-
cal subtypes. Uptake values were not significantly dif-
ferent between these two subgroups. This is in line with
immunohistochemistry findings revealing comparable
FAP expression in adenocarcinoma and SCC [18, 19].
This hints towards favorable diagnostic properties of
FAPI-PET in esophageal cancer independent of subtype.

A well-known drawback of [18F]JFDG-PET in esopha-
geal cancer staging is the limited sensitivity for the
detection of lymph node metastases [20]. The improved
detection of lymph node metastases in FAPI-PET com-
pared to conventional CT- and [18F]FDG-PET scans was
shown in previous reports [7, 17]. Wegen et al. evaluated
32 patients with [18F]FDG and FAPI-PET dual-tracer
PET imaging. The use of FAPI-PET led to the detection
of two additional potential lymph node metastases which
did not appear suspicious in [18F]FDG-PET alone [21].
Similar results were reported in our study, as FAPI-PET
revealed additional suspicious lymph nodes in three out
of ten patients.

Target volume definition in radiation therapy planning
heavily relies on diagnostic imaging to accurately reflect
the extent of disease. This is of utmost importance as an
exact delineation of tumor sites impacts treatment effec-
tiveness, as well as the occurrence and severity of side
effects. In accordance with results previously published
by Zhao et al,, data from our study suggest that [68Ga]
OncoFAP-PET has a significant influence on GTV defini-
tion compared to conventional imaging [8].

Thoracic OARs such as the lung and heart are in close
proximity to the primary esophageal treatment volume
and show a high potential for treatment-related tox-
icities. A correlation of lung dose distribution and vol-
ume with increasing risk of radiation pneumonitis and
pulmonary fibrosis has previously been reported [22].
Heart tissue also shows relatively low tolerance to ioniz-
ing irradiation. Thresholds are low for late sequelae like
pericarditis, arrhythmia and heart failure [23]. Therefore,
maximal sparing of normal tissue by reducing treatment
volumes is desirable, following the ALARA principle (as
low as reasonably achievable). Defining the exact tumor
extent in conventional CT-based treatment planning
is difficult. This is compensated by a prolonged cranio-
caudal extension of treatment volumes by several cen-
timeters in modern contouring guidelines, resulting in
relatively large target volumes. A more accurate depic-
tion of tumor infiltration might enable smaller GTV-to-
CTV margins, sparing healthy tissue in the esophagus
and stomach. Limiting treatment-induced mucositis and
dysphagia may reduce weight loss, shorten hospital stays,
and mitigate the need for parenteral nutrition. PET-
based de-escalation of RT treatment volumes has been
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successfully implemented in several types of cancer (e.g.,
lung cancer and lymphoma [22, 24]. The use of FAPI-PET
as a basis for RT planning has also been explored in the
context of gastrointestinal cancer treatment [25]. Still, a
similar approach for esophageal cancer has yet to reach
consensus. These results as well as our evaluation sug-
gest that [68Ga]OncoFAP could be a very useful tool in
the RT planning process in the future, with the aim of de-
escalating treatment volumes.

Improved imaging capabilities may lead to better treat-
ment decisions: In our cohort, one patient was changed
from neoadjuvant to definitive RCT in a palliative set-
ting because of the detection of distant malignant lymph
nodes in FAPI-PET and to a lesser extend in CT after
interdisciplinary decision making. Another patient was
diagnosed with lower abdominal lymph node metastases,
which were then included in GT Vn during RCT and later
resected. Preventing patients from unnecessary surgical
interventions in situations of extended disease improves
quality of life and is cost-effective. This has also been
shown for [18F]FDG-PET. However, with the disadvan-
tage of limited sensitivity for the detection of lymph node
metastases [26].

The recently updated practice guideline for advanced
tumors of the esophagus by the American Society of Tho-
racic Surgeons and the American Society for Radiation
Oncology emphasized the increasing role of PET-based
decision-making in upper gastrointestinal cancers in the
form of response-assessment after induction chemother-
apy [27]. The CALGB 80,803 trial [28] showed encour-
aging results regarding individualizing treatment with
PET-response-adapted combined modality therapy for
adenocarcinoma of the esophagus, leading to improved
rates of pathological complete response after surgery.
This approach might also be further explored regarding
additional de-escalation of RT treatment strategies, for
example in the form of response-adapted dose decisions
for boost planning in patients with definitive RCT, or as a
means of active surveillance after neoadjuvant treatment.
However, these concepts need further prospective inves-
tigation. In any case, our experience highlights an emerg-
ing role of FAPI-PET in this context.

