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Interobserver Agreement Rates on C-X-C Motif Chemokine
Receptor 4–Directed Molecular Imaging and Therapy

Philipp E. Hartrampf, MD,* Aleksander Kosmala, MD,* Sebastian E. Serfling, MD,*

Lena Bundschuh, MSc,† Takahiro Higuchi, MD, PhD,‡ Constantin Lapa, MD,†
Steven P. Rowe, MD, PhD,§ Yohji Matsusaka, MD,* Alexander Weich, MD,||¶ Andreas K. Buck, MD,*

Ralph A. Bundschuh, MD, PhD,† and Rudolf A. Werner, MD*§¶
Background:We aimed to evaluate the interobserver agreement rates in pa-
tients scanned with C-X-C motif chemokine receptor 4 (CXCR4)–directed
PET/CT, including the rate of patients eligible for CXCR4-targeted
radioligand therapy (RLT) based on scan results.
Methods: Four independent observers reviewed 50 CXCR4-targeted [68Ga]
pentixafor PET/CTof patients with various solid cancers. On a visual level,
the following items were assessed by each reader: overall scan impression,
number of organ and lymph node (LN) metastases and number of affected
organs and LN regions. For a quantitative investigation, readers had to
choose a maximum of 3 target lesions, defined as largest in size and/or most
intense uptake per organ compartment. Reference tissues were also quanti-
fied, including unaffected hepatic parenchyma and blood pool. Last, all ob-
servers had to decide whether patients were eligible for CXCR4-targeted
RLT. Concordance rates were tested using intraclass correlation coefficients
(ICCs). For interpretation, we applied the definition of Cicchetti (with
0.4–0.59 indicating fair; 0.6–0.74, good; 0.75–1, excellent agreement).
Results: On a visual level, fair agreement was achieved for an overall scan
impression (ICC, 0.58; 95% confidence interval, 0.45–0.71). Organ and
LN involvement (ICC, ≥0.4) demonstrated fair, whereas CXCR4 density
and number of LN and organ metastases showed good agreement rates
(ICC, ≥0.65). Number of affected organs and affected LN areas, however,
showed excellent concordance (ICC, ≥0.76). Quantification in LN and or-
gan lesions also provided excellent agreement rates (ICC, ≥0.92), whereas
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quantified uptake in reference organs provided fair concordance (ICC, ≥0.54).
Again, excellent agreement rates were observed when deciding on patients eli-
gible for CXCR4-RLT (ICC, 0.91; 95% confidence interval, 0.85–0.95).
Conclusions: In patients scanned with CXCR4-targeted PET/CT, we ob-
served fair to excellent agreement rates for both molecular imaging and ther-
apy parameters, thereby favoring a more widespread adoption of [68Ga]
pentixafor in the clinic.

KeyWords: [68Ga]pentixafor, C-X-Cmotif chemokine receptor 4, CXCR4,
interobserver, radioligand therapy, theranostics

(Clin Nucl Med 2023;48: 483–488)

O verexpressed on various cancers, upregulation of C-X-Cmotif
chemokine receptor 4 (CXCR4) portends a dismal progno-

sis1,2 but has also emerged as a potential imaging and therapeutic
target in recent years.3 In this regard, the CXCR4-directed PET
agent [68Ga]pentixafor has previously been found to provide excel-
lent image contrast among a broad range of malignancies.4–6

Moreover, based on intensity and widespread disease (WD), the
therapeutic equivalent [177Lu/90Y]pentixather has also achieved
substantial outcome benefits in patients who have exhausted previ-
ous treatment options.7,8 Beyond those image-guided selection
strategies for CXCR4-directed radioligand therapies (RLTs),
[68Ga]pentixafor may also be useful to identify candidates that
would be suitable for “cold” drugs also interacting with CXCR4,
for example, small-molecule antagonists, peptides, or antibod-
ies.9,10 [68Ga]pentixafor PET could then assess the retention capa-
bilities of those drugs at baseline or in a longitudinal setting, thereby
providing a more acceptable safety profile or even improve thera-
peutic efficacy if those therapeutics are administered.11

Before a more extensive use as a pan-tumor radiotracer, high
interobserver agreement rates for CXCR4-directed molecular imag-
ing and therapy are indispensable.12 Such studies evaluating the con-
cordance rates among multiple observers have already been con-
ducted for multiple other theranostics radiotracers in the recent past,
including agents targeting prostate-specific membrane antigen,
cancer-associated fibroblasts, or somatostatin receptor,13–15 but have
not been performed for [68Ga]pentixafor PET/CT. Thus, we aimed to
provide agreement rates among multiple readers on a visual and
quantitative level for both target lesions (TLs) and normal reference
organs in patients with varying tumors imaged with [68Ga]pentixafor.
Last, we also assessed the agreement rates among readers as to what
patients would have been suitable for CXCR4-directed RLT.

