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Abstract
Purpose: Early identification of aggressive disease could improve decision support in pancreatic
neuroendocrine tumor (pNET) patients prior to peptide receptor radionuclide therapy (PRRT).
The prognostic value of intratumoral textural features (TF) determined by baseline somatostatin
receptor (SSTR)-positron emission tomography (PET) before PRRT was analyzed.
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Procedures: Thirty-one patients with G1/G2 pNETwere enrolled (G2, n = 23/31). Prior to PRRTwith
[177Lu]DOTATATE (mean, 3.6 cycles), baseline SSTR-PET computed tomography was performed.
By segmentation of 162 (median per patient, 5) metastases, intratumoral TF were computed. The
impact of conventional PET parameters (SUVmean/max), imaging-based TF, and clinical parameters
(Ki67, CgA) for prediction of both progression-free survival (PFS) and overall survival (OS) after
PRRT were evaluated.
Results: Within a median follow-up of 3.7 years, tumor progression was detected in 21 patients
(median, 1.5 years) and 13/31 deceased (median, 1.9 years). In ROC analysis, the TF entropy,
reflecting derangement on a voxel-by-voxel level, demonstrated predictive capability for OS (cutoff =
6.7, AUC= 0.71, p = 0.02). Of note, increasing entropy could predict a longer survival (9 6.7, OS=
2.5 years, 17/31), whereas less voxel-based derangement portended inferior outcome (G 6.7, OS=
1.9 years, 14/31). These findings were supported in a G2 subanalysis (9 6.9, OS = 2.8 years, 9/23
vs. G 6.9, OS= 1.9 years, 14/23). Kaplan–Meier analysis revealed a significant distinction between
high- and low-risk groups using entropy (n = 31, p G 0.05). For those patients below the ROC-derived
threshold, the relative risk of death after PRRT was 2.73 (n = 31, p = 0.04). Ki67 was negatively
associated with PFS (p = 0.002); however, SUVmean/max failed in prognostication (n.s.).
Conclusions: In contrast to conventional PET parameters, assessment of intratumoral heteroge-
neity demonstrated superior prognostic performance in pNET patients undergoing PRRT. This novel
PET-based strategy of outcome prediction prior to PRRTmight be useful for patient risk stratification.

Key words: Pancreatic neuroendocrine tumor, Tumor heterogeneity, [68Ga], [177Lu]-DOTA-
TATE/-DOTATOC, PET/CT, SSTR

Introduction
As an orphan malignancy, the incidence of neuroendocrine
tumors with pancreatic origin (pNET) is continuously rising,
mainly due to technical progress in diagnostic imaging and
improved awareness of treating physicians [1, 2]. Surgical
resection is the only curative approach [3]. In advanced settings,
treatment options include cytotoxic chemotherapy, somatostatin
analogs, or targeted therapies such as tyrosine kinase and mTOR
inhibitors [4–7]. Recently, favorable results have been reported for
unresectable midgut as well as for bronchial NET using peptide
receptor radionuclide therapy (PRRT) with [177Lu]DOTA-D-Phe-
Tyr3-octreotate ([177Lu]DOTATATE) [8, 9].

Tailored medical treatment mainly focuses on proteomics or
gene sequencing; however, their prognostic ability is rather
limited due to small sample sizes, ongoing tumor development,
and incomplete reflection of the entire tumor burden [10, 11].
Recently, the Delphic Consensus Assessment for Gastroenter-
opancreatic (GEP)-NET disease management reported on the
limitations of chromogranin A (CgA) alterations as well as Ki67
in identification of therapy responders. More precise clinical
decision-making increased demand for real-time multidimen-
sional information regarding tumor behavior [12]. Non-invasive
determination of intratumoral heterogeneity as assessed by
baseline somatostatin receptor (SSTR)-positron emission tomog-
raphy (PET) before PRRT has already proven its prognostic
performance by outperforming conventional PET parameters,
such as mean/maximum standardized uptake values (SUVmean/

max) in a mixed cohort of patients scheduled for endoradiotherapy
[13]. However, in particular for pNET, PRRT efficacy prediction
has not been elucidated yet due to considerable heterogeneous

diversity, earlier relapse of pNET patients undergoing radionu-
clide therapy, or mechanisms of tumor escape in dedifferentiated
tumors [14–16]. Decoding a general prognostic phenotype [10],
we hypothesized that intratumoral textural feature (TF) analysis
assessed by a baseline SSTR-PET might address the urgent
clinical need of prognostication in G1/2 pNET patients prior to
PRRT. Patients with potentially poor response to PRRT may be
identified and different therapeutic regimens might be applicable
(e.g., systemic therapies). Therefore, we aimed to elucidate the
prognostic capability of a baseline PET scan in a homogenous
cohort of G1/G2 pNET patients.

Materials and Methods
Since our study comprises a retrospective analysis of routinely
acquired data, the local ethic committees waived the need for
further approval. All patients gave written and informed
consent to the procedures as well as all patients provided
informed consent for scientific analysis of the obtained data.

Patient Population

A total of 31 subjects (14/31 females (45.2 %), mean 60 ±
10 years (y), range, 39–79 y) of four university medical centers
with histologically proven pNET were enrolled. The patients
enrolled in the present subanalysis were part of a larger patient
cohort [13]. The study population was restricted to G1/2 pNET,
as G3 tumors normally suffer from rapid disease progression
under PRRT [17]. Ki67 ranged between 1 and 20 % with a
median of 5 % for the entire cohort (n = 31). Eight out of thirty-
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one (25.8 %) were classified as G1 NET and 23/31 (74.2 %) as
G2NET. InG2NET, themedianKi67was 8% (range, 4–20%).

Analysis of CgA levels before PRRT revealed a range
between 35 and 64.700 μg/l (median, 924 μg/l). Twenty-five
out of thirty-one (80.1 %) patients were pre-treated (somato-
statin analogs, n = 19/31, (61.2 %); surgery, n = 13/31
(41.9 %); chemotherapy, n = 9/31 (29 %); and external beam
radiation, n = 1/31 (3.2 %)). Clinical characteristics of the
patient cohort are given in Table 1.