Additionally, PET-based assessment of treatment
response was shown to be a predictor of survival in the
CALGB 80,803 trial. For different FAPI-PET tracers,
recent studies have also shown prognostic value of pre-
treatment tracer-avid tumor volume in patients with
esophageal cancer undergoing definitive RCT [9]. How-
ever, to our knowledge, our study is the first to report
response assessment with FAPI-PET tracers after RCT in
this setting. A reduction in uptake parameters is expected
in response to RCT. This has already been reported for
FAPI-PET based response assessment in esophageal
patients undergoing chemotherapy alone [29]. However,
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one key disadvantage, regarding the limited specificity of
FAPI-uptake needs to be acknowledged: FAP is overex-
pressed on cancer-associated fibroblasts, but also on acti-
vated fibroblasts in inflammatory disease, such as IgG4
related disease [30, 31]. RCT-related tumor cell death is
associated with inflammation in and around the irradi-
ated lesion and associated fibroblastic tissue response can
lead to increased uptake, especially after ablative radia-
tion doses, as recently pointed out by different authors
[25, 32]. Larger studies of [18F]FDG-PET also demon-
strated partly unspecific uptake after radiation therapy,
not predicting histological response in multivariate anal-
ysis [33]. For FAPI-PET the optimal imaging time-point
after radiation therapy still needs to be elaborated. Larger
prospective studies are needed to provide information on
the specificity of FAPI-PET uptake in the post RT-setting.

This study represents the experience of a single center.
In addition, it is retrospective data from a small patient
cohort. These are major limitations of this study. Pro-
spective evaluation of larger patient collectives is needed
to address the questions arising from our preliminary
data that have not been answered yet, namely:

(a) the safety of reducing target volumes with FAPI-
PET-based RCT.

(b)the role of FAPI-PET for response assessment during
or after RCT is limited by unspecific FAPI uptake
after RCT.

(c) data regarding predictive and prognostic parameters,
e.g. in metastatic disease.

Conclusions

This single-center experience hints towards an important
role of [68Ga]OncoFAP for radiation treatment planning
in esophageal cancer patients, in both SCC and adeno-
carcinoma. Target volume definition benefits substan-
tially from the addition of FAPI-PET imaging. Future
studies will define the role of FAPI-PET in treatment
planning and should further elaborate on early response
assessment in patients undergoing RCT.

Author contributions

Conceptualization: KK, NBP and WR; methodology: KK, NBP and WR;
investigation and data curation KK, NBP and WR,; writing—original draft
preparation NBP, KK and WR; writing—review and editing MB, BG, DV, FT,
PB, AP MS and HTE; supervision: WR, MS and HTE; All authors have read and
agreed to the published version of the manuscript.

Funding

Open Access funding enabled and organized by Projekt DEAL.

We acknowledge support from the Open Access Publication Fund of the
University of Munster.

Data availability
No datasets were generated or analysed during the current study.

Page 8 of 9

Declarations

Ethics approval and consent to participate

The retrospective analysis was approved by the local ethics committee (Ethics
Committee of the Medical Association of Westphalia-Lippe and the University
of Minster; protocol code 2023-189--S). Patient consent was waived due to
retrospective monocenter nature of the analysis.

Competing interests
The authors declare no competing interests.

Received: 10 January 2025 / Accepted: 20 February 2025
Published online: 28 February 2025

References

1. Jemal A, Bray F, Center MM, Ferlay J, Ward E, Forman D. Global cancer statis-
tics. Cancer J Clin. 2011;61(2):69-90.

2. AjaniJA, D'Amico TA, Bentrem DJ, Cooke D, Corvera C, Das P, et al. Esophageal
and esophagogastric junction cancers, version 2.2023, NCCN clinical practice
guidelines in oncology. J Natl Compr Canc Netw. 2023;21(4):393-422.

3. Herskovic A, Martz K, Al-Sarraf M, Leichman L, Brindle J, Vaitkevicius V, et
al. Combined chemotherapy and radiotherapy compared with radio-
therapy alone in patients with Cancer of the esophagus. N Engl J Med.
1992,326(24):1593-8.

4. Obermannova R, Alsina M, Cervantes A, Leong T, Lordick F, Nilsson M, et al.
Oesophageal cancer: ESMO clinical practice guideline for diagnosis, treat-
ment and follow-up. Ann Oncol. 2022;33(10):992-1004.