MATERIALS AND METHODS

General
We retrospectively investigated 50 patients affected with solid can-

cers, who had been imaged with [68Ga]pentixafor to assist in diagnosis or
www.nuclearmed.com 483
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TABLE 2. Overview of ICCs (Single Measure) for Visual
Assessment

Parameter ICC

Overall scan result* 0.58 (0.45–0.71)
CXCR4 density in tumor tissue† 0.72 (0.61–0.81)
Organ involvement* 0.4 (0.25–0.55)
No. affected organs‡ 0.76 (0.66–0.84)
No. organ metastases‡ 0.74 (0.64–0.83)
LN involvement* 0.54 (0.4–0.67)
No. affected LN areas‡ 0.78 (0.69–0.86)
No. LN metastases‡ 0.65 (0.53–0.76)

Given in brackets are 95% CIs.
Assessed in a *binary fashion, on a †4-point or ‡5-point scale.
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when conventional imaging provided inconclusive findings. All
subjects provided written informed consent. The local ethics com-
mittee waived the need for further approval (no. 20210726 02).
Of the 50 included patients, 17 (34%) were referred for staging,
and the remaining 33 (66%) for restaging. Diagnoses included lung
carcinoma (21/50 [42%]) and neuroendocrine neoplasms (NENs,
19/50 [38%]) in most cases, followed by hepatocellular carcinoma
(8/50 [16%]) and pancreas carcinoma in the remaining 2 subjects
(4%). For further details, refer to Table 1. Previous work also inves-
tigated parts of this cohort,16–22 but without assessing interobserver
agreement rates for molecular imaging and RLT in the context of
CXCR4-targeted PET/CT.

Imaging Acquisition
As described by Serfling et al,16 we conducted [68Ga]

pentixafor PET/CT on a Siemens Biograph mCT (64 or 128; Sie-
mensMedical Solutions, Erlangen, Germany). One hour after tracer
injection, whole-body scans covered the vertex of the skull to the thighs.
Low-dose CTs were also performed for anatomical coregistration
and attenuation correction.23 Reconstruction of PET images in-
cluded corrections for CT-based attenuation, random events,
and scatter.16

Scan Interpretation
We used a syngo.via (VB50; Siemens Healthineers, Er-

langen, Germany) workstation to read all PET/CTs. Four observers
(minimum of 3 years' experience in reading PET/CTs) conducted
image interpretation independently from each other and had no fur-
ther clinical information, except for diagnosis, age, indication for
scan, and prior therapies (Table 1). If readers were unfamiliar with
the workstation, a brief training session was performed.15

On a visual level, we assessed an overall scan impression
(positive/negative), with scans classified as positive in PETs dis-
playing relevant radiotracer uptake in tumor sites above back-
ground. Such a binary rating was also applied for organ and lymph
node (LN) involvement. We also evaluated the number of organs af-
fected, the number of organ metastases, the number of affected LN
areas, and the number of LN metastases applying a 5-point scale
(ranging from 1 to≥5 for each parameter). Uptake density, however,
was scored on a 4-point scale (none, 0; low, 1; intermediate, 2; or
high, 3).15,24 Last, by assessing uptake intensity or WD, observers
also decided whether CXCR4-directed RLT should be considered
(including the portion of patients for whom both conditions [inten-
sity, WD] would have been applicable to proceed with RLT).15

As described by Serfling et al,15 we also conducted a quanti-
tative assessment of TLs, which were defined as the largest in size
TABLE 1. Patients Characteristics

Female 19/50 (38)
Age 63.7 ± 10.3*
Scan indication Staging 17/50 (34)

Restaging 33/50 (66)
Diagnosis Lung carcinoma 21/50 (42)

NENs 19/50 (38)
Hepatocellular carcinoma 8/50 (16)
Pancreas carcinoma 2/50 (4)

Therapies before scan Chemotherapy 25/50 (50)
Radiation therapy 12/50 (24)
Surgery 10/50 (20)

*Mean ± SD. Percentages are given in brackets.

