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Abstract: Background: The aim of this study was to determine the read-out capabilities of the novel C-X-C motif 
chemokine receptor 4 (CXCR4)-targeting radiotracer [68Ga]Ga-PentixaFor compared to the reference radiotracer 
[18F]FDG in untreated individuals with head and neck squamous cell carcinoma (HNSCC). Material and Methods: 
12 patients with histologically confirmed HNSCC were scheduled for [18F]FDG and [68Ga]Ga-PentixaFor PET/CT. 
Maximum standardized uptake values (SUVmax) and target-to-background ratios (TBR) were applied with vena cava 
superior serving as reference. In addition, we compared [68Ga]Ga-PentixaFor-PET findings with immunohistochemi-
cal (IHC) results of CXCR4 expression. Results: On visual assessment, [18F]FDG identified more sites of disease, 
with increased detection rates for both the primary tumor ([18F]FDG, 12/12 [100%] vs. [68Ga]Ga-PentixaFor, 10/12 
[83%]) and LN metastases ([18F]FDG, 9/12 [75%] vs. [68Ga]Ga-PentixaFor, 8/12 [67%]). Indicative for improved 
image contrast using [18F]FDG, quantification showed a higher TBR for the latter radiotracer, when compared to 
[68Ga]Ga-PentixaFor for all lesions ([18F]FDG, 11.7 ± 8.5 vs. [68Ga]Ga-PentixaFor, 4.3 ± 1.3; P=0.03), primary tumors 
([18F]FDG, 13.6 ± 8.7 vs. [68Ga]Ga-PentixaFor, 4.4 ± 1.4; P<0.01), and LN lesions ([18F]FDG, 9.3 ± 10.6 vs. [68Ga]
Ga-PentixaFor, 4.7 ± 1.5; P=0.3). IHC showed variable CXCR4 expression in the primary and LN, along with no as-
sociations between ex-vivo CXCR4 upregulation and [68Ga]Ga-PentixaFor-based TBR (R=0.33, P=0.39) or SUVmax 
(R=0.44, P=0.2). Of note, IHC also revealed heterogeneous expression of CXCR4 in immune cells in the tumor 
microenvironment and in germinal centers, indicative for inflammatory reactions. Conclusions: In HNSCC, [18F]FDG 
demonstrated superior diagnostic performance relative to [68Ga]Ga-PentixaFor, in particular for assessment of the 
primary. Based on the IHC analyses, these findings may be explained by CXCR4 upregulation not only by tumor but 
also by immune cells in the tumor microenvironment.
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Introduction

Head and neck squamous cell carcinoma 
(HNSCC) is a devastating disease with a high 
mortality rate [1]. Despite advances in diagno-
sis and treatment, overall survival (OS) remains 

poor [1] and outcome is associated with tumor 
localization, size of the primary and number of 
metastases [2]. However, with the recent intro-
duction of immune checkpoint inhibitors, out-
come improvements have been achieved in the 
palliative setting while also neoadjuvant clinical 
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trials show promising results [3]. Early detec-
tion and accurate staging of these tumors are 
essential to optimize treatment and improve 
therapy outcome [4]. PET/CT is a widely used 
imaging modality for HNSCC staging and in this 
regard, [18F]FDG is the current radiotracer of 
choice [5]. However, despite its widespread 
use, this positron-emitting agent has several 
limitations, e.g., for reliable detection of small 
tumors, and differentiation between tumor 
recurrence and post-treatment changes [6, 7]. 
Among others, chronic inflammation in the oro-
nasopharyngeal cavity can cause false positive 
results on [18F]FDG PET [8]. Furthermore, the 
primary tumor may appear larger on imaging, 
most commonly due to ulceration and associ-
ated inflammation [9]. Moreover, inflammatory 
changes can lead to reactive lymphadenopathy 
that may mimic lymphatic tumor spread [10]. 
Thus, accurate delineation of the primary tumor 
is often not feasible with [18F]FDG, since the 
used glucose analog also accumulates in 
inflammatory changes in the primary tumor or 
regional lymph nodes (LN) [11]. C-X-C motif  
chemokine receptor 4 (CXCR4), a transmem-
brane G-protein receptor, is known to be over-
expressed in HNSCC. Previously, it has been 
reported that the upregulation of CXCR4 in 
tumor cells - determined by immunohistochem-
istry (IHC) - indicates a prognostic factor in 
patients with HNSCC. These patients may have 
higher rates of LN metastasis [12] and a higher 
association with recurrence [13]. 