PRRT was performed with a mean of 7.2 ± 1.0 GBq (194.6 ±
27 mCi; range, 3.3–8.9 GBq, 89.2–240.5 mCi) per cycle using
[177Lu]DOTATATE. In total, the enrolled subjects underwent
112 treatment cycles (median, 4, range, 1–6; mean 3.6 ± 1.2)
aiming at a standard interval of 3 months on a compassionate use
basis [18, 19]. The majority of cases (21/31, 67.7 %) received at
least four subsequent treatment cycles. PRRT was performed
according to The joint IAEA, EANM, and SNMMI practical
guidance on a compassionate use basis or in accordance with the
Rotterdam protocol as published by Kwekkeboom et al., i.e., at
time point of disease progression [18, 19]. Long-acting and short-
acting release formulations were also discontinued according to
[18]. Imaging including both functional (SSTR-PET) and/or
morphologic imaging (CT) modalities was performed every 3–
6 months after PRRT [18, 19].

rogression-free survival (PFS) was defined according to
Response Evaluation Criteria in Solid Tumors 1.1 (RECIST1.1)
by follow-up examinations starting from the time point of baseline
imaging [18, 20]. For the calculation of overall survival (OS), the
time interval between the baseline SSTR-PET examination and
date of death was analyzed.

PET/CT Imaging, Imaging Interpretation

As a prerequisite for treatment initiation, all patients had to
demonstrate sufficient uptake in pre-therapeutic SSTR-PET
computed tomography (CT) [18, 19], i.e., lesional uptake
higher than physiological liver uptake [21]. A mean of 132 ±
35.7 MBq (3.6 ± 0.9 mCi; range, 72–185 MBq, 1.9–5 mCi) of
[68Ga]DOTATATE/-TOC (n = 27, [68Ga]DOTATATE and
n = 4, -[68Ga]DOTATOC) was administered intravenously.
After 60 min, imaging was performed using the following
scanners: Bonn, Biograph 2 PET/CT (Siemens Medical Sol-
utions, Erlangen, Germany); Wuerzburg, Biograph 64 (Siemens
Medical Solutions, Erlangen, Germany); Munich, Gemini TF
PET/CT (Philips Medical, Eindhoven, Netherlands) or Siemens
Biograph 64 (Siemens Medical Solutions, Erlangen, Germany);
Hannover, Biograph 2 (Siemens Medical Solutions, Erlangen,

Table 1. Detailed patient’s characteristics according to Ki67/grading

Case Sex Age (y) Metastases at time
of baseline SSTR-PET

Prior therapy Number
of treatment
cycles

Cumulative activity
in GBq (mCi)

Ki67 (%) Grading

#1 m 79 Liver, LN Surgery 4 29.7 (802.7) 1 1
#2 f 73 Liver Surgery 3 21.6 (583.8) 1 1
#3 m 71 Liver, bone, LN SSA 4 31.4 (848.6) 2 1
#4 f 65 Liver, bone, LN SSA, CTx 4 29.5 (797.3) 2 1
#5 m 61 Liver, LN SSA 5 32.5 (878.4) 2 1
#6 m 71 Liver None 3 19.9 (537.8) 2 1
#7 m 67 Liver Surgery, SSA, CTx, RTx 2 4.6 (124.3) 2 1
#8 m 62 Liver SSA 4 29.9 (808.1) 2 1
#9 m 57 Liver, LN Surgery, SSA 4 27.9 (754.1) 4 2
#10 m 60 Liver SSA 3 22.5 (608.1) 4 2
#11 m 44 Liver Surgery, SSA 4 32.4 (875.7) 4 2
#12 f 70 Liver None 6 40.6 (1097.3) 5 2
#13 m 52 Liver, bone, LN SSA, CTx 4 29.6 (800) 5 2
#14 m 56 Liver, bone, LN SSA, CTx 4 31.2 (843.2) 5 2
#15 f 70 Liver, LN, lung Surgery 4 26 (702.7) 5 2
#16 f 71 Liver, bone, LN None 4 30.2 (816.2) 5 2
#17 m 63 Liver, bone Surgery 6 44.6 (1205.4) 5 2
#18 f 39 Liver SSA, CTx 1 6 (162.2) 5 2
#19 m 62 Liver, LN Surgery, SSA 4 29.6 (800) 7 2
#20 m 51 Liver SSA 4 30.1 (813.5) 10 2
#21 f 62 Liver, LN Surgery, SSA, CTx 4 27.8 (751.4) 10 2
#22 f 60 Liver None 5 37.3 (1008.1) 10 2
#23 f 50 Liver SSA 3 22.4 (605.4) 10 2
#24 m 53 Liver Surgery 4 29.1 (786.5) 12 2
#25 f 41 LN Surgery, SSA, CTx 2 14.4 (389.2) 15 2
#26 f 53 Liver None 2 15.8 (427) 15 2
#27 m 66 Liver SSA 4 15.9 (429.7) 15 2
#28 m 67 Liver, bone SSA 4 29.7 (802.7) 15 2
#29 f 47 Liver, LN CTx 4 29.6 (800) 20 2
#30 f 68 Liver Surgery, SSA 2 15.2 (410.8) 20 2
#31 f 74 Liver, bone, LN Surgery, CTx 1 8.6 (232.4) 20 2