484 www.nuclearmed.com
and/or with the most intense uptake. No more than 3 metastases
per organ compartment were identified and included the primary,
lung, skeleton, liver, soft tissue, and LN. In this regard, the first 5
compartments were subsumed as organ lesions (OLs). For TLs,
we recorded SUVmax. For reference organs, we used the blood pool
derived from left ventricle and unaffected liver and quantified mean SUV.

Statistical Analysis
We calculated intraclass correlation coefficients (ICCs, in-

cluding 95% confidence intervals [CIs]), as described by Werner
et al.24 Agreement rates were then classified as follows: fair, 0.4
to 0.59; good, 0.6 to 0.74; excellent agreement, 0.75 to 1.25 For sta-
tistical analysis, MedCalc statistical software (version 18.2.1;
MedCalc Software bvba, Ostend, Belgium) was used.26–28

RESULTS

Fair to Excellent Interobserver Agreement Rates for
Visual Assessment

For all parameters investigated in a binary fashion, fair agree-
ment rates were achieved, including ratings for an overall scan im-
pression (ICC, 0.58 [95% CI, 0.45–0.71]), LN (ICC, 0.54 [95%
CI, 0.4–0.67]), and organ involvement (ICC, 0.4 [95% CI,
0.25–0.55]). Among items assessed on a 4- or 5-point scale,
CXCR4 density (ICC, 0.72 [95% CI, 0.61–0.81]), number of LN
(ICC, 0.65 [95% CI, 0.53–0.76]), and number of OLs (ICC, 0.74
[95% CI, 0.64–0.83]) achieved good agreement. Number of af-
fected organs (ICC, 0.76 [95% CI, 0.66–0.84]) and affected LN
areas (ICC, 0.78 [95% CI, 0.69–0.86]), however, showed excellent
concordance rates (Table 2).
TABLE 3. Overview of ICCs (Single Measure) for Quantitative
Parameters, Displayed by Organ Compartment

Compartment ICC

OLs* 0.92 (0.87–0.96)
LN lesions 0.95 (0.92–0.98)
Blood pool 0.56 (0.42–0.69)
Unaffected liver 0.54 (0.4–0.67)

Sites of disease (organ or LN lesions) and reference tissues (blood pool, unaffected
liver) were investigated quantitatively. For tumor sites, SUVmax, and for reference or-
gans, SUVmean were recorded. Given in brackets are 95% CIs.

*Includes TLs of the primary, lung, skeleton, liver, and soft tissue.

© 2023 The Author(s). Published by Wolters Kluwer Health, Inc.
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TABLE 4. Overviewof ICCs forRLTBasedon Intensity,Widespread
Disease, or Both

Parameter ICC

Intensity 0.66 (0.53–0.76)
Widespread disease 0.59 (0.46–0.72)
Intensity + WD 0.91 (0.85–0.95)

Given in brackets are 95% CIs.
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Fair to Excellent Interobserver Agreement Rates for
Quantitative Image Assessment

All readers identified 728 TLs, which were distributed
among organ compartments as follows: LN (302/728 [41.5%]), pri-
mary (127/728 [17.4%]), liver (124/728 [17.0%]), skeleton (71/728
[9.8%]), lung (47/728 [6.5%]), and soft tissue (57/728 [7.8%]). The
identical TL was chosen in 322 (44.2%) of 728 instances by all
readers. Relative to a visual investigation, quantitative analyses
yielded comparable findings. Investigating TLs, organ (ICC, 0.92
[95% CI, 0.87–0.96]), and LN lesions (ICC, 0.95 [95% CI,
0.92–0.98]) provided excellent concordance rates. Uptake on refer-
ence organs, however, provided fair agreement rates (blood pool:
ICC, 0.56 [95% CI, 0.42–0.69]; unaffected liver: ICC, 0.54 [95%
CI, 0.4–0.67]; Table 3).
FIGURE 1. Forest plot with ICCs (including 95%CIs) for (A) visual
CXCR4-directed RLT. On a visual assessment (A), all investigated
affected organs, organmetastases, affected LN areas, and LNmeta
CXCR4 density. On quantitative assessment (B), organ and LNme
assessments from normal hepatic parenchyma and blood pool de
CXCR4-RLT (C), fair agreement rates were recorded for deciding o
achieved good concordance. Agreement rates, however, were exc