We aimed to compare the performance of 
CXCR4-directed PET/CT with the reference 
radiotracer [18F]FDG for staging of HNSCC,  

also focusing on comparison of the [68Ga]
Ga-PentixaFor PET signal with histopathologic 
results.

Material and methods

General

As this was a retrospective study, the local  
ethics committee of the University Hospital 
Würzburg waived the need for further approval 
(waiver No.: 20210726 02). Informed consent 
for diagnostic procedures was obtained from 
all included subjects. 12 male patients be- 
tween 35-84 years (62.6 ± 12.3 y) with a histo-
logically confirmed HNSCC were investigated 
(Table 1). 

Radiotracer synthesis

[68Ga]Ga-PentixaFor was prepared using a 
Scintomics synthesis module (Scintomics, 
Fürstenfeldbruck, Germany). In this automated 
variant, sterile disposable cassette units from 
ABX (Radeberg, Germany) are used to enable 
GMP-compliant synthesis [14]. Quality control 
was also conducted. [18F]FDG was also pro-
duced by automated synthesis on a FastLab 
module under GMP conditions. For this pur-
pose, [18F]fluoride was applied, which was pre-
viously obtained in our in-house cyclotron (GE 
800).

Imaging procedures and analysis

All patients underwent imaging with [18F]FDG 
using a mean activity of 228 ± 43 MBq. Iodine-
containing contrast medium was also applied 
to allow for potential preoperative planning 
[15]. 60 minutes after injection, imaging (wh- 
ole body, skull to mid-thigh) was performed 
using a Siemens Biograph mCT 128 (Siemens 
Healthineers, Erlangen, Germany). Within one 
week, all patients received an additional 
CXCR4-directed PET with low-dose CT after 
administration of 141 ± 22 MBq [68Ga]Ga- 
PentixaFor (without treatment between scans). 
All PET images were reconstructed iteratively  
in accordance with the manufacturer’s imple-
mentation (Siemens Healthineers, Erlangen, 
Germany) [15]. A 3D mode (200×200 matrix, 3 
iterations, minimum 21 subsets, Gaussian fil-
tering 2 mm) was used. Reference tube current 
was 35 mAs (low-dose scans; 160 mAs, full 
dose scans; minimum 100 keV tube voltage; 

Table 1. Patient’s characteristics
Patient no. Age Smoker Tumor localisation
#1 52 Y Hypopharynx
#2 35 N Edge of the tongue
#3 62 Y Oropharynx
#4 71 Y Tonsil
#5 60 Y Tongue
#6 62 Y Larynx
#7 84 Y Larynx
#8 67 Y Larynx
#9 71 Y Hypopharynx
#10 59 Y Base of tongue
#11 72 Y Larynx
#12 56 Y Base of tongue
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minimum 0.8 pitch; rotation time of 0.5 sec). 
3.0-5.0 mm slices were applied for the CT imag-
ing procedure [16]. Evaluation of CT, CXCR4-
directed PET and hybrid imaging was performed 
by an expert reader (S.E.S.). The quantification 
on both [18F]FDG and [68Ga]Ga-PentixaFor PET 
was carried out as follows: Volume of interest 
(VOI) were placed over target lesions (TL) in dis-
ease sites, providing maximum standardized 
uptake values (SUVmax), which were then com-
pared between both radiotracers. Moreover, 
mean standardized uptake values (SUVmean) 
were also determined by using VOIs over vena 
cava superior (VCS). The respective target-to-
background ratio (TBR) was defined to provide 
a quantitative read-out of image contrast and 
to compare TBR between [68Ga]Ga-PentixaFor 
vs. [18F]FDG:

TBR = SUVmax (TL)/SUVmean_VCS                    Eq. 1.

Histology and immunohistochemistry (IHC)

Sections were cut and stained with hematoxylin 
and eosin for routine histologic evaluation. 
CXCR4 IHC was performed in the primary 
tumors and available LNs, and CXCR4 expres-
sion investigated in tumor cells and surround-
ing immune cells. CXCR4 IHC (antibody 124824, 
Abcam, Cambridge, UK; dilution 1:1000) was 
carried out on formalin-fixed paraffin-embed-
ded tissue slides using a Leica autostainer 
(Wetzlar, Germany) according to the manufac-
turers’ instructions and standard protocols. 
Nuclear contrast was achieved by hematoxylin 
counterstaining. 