y years, SSTR-PET somatostatin receptor-positron emission tomography, GBq gigabecquerel, m male, f female, LN lymph node, SSA somatostatin analog, CTx
chemotherapy, RTx radiation therapy, GBq gigabecquerel
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Germany). System spatial resolutions are 4.8 mm for the Gemini
TF, 4.4 mm for the Biograph 64, and 9.3 mm for the Biograph 2
[22–24]. All data was reconstructed using iterative algorithms
implemented by the manufacturer and depending on the routine
protocol of the different medical centers. Scatter and attenuation
correction was performed based on the different transmission
data [13]. To allow for valid pooling of the results between
Siemens and Philips PET/CT scanners, phantom studies based
on the National Electrical Manufacturers Association NU2-2001
standard were conducted in Munich. According to a recent
published study investigating the robustness of TF in GEP-NET
patients using SSTR-PET in a multicentric setting, the following
TF were taken into account [25]: from the gray-level co-
occurrence matrix (Entropy, Homogeneity), from the gray-level
run length matrix (high gray-level run emphasis (HGRE)), and
from the gray-level size zone matrix (intensity variation, high
gray-level zone emphasis (HGZE), zone length non-uniformity
(ZLNU), short-zone high gray-level emphasis (SZHGE), zone
percentage (ZP)). In addition, metabolic tumor volume (MTV)
and total receptor expression (TRE) were assessed. Lesions were
identified by reviewing the SSTR-PET, CT, and fused hybrid
imaging by board-certified nuclear medicine physicians. In case
of multiorgan involvement, a maximum of three lesions per
organ (largest in size and metabolically most active lesion) was
segmented. A manual segmentation method was preferred in
order to exclude adjacent physiological SSTR-avid structures on
PET/CT images [26]. TF analysis was performed by using the
Interview Fusion Workstation (Mediso Medical Imaging Sys-
tems Ltd., Budapest, Hungary) [13]. As previously described, CT
images were available only for localization and not used to guide
delineation of the VOI [27]. Further, conventional PET
parameters (SUVmean/max, metabolic tumor volume (MTV) and
tissue receptor expression (TRE =MTV× SUVmean)) were also
investigated [13]. The radiotracer concentration in the ROIs was
normalized to the injected dose per kilogram of patient’s body
weight to derive the SUVs. For the assessment of TF, 162
volume of interest (median, 5, range, 1–12 per patient) were
manually segmented. In the majority of the cases (22/31, 71 %),
at least four lesions were investigated. Metastases with an MTV
smaller than 10 cm3 were excluded [28].

Statistical Analysis

Statistical analysis was performed using SPSS Statistics 22 and
MedCalc (Vers. 17.4.4). The cutoff values of each parameter for
the prediction of PFS and OS were identified through receiver
operating characteristic (ROC) analysis using the Youden Index
formaximization of specificity and sensitivity [29]. Kaplan–Meier
analysis (univariate analysis) was performed using thresholds
established by ROC analysis in cases in which ROC showed
statistical significant results. A multivariate Cox hazard analysis
was conducted to determine independent prognostic parameters as
well as relative risks (RR) [26, 30]. Non-parametric log-rank tests
were used to assess the differences in the Kaplan–Meier curves;
statistical significance was considered with a p value G 0.05.

Results
Almost all subjects suffered from liver metastases (30/31,
96.8 %), less than half of the cohort demonstrated lymph
node metastases (14/31, 45.2 %), 8/31 suffered from bone
lesions (25.8 %), and 1/31 (3.2 %) showed pulmonary
metastases (Table 1).

During an observation period/follow-up of median
3.7 years, disease progression occurred in 21/31 subjects
(67.7 %) after a median of 1.5 y from the baseline PET scan
(range, 0.8 months–4.5 y). Thirteen out of thirty-one
(41.9 %) patients died from their tumor after a median of
1.9 y (range, 0.8 months–4.6 y). Of those, 11/13 (84.6 %)
belonged to the G2 group (mean Ki67, 11 %). The median
proliferation index Ki67 in the deceased patients was 5 %
(range, 2–20 %).

Entire Cohort

In ROC analysis of TF, entropy demonstrated a significant
predictive ability for OS (cutoff = 6.7, AUC = 0.71, p = 0.02)
with an accuracy of 71 %. Increasing entropy could predict
longer survival (9 6.7, OS = 2.5 y, 17/31), whereas less
entropy portended inferior outcome (G 6.7, OS = 1.9 y, 14/
31, Table 2, Supplementary Table a: see electronic supple-
mentary material (ESM)). All the investigated conventional
PET parameters (SUVmean/max, MTV, TRE) failed in
response prediction (Supplementary Table b).

Subsequent Kaplan–Meier analysis revealed a significant
distinction between high- and low-risk patients for OS using
entropy (p = 0.045) in the whole cohort (PFS, n.s.).

In Cox hazard analysis, entropy and intensity variation
demonstrated significance for OS (p G 0.05, respectively).
For PFS, none of the investigated conventional PET
parameters (SUVmean/max) or other TF were significant.
Regarding clinical parameters, the cumulative administered
dose reached significance for OS (p = 0.04, r = 0.37) and
Ki67 for PFS prediction (p = 0.002, r = − 0.54). For those
patients below the ROC-derived threshold for entropy, the
RR of cancer-related death after PRRT was 2.73 (n = 31, CI
1.07–7.01; p = 0.04) (Fig. 1, Supplementary Table c in
ESM).

Neither Ki67 nor grading demonstrated significant corre-
lation with the independent heterogeneity parameters (e.g.,
entropy/Ki67, r = − 0.27, n.s.).

Subanalysis of G2 NET

In ROC analysis of G2 NET, entropy reached significance
for OS prediction with an accuracy of 70 % (ROC, cutoff =
6.9, AUC = 0.72, p = 0.03). Regarding OS prediction, the
findings of the entire cohort were supported in a subanalysis
of G2 NET (9 6.9, OS = 2.8 y, 9/23 vs. G 6.9, OS = 1.9 y, 14/
23, Table 2).
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In Kaplan–Meier analysis, no statistical significance was
reached in the G2 subgroup (p = 0.072). Results are
displayed for the entire cohort and the G2 group (Table 3);
respective Kaplan–Meier plots for OS are given in Fig. 2.

In Cox analysis, entropy reached significance (p = 0.03) for
OS prediction. In accordance with the findings for the entire
cohort, the RR of cancer-related death after PRRTwas 2.89 (CI
0.8–10.44; p = 0.1) for the G2 subgroup (Fig. 1, Supplementary
Table c in ESM). The parameter intensity variation [13]
trended to be significant in Cox analysis (p = 0.05).