© 2023 The Author(s). Published by Wolters Kluwer Health, Inc.
Excellent Concordance for CXCR4-Targeted RLT
When readers had to decide on CXCR4-targeted RLT, a good

agreement rate was just missed forWD (ICC, 0.59 [95%CI, 0.46–0.72]),
but reached for intensity (ICC, 0.66 [95% CI, 0.53–0.76]). If both
parameters were used to identify suitable candidates, concordance
was then excellent (ICC, 0.91 [95% CI, 0.85–0.95]; Table 4).

Figure 1 provides a forest plot displaying ICCs along with
95% CI for all investigated items, whereas Figure 2 shows a patient
affected with NEN, where all 4 observers decided on RLT based on
intensity and WD.
DISCUSSION
Investigating subjects affected with solid tumors using the

pan-tumor agent [68Ga]pentixafor, we observed fair to excellent
agreement rates on imaging assessments, including quantitative
and visual analyses for both LN and organ metastases. Moreover,
radiotracer accumulation in blood pool and unaffected hepatic pa-
renchyma also achieved fair concordance rates, thereby indicating
that both organs may be used to calculate target-to-background ra-
tios (TBRs) for contrast evaluations. Last, when investigating suit-
able candidates for CXCR4-RLT based on imaging, excellent
agreement rateswere recorded. As such, [68Ga]pentixafor is nearing
readiness to be used in clinical routine or multi-institutional trials, as
the molecular imaging expert or referring treating physician can
interpretation, (B) quantitative evaluation, and (C) decision on
parameters reached minimum fair agreement. Number of
stases reached good concordance, whichwas also the case for
tastases reached excellent agreement rates, whereas uptake
monstrated fair agreement. Investigating patients for
n treatment based on WD alone, whereas intensity alone
ellent, when scans were rated based on both intensity andWD.

www.nuclearmed.com 485
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FIGURE 2. A 67-year old man affected with neuroendocrine carcinoma of the cardia (Ki-67, 90%), which was evaluated for
CXCR4-directed RLT. Maximum intensity projections (coronal view, left; sagittal view, middle) and transaxial PET and PET/CT
(right) showed intense CXCR4 expression (white arrows). All readers classified this patient eligible for CXCR4-targeted RLT based
on both conditions (intensity and WD).
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have a high certainty that multiple observers will not substantially
deviate in their scan reports.

Similar to other theranostic radiotracers,13–15 high concor-
dance rates among multiple readers are needed to favor a more
widespread adoption in the clinic, for both visual and quantitative
evaluations.12 Investigating a CXCR4-targeted PET agent, which
has already been applied tovarious clinical scenarios in an oncology
setting,4–6,17 we observed ICC of at least 0.65 for the number of af-
fected LN areas, number of LNs, number of affected organs, and
number of OLs, thereby indicating that for both LN and visceral tu-
mor spread concordance rates were at least good. Comparable ICCs
have been observed for PET agents targeting somatostatin receptor
or prostate-specific membrane antigen.13,29,30 Of note, the latter
studies investigated homogenous patient cohorts affected with ei-
ther gastrointestinal NEN or prostate cancer, whereas in the pres-
ent investigation, a broad range of varying tumor subtypes were
included. Despite such a challenging scenario focusing not only
on one single tumor entity, recorded ICCs were still high, a phe-
nomenon that has also been observed for fibroblast activation pro-
tein inhibitor (FAPI) PET/CT.15 As such, similar to FAPI-targeted
imaging, [68Ga]pentixafor may emerge as a pan-tumor radio-
tracer,11 with multiple observers providing comparable scan re-
ports. Moreover, in previous investigations, the concordance rates
for other theranostics radiotracers were based on a guide for scan
interpretation,13 whereas our study applied a random TL investi-
gation, with the intersecting set used for further analyses. Such a
relatively unrestrictive approach, however, still led to high ICCs
for LN and visceral metastases. Nonetheless, future studies may
apply dedicated framework systems, which have been already es-
tablished for other theranostic radiotracers31–33 and which may
further improve concordance among multiple observers reading [68Ga]
pentixafor PET/CT.
486 www.nuclearmed.com
Serving as reference for TBR, we also assessed uptake in the
blood pool and unaffected hepatic parenchyma. Derived ratios,
however, are of importance to evaluate image contrast, with higher
ratios indicating that tumor sites can be more reliably identified
when compared with physiological biodistribution.17 In this regard,
we observed again substantial agreement rates for both organs. As a
possible explanation for the relatively low ICC in the blood derived
from the left ventricle, previous reports have already demonstrated
that remote (unaffected) cardiac segments (distant from infarcted
myocardium) also exhibit varying CXCR4 expression in vivo.34