CXCR4 immunostaining was classified using 
the H-Score (HS) [17]. Briefly, staining intensity 
and percentage of positive cells were evaluated 
and summed as follows:

1× (% weakly positive cells 1) + 2× (% moder-
ately positive cells 2) + 3× (% strongly positive 
cells 3)                                                          Eq. 2,

giving a range of 0 to 300. Respective HS were 
then compared with [68Ga]Ga-PentixaFor PET-
derived SUVmax and TBR. 

Statistical analysis

GraphPad Prism (9.3, GraphPad Software, San 
Diego, CA) was used. Quantitative results are 
presented as mean and standard deviation. 
Paired Student’s t-test and linear regression 

analyses were applied. A p value of 0.05 indi-
cated statistical significance.

Results

[68Ga]Ga-PentixaFor is inferior to [18F]FDG on a 
visual and quantitative assessment

On a patient-based assessment, [18F]FDG iden-
tified more disease sites, with increased detec-
tion rates for both the primary tumor ([18F]FDG, 
12/12 [100%], [68Ga]Ga-PentixaFor, 10/12 
[83%]) and LN metastases ([18F]FDG, 9/12 
[75%], [68Ga]Ga-PentixaFor, 8/12 [67%]). 

Quantification yielded the following results: 
higher TBR were observed for [18F]FDG when 
compared to [68Ga]Ga-PentixaFor for all lesions 
([18F]FDG, 11.7 ± 8.5 vs. [68Ga]Ga-PentixaFor, 
4.3 ± 1.3; P=0.03), primary ([18F]FDG, 13.6 ± 
8.7 vs. [68Ga]Ga-PentixaFor, 4.4 ± 1.4; P<0.01) 
and LN ([18F]FDG, 9.3 ± 10.6 vs. [68Ga]
Ga-PentixaFor, 4.7 ± 1.5; P=0.3). Following 
results were observed for SUVmax: all lesions, 
[18F]FDG, 19.1 ± 8.1 vs. [68Ga]Ga-PentixaFor, 
7.8 ± 2.4 (P<0.01); primary, [18F]FDG, 23.0 ± 
9.6 vs. [68Ga]Ga-PentixaFor, 8.0 ± 2.9 (P< 
0.001); and LN, [18F]FDG, 13.8 ± 9.84 vs. [68Ga]
Ga-PentixaFor, 8.3 ± 2.3 (P=0.3).

Figure 1 shows a patient with carcinoma of the 
base of the tongue with a histologically con-
firmed LN metastasis of the right side, which 
was correctly identified on [18F]FDG. Further 
findings in cervical LNs on both sides, how- 
ever, were exclusively detected by [68Ga]Ga- 
PentixaFor. Upon histological work-up, however, 
these LNs turned out to be inflammatory/reac-
tive changes with lymphofollicular hyperplasia, 
also indicating that chemokine receptor PET 
may provide false-positive findings. 

Figure 2 displays a patient with larynx carcino-
ma and [18F]FDG provided improved diagnostic 
capability in identifying both the primary and 
LN metastasis. Again, moderate uptake on con-
tralateral cervical LN on CXCR4-targeted PET/
CT were considered false-negative when com-
pared to IHC. 

IHC shows heterogeneous CXCR4 expression 
and no relevant association with [68Ga]Ga-
PentixaFor PET signal 

In 9/12 (75%), available specimens from the 
primary tumor were sufficient for further histo-
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Figure 1. Patient #12 with carcinoma of the base of the tongue (red arrow) with a histologically confirmed lymph 
node (LN) metastasis of the right side (yellow arrow) on [18F]FDG PET/CT. Further findings in cervical LN regions 
(white arrows), however, were exclusively detected by [18F]FDG-directed [68Ga]Ga-PentixaFor PET/CT. The maximum 
intensity projection (MIP) of a [18F]FDG PET/CT is shown on the left (right, MIP of [68Ga]Ga-PentixaFor PET/CT). In the 
middle, three transaxial PET/CT images for [18F]FDG (left) and [68Ga]Ga-PentixaFor PET/CT (right) are also displayed. 
In addition to the primary carcinoma exhibiting higher uptake on [18F]FDG relative to [68Ga]Ga-PentixaFor (red ar-
row), [18F]FDG identified a single LN metastasis in the right jaw angle (yellow arrow), which was also histologically 
confirmed. On [68Ga]Ga-PentixaFor PET/CT, several CXCR4 positive LN along the vascular nerve sheath on both 
cervical sides were identified, suggestive for LN metastases. Upon histological work-up, however, these LNs (white 
arrows) turned out to be inflammatory/reactive changes with lymphofollicular hyperplasia.