For both the entire cohort as well as the G2 subgroup,
results for ROC and Cox analyses of investigated parameters
are presented in Supplementary Table b in ESM.

Discussion
This is the first study to assess intratumoral heterogeneity as
a risk stratification tool for pNET patients scheduled for
PRRT. Entropy, reflecting derangement on a voxel-by-voxel
level, outperformed standard conventional PET parameters
in prognostication. These findings were further corroborated
in a G2 subanalysis. However, this group per se includes a

wide range of NET from 2 to 20 %, i.e., that the therapeutic
response of a Blow^ G2 NET scheduled for PRRT might
differ from a G2 NET with an increased Ki67 [16].

Biopsy carries the potential for tumor under-sampling,
and as a consequence, inaccurate therapeutic decisions can
be made [31]. Hence, as a non-invasive whole-body
molecular tool considering the extent of disease, PET-
based assessment of intratumoral heterogeneity might serve
as a novel diagnostic biomarker reflecting the entire
phenotypical tumor burden. As previously described, the
prognostic value of TF derived by PET has been success-
fully investigated in different tumor types [26, 32–34]. In
our previous trial investigating various disease entities, TF
analysis of a baseline SSTR-PET/CT proved prognostic
value in PRRT candidates [13]. In the present study, we
focused on subjects only suffering from NET of pancreatic
origin. For NET, treatment options have improved in the last
years [35]: The NETTER-1 trial revealed impressive find-
ings using PRRT in midgut NET [8]. Moreover, recent
developments of systemic agents such as everolimus or
axitinib have also demonstrated favorable results. However,
attention should also be paid to cardiac adverse events

Table 2. Receiver operating characteristic (ROC) analysis for progression-free (PFS) and overall survival (OS) for the textural feature entropy (independent
according to Cox analysis)

p value Cutoff value Sensitivity (%) Specificity (%) Accuracy (%) PPV (%) NPV (%) AUC ≤ cutoff 9 cutoff

Entropy—entire cohort (n = 31)
PFS 0.4 6.7 50 63.6 54.8 71.4 41.2 0.47 1.3 years (14/31) 1.9 years (17/31)
OS 0.02* 6.7 69.2 72.2 71 64.3 76.5 0.71 1.9 years (14/31) 2.5 years (17/31)
Entropy—G2 NET (n = 23)
PFS 0.14 6.9 58.8 33.3 52.2 71.4 22.2 0.66 1.3 years (14/23) 1.8 years (9/23)
OS 0.03* 6.9 81.8 58.3 70 64.3 77.8 0.72 1.9 years (14/23) 2.8 years (9/23)

Given for entire cohort (n = 31) and the G2 neuroendocrine tumors (NET, n = 23) subgroup. PFS and OS below the cutoff (≤ cut-off) and above to the cutoff
(9 cutoff) with the number of patients for each group is shown in brackets. With increasing entropy, PFS and OS increase
PPV positive predictive value, NPV negative predictive value, AUC area under the curve
*Statistically significant

Fig. 1. Relative risk (RR) charts with 95 % confidence interval (CI) using the ROC-derived threshold (Table 2) of entropy for
overall survival. a Entire cohort (n = 31) and b G2 neuroendocrine tumor subgroup (n = 23). When the RR is exactly 1, the risk is
unchanged. For those patients below the ROC-derived threshold of entropy, the RR of cancer-related death after PRRT
increases (indicating worse outcome, applies to both the entire cohort and the G2 subcohort). Asterisk denotes statistically
significant.
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(grade 3/4 hypertension) leading to axitinib withdrawal in
20 % of patients [6, 36]. Hence, novel risk stratification
approaches for this tumor entity might be intensively sought
for: As demonstrated in this study, imaging-based survival
prediction using TF analysis might be helpful to differentiate
between low-risk and high-risk groups. Of note, entropy
reached significance in all three statistical tests (ROC,
Kaplan–Meier, Cox analysis) emphasizing its potential in
response prediction independent of other investigated vari-
ables at least for the entire cohort. However, clinical
implications have to be made with extreme caution, as the
herein presented findings should rather be interpreted as a
Bproof-of-concept^ and further research in larger, more
homogeneous cohorts is definitely warranted.

Analyzing pre-therapeutic [68Ga]DOTATOC scans of
liver metastases in pNET patients scheduled for [Y-90/Lu-
177] treatment, a SUVmax threshold of 9 16.4 for achieving
radiologic response was proposed [37]. In our study, a
cohort treated with the less nephrotoxic and more common
Lu-177 was enrolled [38]. However, comparative thresholds
were reached, but the SUV was not significant in our
analysis. Similar to our findings, Gabriel also reported that
the SUV profile of a baseline [68Ga]DOTATOC PET does
not add additional information for response prediction in
PRRT patients [39]. Sansovini et al. have recently proven
that a negative 2-deoxy-2-[18F]fluoro-D-glucose (FDG) PET

scan in advanced pNET patients treated with [177Lu]DOTA-
TATE was linked to a better outcome after PRRT; however,
[18F]FDG PET is not routinely assessed in treatment
planning [40].

Higher entropy values are related to superior outcome in
our study. A multivariate Cox analysis corroborated these
findings: the RR for cancer-related death for those patients
below the ROC-derived threshold of entropy indicated an
almost threefold increased mortality compared to that for the
low-risk group (Fig. 1). These results are contrary to
findings in [18F]FDG PET studies investigating TF in
pancreatic ductal carcinoma or non-small cell lung cancer
(low entropy associated with longer OS) [41, 42]. Under-
standably, results from [18F]FDG PET in highly metaboli-
cally active tumors cannot be directly transferred to SSTR-
PET; however, these findings emphasize the value of tumor
heterogeneity assessment.