5. Fitzgerald AA, Weiner LM. The role of fibroblast activation protein in health
and malignancy. Cancer Metastasis Rev. 2020;39(3):783-803.

6. Kratochwil C, Flechsig P, Lindner T, Abderrahim L, Altmann A, Mier W, et al.
©8 Ga-FAPI PET/CT: tracer uptake in 28 different kinds of Cancer. ) Nucl Med.
2019;60(6):801-5.

7. LiuH,HuZ Yang X, Dai T, Chen Y. Comparison of [68GalGa-DOTA-FAPI-04 and
[18FIFDG uptake in esophageal Cancer. Front Oncol. 2022;12:875081.

8. Zhaol, ChenS,ChenS, PangY, DaiY,Hu S, et al. 68Ga-fibroblast activation
protein inhibitor PET/CT on gross tumour volume delineation for radio-
therapy planning of oesophageal cancer. Radiother Oncol. 2021;158:55-61.

9. Zhaol,PangY,ChenS, Chen J, LiY,YuY, et al. Prognostic value of fibroblast
activation protein expressing tumor volume calculated from [68 Ga]Ga-FAPI
PET/CT in patients with esophageal squamous cell carcinoma. Eur J Nucl
Med Mol Imaging. 2023;50(2):593-601.

10. Hu X, ZhouT, Ren J, Duan J, Wu H, Liu X, et al. Response prediction using
'8 F-FAPI-04 PET/CT in patients with esophageal squamous cell carcinoma
treated with concurrent chemoradiotherapy. J Nucl Med. 2023;64(4):625-31.

11. Backhaus P, Burg MC, Asmus |, Pixberg M, Bither F, Breyholz HJ, et al. Initial
results of ® Ga-FAPI-46 PET/MRI to assess response to neoadjuvant chemo-
therapy in breast Cancer. J Nucl Med. 2023;64(5):717-23.

12. Wu AJ, Bosch WR, Chang DT, Hong TS, Jabbour SK, Kleinberg LR, et al. Expert
consensus contouring guidelines for intensity modulated radiation therapy
in esophageal and gastroesophageal junction Cancer. Int J Radiation
Oncology*Biology*Physics. 2015;92(4):911-20.

13.  Hodapp N.The ICRU. Report 83: prescribing, recording and reporting photon-
beam intensity-modulated radiation therapy (IMRT). Strahlenther Onkol.
2012;188(1):97-9.

14.  Taha AA, Hanbury A. Metrics for evaluating 3D medical image segmentation:
analysis, selection, and tool. BMC Med Imaging. 2015;15(1):29.

15. Van Hagen P, Hulshof MCCM, Van Lanschot JJB, Steyerberg EW, Henegouwen
MIVB, Wijnhoven BPL, et al. Preoperative chemoradiotherapy for esophageal
or junctional Cancer. N Engl J Med. 2012;366(22):2074-84.

16. Backhaus P, Gierse F, Burg MC, Bither F, Asmus |, Dorten P, et al. Translational
imaging of the fibroblast activation protein (FAP) using the new ligand [68Ga]
Ga-OncoFAP-DOTAGA. Eur J Nucl Med Mol Imaging. 2022;49(6):1822-32.

17. LiuH,Yang X, You Z,Hu Z, Chen Y. Role of 68Ga-FAPI-04 PET/CT in the initial
staging of esophageal Cancer. Nuklearmedizin. 2023;62(01):38-44.

18. Tabola R, Zaremba-Czogalla M, Baczynska D, Cirocchi R, Stach K, Grabowski K
et al. Fibroblast activating protein-a expression in squamous cell carcinoma
of the esophagus in primary and irradiated tumors: the use of archival FFPE
material for molecular techniques. Eur J Histochem [Internet]. 2017 Jun 20
[cited 2023 Dec 7]. Available from: https://www.ejh.it/index.php/ejh/article/vi
ew/2793


https://www.ejh.it/index.php/ejh/article/view/2793
https://www.ejh.it/index.php/ejh/article/view/2793

Kroger et al. Radiation Oncology

20.

21

22.

23.

24,

25.

26.

27.

(2025) 20:29

Goscinski MA, Suo Z, Flarenes VA, Vlatkovic L, Nesland JM, Giercksky KE. FAP-a
and uPA show different expression patterns in premalignant and malignant
esophageal lesions. Ultrastruct Pathol. 2008;32(3):89-96.