Figure 2. Improved detection for [18F]FDG relative to [68Ga]Ga-PentixaFor for both the primary (red arrows) and one 
lymph node metastasis (LN, yellow arrows) in a patient with larynx carcinoma. The maximum intensity projection 
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logical workup. CXCR4 IHC showed a membra-
nous and cytoplasmic staining in tumor cells. 
CXCR4 expression of tumor cells in the primary 
tumors was overall relatively modest, but vari-
able (HS 48.1 ± 39.5; range, 4.0-120.0). 

In the 4 histologically proven LN metastases 
available for CXCR4 IHC, a wider CXCR4 expres-
sion range of the tumor cells was observed (HS 
110.5 ± 122.1; range, 5.0-275), which was 
mainly triggered by CXCR4 expression in the LN 
metastasis of patient #12. 

Figure 3 displays respective immunohisto-
chemical stainings of two individuals with high 
(patient no. #4; Figure 3A, 3B) vs. low (patient 
no. #12; Figure 3C, 3D) CXCR4 expression in 
the primary tumor, while for LN metastases, 
opposite findings were recorded (patient no. 
#4; Figure 3E, 3F low vs. patient no. #12; Figure 
3G, 3H high CXCR4 expression). A high CXCR4 
expression was also found in the germinal cen-
ters (GC, white arrows in Figure 3F, 3H) of the 
LN which in some cases was higher than in the 
tumor infiltrates (black arrows). Relative to 
those ex-vivo findings, quantified [68Ga]Ga- 
PentixaFor-PET signal in those 2 patients (#4, 
#12) did not show such a variance, including 
the primaries and LN (range, 9.0-12.0 for 
SUVmax). 

A comparable trend was then also observed for 
the entire cohort: When investigating the IHC-
based CXCR4 HS with the [68Ga]Ga-PentixaFor 
PET signal from all available primaries, no rele-
vant associations between in- and ex-vivo find-
ings was found (TBR, R=0.33, P=0.39; SUVmax, 
R=0.44, P=0.2). For LN, such an analysis was 
not conducted due to the low number of avail-
able LN specimen.

Discussion

In the present head-to-head comparison of 
[68Ga]Ga-PentixaFor vs. [18F]FDG PET/CT in 
patients with untreated HNSCC, the latter 
radiotracer provided superior image contrast in 

particular for the primary, along with no rele-
vant associations between ex- and in-vivo 
CXCR4 expression levels. Our IHC results, how-
ever, indicate that these results may be 
explained by reactive/inflammatory conditions 
with increased CXCR4 expression of immune 
cells in the tumor microenvironment. 

The PET Neck trial yielded favorable results for 
the use of [18F]FDG in the setting of stage N2/3 
HNSCC after primary radiochemotherapy. While 
such an image-guided treatment approach  
did not prolong survival, a substantial rate of 
surgical procedures were avoided, along with 
improved cost efficacy for patients randomiz- 
ed in the molecular imaging arm [18, 19]. 
Nonetheless, [18F]FDG has multiple drawbacks, 
including its high background activity in the oral 
cavity, which hampers precise read-out or pro-
vides false-positive findings, e.g., due to chron-
ic inflammation also causing a substantially 
increased PET signal in cervical LN [20]. 
Therefore, in recent years, novel radiotracers 
have been increasingly used to overcome  
these limitations. Among others, fibroblast acti-
vation protein inhibitor (FAPI)-targeting agents, 
such as [68Ga]Ga-FAPI04 identified [18F]FDG(-) 
primaries in patients affected with cancers of 
unknown primary most likely located in the 
head-neck region [21]. In addition, an increased 
FAP expression revealed by PET may also guide 
towards cancer-associated fibroblasts-target-
ing radioligand therapy [22]. 