The value of entropy in patients with esophageal cancer
undergoing RTx has been recently evaluated. Although
responders were associated with greater local heterogeneity
than non-responders, responders presented lower entropy
values [33]. The response of NET tumor tissue to radiation
exposure, however, might vary [43], and the included
patients in the present study were heavily pre-treated with
CTx and RTx (30 %), which could also have a certain
impact on the SSTR fluctuations on the tumor cell surface.

Table 3. Results of Kaplan–Meier analysis for overall survival (OS) for the entire cohort (n = 31) and G2 neuroendocrine tumors (NET, n = 23) for the
textural feature entropy. Asterisk denotes statistically significant

ξ2 p value HR negative CI HR positive CI

Entire cohort (n = 31) 4.03 0.045* 0.32 0.11–0.97 3.12 1.04–9.38
G2 NET (n = 23) 3.24 0.072 0.27 0.08–0.89 3.60 1.13–12.10

CI confidence interval, HR hazard ratio

Fig. 2. Kaplan–Meier plots and number-at-risk tables for the probability of overall survival. a Entire cohort, n = 31, and b G2
neuroendocrine tumor subgroup, n = 23. Low-risk group (solid lines) was identified by various textural parameters measured on
somatostatin receptor-positron emission tomography/computed tomography (SSTR-PET/CT) before peptide receptor
radionuclide therapy. Cutoff values derived by receiver operating characteristics (ROC) analysis were used (Table 2). Only
entropy was significant in both ROC and Cox analysis; d days.
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Moreover, as intratumoral phenotypic heterogeneity is
frequently observed in NET even between synchronous or
metachronous metastases, no attempt was performed to
correlate these histopathological findings with patient out-
come [15]. Wetz et al. have recently reported on the
predictive role of asphericity in GEP-NET patients sched-
uled for PRRT: a higher level of asphericity was associated
with poorer outcome. However, compared to the present
study investigating SSTR-PET, heterogeneity parameters
were derived from [111In-DTPA0]octreotide scintigraphy
[44], which has a lower affinity to SSTR2A compared to
its PET counterparts [45]. Moreover, entropy and asphericity
differ in their equations, which also serves as a possible
explanation for the different results: The latter one quanti-
tates the deviation from spherical of the shape of the MTV,
and it takes both the mean surface S and the mean volume V
into account [44, 46]. On the contrary, entropy considers I as
the voxel value in the ROI and P(I) as the probability of the
occurrence of that pixel value [47]. Apart from that, in the
present study, SSTR-PET had been used, while Wetz and
co-workers performed a SPECT approach [44]. Taken
together, the exact association between the herein presented
imaging-derived analysis of tumor lesion texture and the
underlying tumor biology must be further determined in
prospective, longitudinal studies.

In contrast to previous findings, hepatic tumor burden did
not turn out as an independent survival predictor, mainly
since almost the entire cohort of our patients (97 %) suffered
from liver metastases [48]. Of note, Ki67 did not correlate
significantly with the investigated heterogeneity parameters
emphasizing their independence. Correlating the prolifera-
tion index with outcome variables, Ki67 demonstrated its
potential in PFS prediction but failed for OS. This might be
also caused by sampling variability, as needle biopsies are
typically not guided to regions with a higher proliferative
rate [15].

This multicenter analysis has several limitations. First,
only a limited number of patients could be included in
this study, even though pNETs have a low annual
incidence [2]. Additionally, imaging protocols differ
slightly from center to center, including various PET
reconstruction algorithms and different used PET scan-
ners. Moreover, no harmonization between the used
Biograph 2 and 64 PET has been performed. Compared
to previous investigations [37], this might explain why the
SUVmax did not turn out as a significant predictive
parameter and other conventional PET parameters, like
SUVpeak, could be subject of future studies. The herein
stated OS for pNET patients under PRRT is significantly
lower as described previously [16, 49]: However, it
remains a matter of debate if the OS should be defined
from diagnosis and treatment initiation or from baseline
SSTR-PET. Moreover, therapeutic algorithms might also
vary between centers, as the treating nuclear medicine
physician has to adjust treatment planning under current
circumstances (e.g., due to renal impairment); nonetheless,

this reflects a typical clinical situation. Furthermore, in
our cohort, the number of treatment cycles ranged from 1
to 6; however, the majority of the cases (70 %) received
at least four radiopeptide administrations (median
4 cycles). Changes of imaging-derived parameters be-
tween subsequent scans might be also of prognostic value;
however, functional follow-up imaging was not available
in every patient. Moreover, in only 70 % of the cases, at
least four lesions could be manually segmented and
metastases with MTV smaller than 10 cm3 were not
considered. Ki67 is prone to sampling bias as well as
particular inaccuracy regarding the time lag of assessment
and subsequent SSTR-PET scan. Due to the different
affinities to SSTR2A, the use of [68Ga]DOTATATE/-TOC
might have also led to a certain data bias [45]. In
accordance with the reported robustness of certain TF
published in [25], a pre-selection of heterogeneity param-
eters has been performed in the present study. Hence, a
limited number of TF had been investigated, and
therefore, no correction for p values was applied to adjust
for multiple tests, but such procedures could be subject of
future studies [50]. Consequently, as a Bonferroni correc-
tion had not been applied, the herein derived findings
must be interpreted with caution. Moreover, a more
homogenous study setting might strengthen our prelimi-
nary findings, in particular by enrolling a larger, prospec-
tive cohort using the same scanners and without variances
in the imaging protocol.

Conclusion
As demonstrated in this multicenter study, application of
entropy as obtained by baseline SSTR-PET might be useful
for differentiating high-risk from low-risk groups in pNET
patients scheduled for PRRT.

Acknowledgments. We express our gratitude to Michaela Mooz (Department
of Nuclear Medicine, University Hospital Würzburg) for her assistance in
data collection. This project has received funding from the European
Union’s Horizon 2020 research and innovation programme under the Marie
Sklodowska-Curie grant agreement No 701983.