Hu J, Zhu D, Yang Y. Diagnostic value of 18F-fluorodeoxyglucose positron-
emission tomography/computed tomography for preoperative lymph
node metastasis of esophageal cancer: A meta-analysis. Medicine.
2018,97(50):e13722.

Wegen S, Claus K, Linde P, Rosenbrock J, Trommer M, Zander T, et al. Impact
of FAPI-46/dual-tracer PET/CT imaging on radiotherapeutic management in
esophageal cancer. Radiat Oncol. 2024;19(1):44.

Pepper NB, Oertel M, Kittel C, Kroger KJ, Elsayad K, Haverkamp U, et al. Impact
of radiation techniques on lung toxicity in patients with mediastinal Hodg-
kin's lymphoma. Strahlenther Onkol. 2021;197(1):56-62.

Lai TY, Hu YW, Wang TH, Chen JP, Shiau CY, Huang PI, et al. Association of
radiation dose to cardiac substructures with major ischaemic events follow-
ing breast cancer radiotherapy. Eur Heart J. 2023;44(45):4796-807.

Nestle U, Schimek-Jasch T, Kremp S, Schaefer-Schuler A, Mix M, Kisters A, et
al. Imaging-based target volume reduction in chemoradiotherapy for locally
advanced non-small-cell lung cancer (PET-Plan): a multicentre, open-label,
randomised, controlled trial. Lancet Oncol. 2020;21(4):581-92.

Guberina N, Pottgen C, Kebir S, Lazaridis L, Scharmberg C, Libcke W, et al.
Combined radiotherapy and concurrent tumor treating fields (TTFields)

for glioblastoma: dosimetric consequences on non-coplanar IMRT as initial
results from a phase | trial. Radiat Oncol. 2020;15(1):83.

Barber TW, Duong CP, Leong T, Bressel M, Drummond EG, Hicks RJ. '8 F-FDG
PET/CT has a high impact on patient management and provides power-

ful prognostic stratification in the primary staging of esophageal cancer: A
prospective study with mature survival data. J Nucl Med. 2012;53(6):864-71.
Worrell SG, Goodman KA, Altorki NK, Ashman JB, Crabtree TD, Dorth J et al.
The society of thoracic surgeons/american society for radiation oncology

28.

29.

30.

31.

32

33.

Page 9 of 9

updated clinical practice guidelines on multimodality therapy for locally
advanced cancer of the esophagus or gastroesophageal junction. Practical
Radiation Oncol. 2023,51879850023002783.

Goodman KA, Ou FS, Hall NC, Bekaii-Saab T, Fruth B, Twohy E, et al. Random-
ized phase Il study of PET Response—Adapted combined modality therapy
for esophageal cancer: mature results of the CALGB 80803 (Alliance) trial. JCO.
2021;39(25):2803-15.

Dong Y, Wang Z, Hu X, Sun Y, Qin J, Qin Q, et al. ["® FJAIF-NOTA-FAPI-04 PET/
CT for predicting pathologic response of resectable esophageal squamous
cell carcinoma to neoadjuvant camrelizumab and chemotherapy: A phase Il
clinical trial. J Nucl Med. 2024;65(11):1702-9.

Schmidkonz C, Rauber S, Atzinger A, Agarwal R, Gotz Tl, Soare A, et al. Disen-
tangling inflammatory from fibrotic disease activity by fibroblast activation
protein imaging. Ann Rheum Dis. 2020;79(11):1485-91.

XieY, Tang W, Liu H, Chen Y. Elevated FAPI activity in ulcerative fungal esopha-
gitis. Clin Nucl Med. 2023;48(12):1099-101.

Liu H, LiuY, Zhang J, Chen Y. 68Ga-FAPI response evaluation pitfall in a
patient with esophageal Cancer after neoadjuvant therapy. Clin Nucl Med.
2025;50(1):70-1.

Wiesel O, Zlotnik O, Morgenstern S, Tsur M, Menasherov N, Feferman Y, et

al. Predicting factors for a favorable pathologic response to necadjuvant
therapy in esophageal Cancer. Am J Clin Oncol. 2022,45(12):514-8.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿FAPI-PET/CT guided radiotherapy for patients with esophageal cancer
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Patient selection
	﻿[68Ga]OncoFAP-PET
	﻿Radiation therapy planning and image analysis
	﻿Treatment and response assessment

	﻿Results
	﻿Patient demographics and data