Beyond targeting cancer-associated fibro-
blasts, such a theranostic “twin” is also avail-
able for another highly overexpressed molecu-
lar target in HNSCC, namely CXCR4. Of note, 
this chemokine receptor subtype has already 
been advocated to have prognostic value in 
this patient population [23]. Although the  
referring CXCR4-directed PET agent [68Ga]
Ga-PentixaFor has been primarily investigated 
for hematologic neoplasms, a recent overview 
of 690 patients also yielded relevant in-vivo 
chemokine receptor upregulation in solid 
tumors [24]. As such, it was the aim to compare 

(MIP) of a [18F]FDG PET/CT is shown on the left (right, MIP of [68Ga]Ga-PentixaFor PET). The primary and a promi-
nent right cervical LN metastasis is more clearly visible on the MIP of [18F]FDG PET when compared to [68Ga]Ga-
PentixaFor MIP. Moreover, on transaxial PET/CT slides displayed in the middle, the contours of the primary appears 
more sharp on [18F]FDG. CXCR4-avid LNs only seen on [68Ga]Ga-PentixaFor on the MIP and transaxial PET/CTs (top, 
cervical LN right) turned out to be false-negative when compared to histopathological work-up (white arrows). There 
are also mediastinal LNs displayed on [68Ga]Ga-PentixaFor PET which were not visible on [18F]FDG. Upon follow-up, 
those LNs remained unchanged, indicative for inflammatory reaction at time of dual-radiotracer imaging. 
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Figure 3. Immunohistochemistry (IHC) shows intra- and intertumoral variability of CXCR4 protein expression of the 
carcinoma cells. Haematoxylin and eosin (HE) (A) and CXCR4 IHC staining of the primary (B) and LN metastasis (E, 
F) of patient #12 and patient #4 (primary, HE: C; CXCR4: D; LN metastasis: G, H). A variable CXCR4 expression of 
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the current reference radiotracer [18F]FDG with 
the CXCR4-directed PET agent [68Ga]Ga-Penti- 
xaFor in patients with newly diagnosed HNSCC, 
thereby allowing to determine the diagnostic 
capability of CXCR4 PET for staging in this 
patient group. However, the detection rate was 
lower for [68Ga]Ga-PentixaFor compared to [18F]
FDG on a visual and quantitative assessment. 
Moreover, we also investigated CXCR4 expres-
sion on the primary and compared respective 
in-vivo (TBR, SUVmax) and ex-vivo findings (HS). 
No relevant associations were recorded and 
the overall limited performance of [68Ga]
Ga-PentixaFor may be partially explained by 
reactive/inflammatory conditions of the lym-
phoid tissue, e.g., lymphofollicular hyperplasia 
or immune cells in the tumor microenviron-
ment. In our ex-vivo analysis, we also observed 
that CXCR4 is expressed in germinal center 
centroblasts, which was in some cases even 
higher than in tumor cells, indicative for inflam-
matory reactions in the tumor microenviron-
ment [25, 26]. Taken together, although [18F]
FDG is associated with a high false positive 
rate due to inflammatory LN [27], [68Ga]
Ga-PentixaFor may rather also not overcome 
this issue and thus, even more specific, tumor-
targeting radiotracers in the context of HNSCC 
are needed.

Last, CXCR4-directed radioligand therapies 
based on [68Ga]Ga-PentixaFor PET may be used 
with caution, as use of its theranostic counter-
part [90Y]Y-PentixaTher was associated with 
(desired) myeloablation in hematologic neo-
plasm to prepare for stem cell transplantation 
[28]. This bone marrow eradication, however, 
would be a major side effect in patients with 
HNSCC and would also require stem cell back-
up, which may be harvested prior to treatment 
on-set in a salvage setting [29]. 

This study has limitations, including the small 
sample size, the limited number of available LN 
specimen for IHC and the retrospective nature 
of this investigation. Nonetheless, our prelimi-

nary findings may not favor a more widespread 
use of [68Ga]Ga-PentixaFor for HNSCC and fur-
ther studies are needed to determine the role 
of this theranostic agent in the clinic.

Conclusions

In HNSCC, [68Ga]Ga-PentixaFor was inferior to 
[18F]FDG on a visual and quantitative evalua-
tion, along with no relevant associations of  
the [68Ga]Ga-PentixaFor PET signal in the pri-
mary with ex-vivo CXCR4 expression. IHC also 
revealed heterogeneous expression of CXCR4 
in immune cells in the tumor microenvironment 
and in germinal centers, indicative for inflam-
matory reactions, thereby explaining the limi- 
ted performance of [68Ga]Ga-PentixaFor in this 
patient population. 
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