Compliance with Ethical Standards

Conflict of Interest

RB has a non-commercial research contract with Mediso Medical Imaging
Systems; RB is on the speaker’s bureau for Mediso Medical Imaging
Systems and consultant for Bayer HealthCare. Mediso Medical Imaging
Systems employ NZ; LP was employed by Mediso Medical Imaging
Systems while largest parts of the study were performed. All other authors
declare that they have no conflict of interest.

Statement of Human and Animal Rights

All procedures performed in studies involving human participants were in
accordance with the ethical standards of the institutional and/or national
research committee and with the 1964 Helsinki declaration and its later
amendments or comparable ethical standards. For this type of study, formal
consent is not required. This article does not contain any studies with
animals performed by any of the authors.

588 Werner R.A. et al.: Heterogeneity in pNET Undergoing PRRT



Informed Consent

Informed consent was obtained from all individual participants included in
the study.

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://creativecommon-
s.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons
license, and indicate if changes were made.

References

1. Fraenkel M, Faggiano A, Valk GD (2015) Epidemiology of
neuroendocrine tumors. Front Horm Res 44:1–23

2. Lawrence B, Gustafsson BI, Chan A et al (2011) The epidemiology of
gastroenteropancreatic neuroendocrine tumors. Endocrinol Metab Clin
N Am 40:1–18 vii

3. Cauley CE, Pitt HA, Ziegler KM, Nakeeb A, Schmidt CM, Zyromski
NJ, House MG, Lillemoe KD (2012) Pancreatic enucleation:
improved outcomes compared to resection. J Gastrointest Surg
16:1347–1353

4. Panzuto F, Di Fonzo M, Iannicelli E et al (2006) Long-term clinical
outcome of somatostatin analogues for treatment of progressive,
metastatic, well-differentiated entero-pancreatic endocrine carcinoma.
Ann Oncol 17:461–466

5. Rinke A, Muller HH, Schade-Brittinger C et al (2009) Placebo-
controlled, double-blind, prospective, randomized study on the effect
of octreotide LAR in the control of tumor growth in patients with
metastatic neuroendocrine midgut tumors: a report from the PROMID
Study Group. J Clin Oncol 27:4656–4663

6. Yao JC, Fazio N, Singh S, Buzzoni R, Carnaghi C, Wolin E, Tomasek
J, Raderer M, Lahner H, Voi M, Pacaud LB, Rouyrre N, Sachs C,
Valle JW, Fave GD, van Cutsem E, Tesselaar M, Shimada Y, Oh DY,
Strosberg J, Kulke MH, Pavel ME (2016) Everolimus for the
treatment of advanced, non-functional neuroendocrine tumours of
the lung or gastrointestinal tract (RADIANT-4): a randomised,
placebo-controlled, phase 3 study. Lancet 387:968–977

7. Raymond E, Dahan L, Raoul JL, Bang YJ, Borbath I, Lombard-Bohas
C, Valle J, Metrakos P, Smith D, Vinik A, Chen JS, Hörsch D,
Hammel P, Wiedenmann B, van Cutsem E, Patyna S, Lu DR,
Blanckmeister C, Chao R, Ruszniewski P (2011) Sunitinib malate for
the treatment of pancreatic neuroendocrine tumors. N Engl J Med
364:501–513

8. Strosberg J, El-Haddad G, Wolin E et al (2017) Phase 3 trial of
177Lu-dotatate for midgut neuroendocrine tumors. N Engl J Med
376:125–135

9. Brabander T, van der Zwan WA, Teunissen JJM, Kam BLR, Feelders
RA, de Herder WW, van Eijck CHJ, Franssen GJH, Krenning EP,
Kwekkeboom DJ (2017) Long-term efficacy, survival, and safety of
[177Lu-DOTA(0),Tyr(3)]octreotate in patients with gastroentero-
pancreatic and bronchial neuroendocrine tumors. Clin Cancer Res
23:4617–4624

10. Aerts HJ, Velazquez ER, Leijenaar RT et al (2014) Decoding tumour
phenotype by noninvasive imaging using a quantitative radiomics
approach. Nat Commun 5:4006

11. Marusyk A, Almendro V, Polyak K (2012) Intra-tumour heterogene-
ity: a looking glass for cancer? Nat Rev Cancer 12:323–334

12. Oberg K, Krenning E, Sundin A, Bodei L, Kidd M, Tesselaar M,
Ambrosini V, Baum RP, Kulke M, Pavel M, Cwikla J, Drozdov I,
Falconi M, Fazio N, Frilling A, Jensen R, Koopmans K, Korse T,
Kwekkeboom D, Maecke H, Paganelli G, Salazar R, Severi S,
Strosberg J, Prasad V, Scarpa A, Grossman A, Walenkamp A, Cives
M, Virgolini I, Kjaer A, Modlin IM (2016) A Delphic consensus
assessment: imaging and biomarkers in gastroenteropancreatic neuro-
endocrine tumor disease management. Endocr Connect 5:174–187

13. Werner RA, Lapa C, Ilhan H, Higuchi T, Buck AK, Lehner S,
Bartenstein P, Bengel F, Schatka I, Muegge DO, Papp L, Zsótér N,
Große-Ophoff T, Essler M, Bundschuh RA (2017) Survival prediction
in patients undergoing radionuclide therapy based on intratumoral
somatostatin-receptor heterogeneity. Oncotarget 8:7039–7049

14. Yachida S, Jones S, Bozic I, Antal T, Leary R, Fu B, Kamiyama M,
Hruban RH, Eshleman JR, Nowak MA, Velculescu VE, Kinzler KW,
Vogelstein B, Iacobuzio-Donahue CA (2010) Distant metastasis
occurs late during the genetic evolution of pancreatic cancer. Nature
467:1114–1117

15. Couvelard A, Deschamps L, Ravaud P, Baron G, Sauvanet A, Hentic
O, Colnot N, Paradis V, Belghiti J, Bedossa P, Ruszniewski P (2009)
Heterogeneity of tumor prognostic markers: a reproducibility study
applied to liver metastases of pancreatic endocrine tumors. Mod
Pathol 22:273–281