In addition, a relatively broad range of SUV was also observed
for both the blood pool derived from the heart and unaffected liver
parenchyma in a previous study investigating uptake in normal or-
gans after [68Ga]pentixafor injection.16 Taken together, those previ-
ously shown findings may also partially explain the relatively low
ICCs of the present investigation for both blood pool and liver.
Nonetheless, we observed excellent concordance for quantified up-
take in LN and OL, which may be relevant for an accurate read-out
of tumor manifestations, but also for a reliable assessment of the re-
tention capacities in vivo, for example, for “cold” CXCR4 inhibi-
tory drugs.35 Moreover, the (quantified) intratumoral lesion vari-
ability among multiple observers was higher on FAPI-targeted
PET/CTwhen compared with the present findings on SUVmax for
[68Ga]pentixafor.35 As a possible explanation, substantial and con-
sistent CXCR4 upregulation has already been described in an ex
vivo setting for both aggressive lung cancer and NEN.36,37 As we also
enrolledmainly those tumor types, those previous immunohistochemical
findings may partially explain the high concordance rates of minimum
0.92 for TLs.

Last, we also observed excellent agreement rates when iden-
tifying patients eligible for CXCR4 RLT. In a theranostic setup, ad-
ministration of the therapeutic compound not only achieves an
© 2023 The Author(s). Published by Wolters Kluwer Health, Inc.
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antilymphoma effect, but also causes bone marrow ablation.7,8 As
such, after waiting for decay in the stem cell niche, patients can then
be scheduled for subsequent stem cell transplantation.11 Although
this may be desired for theranostics in hemato-oncology,11 such
an approach would be classified as a relevant off-target effect if
CXCR4 RLTwould be conducted in solid malignancies. Nonethe-
less, the herein observed fair to excellent agreement rates are of rel-
evance, for example, if patients are risk-stratified for “cold”
CXCR4-directed therapy based on imaging, including peptides or
antibodies.9,10 Moreover, investigating a large cohort of patients af-
fected with hematologic malignancies, the highest SUVmax and
TBR have been recorded in subjects with different lymphoma sub-
types or multiple myeloma.17 Thus, the herein presented study con-
cept may serve as a template to investigate the concordance rates in
patients with advanced blood cancers. Further limitations include
the retrospective design and the overall low number of investigated
patients or metastases. Nonetheless, we identified 322 TLs, which
were seen by all 4 observers. Of note, prospective studies using
CXCR4-PET/CTand RLTare currently initiated,38 which may then
corroborate our initial results on the interobserver agreement rates
in patients imaged with [68Ga]pentixafor PET/CT. Last, in the
present blinded reads, lower agreement was achieved on judging
organ and LN involvement on a visual basis with reaching only
fair concordance (Fig. 1), whereas reasons for major disagreement
were not recorded. Those may include different levels of previous
experience, tissue type, or investigated tumor entity, and future
studies on interobserver agreement rates in the context of
CXCR4-directed PET/CT may then also document those findings on
a reader-based level.
CONCLUSIONS
We observed fair to excellent concordance rates in patients

imaged with CXCR4-targeted PET/CT for both visual and quantita-
tive assessments, with high ICCs achieved for quantification in sites
of disease. Those excellent agreement rates were also recorded for
identifying subjects eligible for CXCR4 RLT based on molecular
imaging. Taken together, the herein observed concordance may
lay the foundation for more widespread use of [68Ga]pentixafor in
the clinic and for multi-institutional trials.
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