16. Ezziddin S, Khalaf F, Vanezi M, Haslerud T, Mayer K, al Zreiqat A,
Willinek W, Biersack HJ, Sabet A (2014) Outcome of peptide
receptor radionuclide therapy with 177Lu-octreotate in advanced grade
1/2 pancreatic neuroendocrine tumours. Eur J Nucl Med Mol Imaging
41:925–933

17. Ezziddin S, Opitz M, Attassi M, Biermann K, Sabet A, Guhlke S,
Brockmann H, Willinek W, Wardelmann E, Biersack HJ, Ahmadza-
dehfar H (2011) Impact of the Ki-67 proliferation index on response to
peptide receptor radionuclide therapy. Eur J Nucl Med Mol Imaging
38:459–466

18. Bodei L, Mueller-Brand J, Baum RP, Pavel ME, Hörsch D, O'Dorisio
MS, O'Dorisio TM, Howe JR, Cremonesi M, Kwekkeboom DJ,
Zaknun JJ (2013) The joint IAEA, EANM, and SNMMI practical
guidance on peptide receptor radionuclide therapy (PRRNT) in
neuroendocrine tumours. Eur J Nucl Med Mol Imaging 40:800–816

19. Kwekkeboom DJ, de Herder WW, Kam BL, van Eijck CH, van Essen
M, Kooij PP, Feelders RA, van Aken MO, Krenning EP (2008)
Treatment with the radiolabeled somatostatin analog [177Lu-DOTA
0,Tyr3]octreotate: toxicity, efficacy, and survival. J Clin Oncol
26:2124–2130

20. Eisenhauer EA, Therasse P, Bogaerts J, Schwartz LH, Sargent D, Ford
R, Dancey J, Arbuck S, Gwyther S, Mooney M, Rubinstein L,
Shankar L, Dodd L, Kaplan R, Lacombe D, Verweij J (2009) New
response evaluation criteria in solid tumours: revised RECIST
guideline (version 1.1). Eur J Cancer 45:228–247

21. Kwekkeboom DJ, Krenning EP (2002) Somatostatin receptor imag-
ing. Semin Nucl Med 32:84–91

22. Surti S, Kuhn A, Werner ME, Perkins AE, Kolthammer J, Karp JS
(2007) Performance of Philips Gemini TF PET/CT scanner with
special consideration for its time-of-flight imaging capabilities. J Nucl
Med 48:471–480

23. Marti-Climent JM, Prieto E, Dominguez-Prado I et al (2013)
Contribution of time of flight and point spread function modeling to
the performance characteristics of the PET/CT Biograph mCT
scanner. Rev Esp Med Nucl Imagen Mol 32:13–21

24. Prieto E, Marti-Climent JM, Arbizu J et al (2010) Evaluation of spatial
resolution of a PET scanner through the simulation and experimental
measurement of the recovery coefficient. Comput Biol Med 40:75–80

25. Bailly C, Bodet-Milin C, Couespel S, Necib H, Kraeber-Bodéré F,
Ansquer C, Carlier T (2016) Revisiting the robustness of PET-based
textural features in the context of multi-centric trials. PLoS One
11:e0159984

26. Nakajo M, Jinguji M, Nakabeppu Y, Nakajo M, Higashi R, Fukukura
Y, Sasaki K, Uchikado Y, Natsugoe S, Yoshiura T (2017) Texture
analysis of 18F-FDG PET/CT to predict tumour response and
prognosis of patients with esophageal cancer treated by chemo-
radiotherapy. Eur J Nucl Med Mol Imaging 44:206–214

27. Li X, Rowe SP, Leal JP, Gorin MA, Allaf ME, Ross AE, Pienta KJ,
Lodge MA, Pomper MG (2017) Semiquantitative parameters in
PSMA-targeted PET imaging with 18F-DCFPyL: variability in
normal-organ uptake. J Nucl Med 58:942–946

28. Hatt M, Majdoub M, Vallieres M, Tixier F, le Rest CC, Groheux D,
Hindie E, Martineau A, Pradier O, Hustinx R, Perdrisot R, Guillevin
R, el Naqa I, Visvikis D (2015) F-18-FDG PET uptake characteriza-
tion through texture analysis: investigating the complementary nature
of heterogeneity and functional tumor volume in a multi-cancer site
patient cohort. J Nucl Med 56:38–44

29. Youden WJ (1950) Index for rating diagnostic tests. Cancer 3:32–35
30. Hachamovitch R, Di Carli MF (2008) Methods and limitations of

assessing new noninvasive tests: part II: outcomes-based validation
and reliability assessment of noninvasive testing. Circulation
117:2793–2801

Werner R.A. et al.: Heterogeneity in pNET Undergoing PRRT 589



31. Komaki K, Sano N, Tangoku A (2006) Problems in histological
grading of malignancy and its clinical significance in patients with
operable breast cancer. Breast Cancer 13:249–253

32. Bundschuh RA, Dinges J, Neumann L, Seyfried M, Zsoter N, Papp L,
Rosenberg R, Becker K, Astner ST, Henninger M, Herrmann K,
Ziegler SI, Schwaiger M, Essler M (2014) Textural parameters of
tumor heterogeneity in 18F-FDG PET/CT for therapy response
assessment and prognosis in patients with locally advanced rectal
cancer. J Nucl Med 55:891–897

33. Tixier F, Le Rest CC, Hatt M et al (2011) Intratumor heterogeneity
characterized by textural features on baseline 18F-FDG PET images
predicts response to concomitant radiochemotherapy in esophageal
cancer. J Nucl Med 52:369–378

34. Hatt M, Visvikis D, Pradier O, Cheze-le Rest C (2011) Baseline 18F-
FDG PET image-derived parameters for therapy response prediction
in oesophageal cancer. Eur J Nucl Med Mol Imaging 38:1595–1606

35. Hicks RJ, Kwekkeboom DJ, Krenning E, et al. (2017) ENETS
consensus guidelines for the standards of care in neuroendocrine
neoplasia: peptide receptor radionuclide therapy with radiolabeled
somatostatin analogues. Neuroendocrinology 105(3):295-309

36. Strosberg JR, Cives M, Hwang J, Weber T, Nickerson M, Atreya CE,
Venook A, Kelley RK, Valone T, Morse B, Coppola D, Bergsland EK
(2016) A phase II study of axitinib in advanced neuroendocrine
tumors. Endocr Relat Cancer 23:411–418

37. Kratochwil C, Stefanova M, Mavriopoulou E, Holland-Letz T,
Dimitrakopoulou-Strauss A, Afshar-Oromieh A, Mier W, Haberkorn
U, Giesel FL (2015) SUV of [68Ga]DOTATOC-PET/CT predicts
response probability of PRRT in neuroendocrine tumors. Mol Imaging
Biol 17:313–318

38. Bergsma H, Konijnenberg MW, van der Zwan WA, Kam BLR,
Teunissen JJM, Kooij PP, Mauff KAL, Krenning EP, Kwekkeboom
DJ (2016) Nephrotoxicity after PRRT with 177Lu-DOTA-octreotate.
Eur J Nucl Med Mol Imaging 43:1802–1811

39. Gabriel M, Oberauer A, Dobrozemsky G, Decristoforo C, Putzer D,
Kendler D, Uprimny C, Kovacs P, Bale R, Virgolini IJ (2009) 68Ga-
DOTA-Tyr3-octreotide PET for assessing response to somatostatin-
receptor-mediated radionuclide therapy. J Nucl Med 50:1427–1434

40. Sansovini M, Severi S, Ianniello A, Nicolini S, Fantini L, Mezzenga
E, Ferroni F, Scarpi E, Monti M, Bongiovanni A, Cingarlini S, Grana
CM, Bodei L, Paganelli G (2017) Long-term follow-up and role of
FDG PET in advanced pancreatic neuroendocrine patients treated with
177Lu-D OTATATE. Eur J Nucl Med Mol Imaging 44:490–499

41. Hyun SH, Kim HS, Choi SH, Choi DW, Lee JK, Lee KH, Park JO,
Lee KH, Kim BT, Choi JY (2016) Intratumoral heterogeneity of 18F-

FDG uptake predicts survival in patients with pancreatic ductal
adenocarcinoma. Eur J Nucl Med Mol Imaging 43:1461–1468

42. Pyka T, Bundschuh RA, Andratschke N, Mayer B, Specht HM, Papp
L, Zsótér N, Essler M (2015) Textural features in pre-treatment [F18]-
FDG-PET/CT are correlated with risk of local recurrence and disease-
specific survival in early stage NSCLC patients receiving primary
stereotactic radiation therapy. Radiat Oncol 10:100

43. Koukouraki S, Strauss LG, Georgoulias V, Schuhmacher J, Haberkorn
U, Karkavitsas N, Dimitrakopoulou-Strauss A (2006) Evaluation of
the pharmacokinetics of 68Ga-DOTATOC in patients with metastatic
neuroendocrine tumours scheduled for 90Y-DOTATOC therapy. Eur J
Nucl Med Mol Imaging 33:460–466

44. Wetz C, Apostolova I, Steffen IG, Hofheinz F, Furth C, Kupitz D, Ruf
J, Venerito M, Klose S, Amthauer H (2017) Predictive value of
asphericity in pretherapeutic [111In]DTPA-octreotide SPECT/CT for
response to peptide receptor radionuclide therapy with [177Lu]DOTA-
TATE. Mol Imaging Biol 19:437–445

45. Garcia-Carbonero R, Garcia-Figueiras R, Carmona-Bayonas A et al
(2015) Imaging approaches to assess the therapeutic response of
gastroenteropancreatic neuroendocrine tumors (GEP-NETs): current
perspectives and future trends of an exciting field in development.
Cancer Metastasis Rev 34:823–842

46. Apostolova I, Ego K, Steffen IG, Buchert R, Wertzel H, Achenbach
HJ, Riedel S, Schreiber J, Schultz M, Furth C, Derlin T, Amthauer H,
Hofheinz F, Kalinski T (2016) The asphericity of the metabolic
tumour volume in NSCLC: correlation with histopathology and
molecular markers. Eur J Nucl Med Mol Imaging 43:2360–2373

47. Cook GJ, O'Brien ME, Siddique M et al (2015) Non-small cell lung
cancer treated with erlotinib: heterogeneity of 18F-FDG uptake at
PET-association with treatment response and prognosis. Radiology
276:883–893

48. Ezziddin S, Attassi M, Yong-Hing CJ, Ahmadzadehfar H, Willinek
W, Grunwald F, Guhlke S, Biersack HJ, Sabet A (2014) Predictors of
long-term outcome in patients with well-differentiated gastroenter-
opancreatic neuroendocrine tumors after peptide receptor radionuclide
therapy with 177Lu-octreotate. J Nucl Med 55:183–190

49. Sharma N, Naraev BG, Engelman EG, Zimmerman MB, Bushnell DL
Jr, OʼDorisio TM, OʼDorisio MS, Menda Y, Müller-Brand J, Howe
JR, Halfdanarson TR (2017) Peptide receptor radionuclide therapy
outcomes in a North American cohort with metastatic well-
differentiated neuroendocrine tumors. Pancreas 46:151–156

50. Chalkidou A, O'Doherty MJ, Marsden PK (2015) False discovery
rates in PET and CT studies with texture features: a systematic review.
PLoS One 10:e0124165

590 Werner R.A. et al.: Heterogeneity in pNET Undergoing PRRT


	 Heterogeneity Predicts Overall Survival in Pancreatic Neuroendocrine Tumor Patients Undergoing Peptide Receptor Radionuclide Therapy
	Abstract
	Introduction
	Materials and Methods
	Patient Population
	PET/CT Imaging, Imaging Interpretation
	Statistical Analysis

	Results
	Entire Cohort
	Subanalysis of G2 NET

	Discussion
	Conclusion
	Acknowledgments
	Compliance with Ethical Standards
	References


