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Abstract: Predicting grade 1 (G1) and 2 (G2) primary pancreatic neuroendocrine tumour (panNET)
is crucial to foresee panNET clinical behaviour. Fifty-one patients with G1-G2 primary panNET
demonstrated by pre-surgical [68Ga]Ga-DOTANOC PET/CT and diagnostic conventional imaging
were grouped according to the tumour grade assessment method: histology on the whole excised
primary lesion (HS) or biopsy (BS). First-order and second-order radiomic features (RFs) were
computed from SUV maps for the whole tumour volume on HS. The RFs showing the lowest p-
values and the highest area under the curve (AUC) were selected. Three radiomic models were
assessed: A (trained on HS, validated on BS), B (trained on BS, validated on HS), and C (using the
cross-validation on the whole dataset). The second-order normalized homogeneity and entropy
was the most effective RFs couple predicting G2 and G1. The best performance was achieved by
model A (test AUC = 0.90, sensitivity = 0.88, specificity = 0.89), followed by model C (median test
AUC = 0.87, sensitivity = 0.83, specificity = 0.82). Model B performed worse. Using HS to train a
radiomic model leads to the best prediction, although a “hybrid” (HS+BS) population performs better
than biopsy-only. The non-invasive prediction of panNET grading may be especially useful in lesions
not amenable to biopsy while [68Ga]Ga-DOTANOC heterogeneity might recommend FDG PET/CT.

Keywords: [68Ga]Ga-DOTANOC; pancreatic neuroendocrine tumour; machine learning; biomarker;
standardized uptake value

1. Introduction

Pancreatic neuroendocrine neoplasia (panNEN) represent approximately 3% of all
pancreatic tumours [1]. Although they are generally characterised by a more indolent
behaviour as compared to the more aggressive pancreatic adenocarcinoma, panNEN may
show different clinical behaviour depending on tumour grade, with grade 1 (G1) and 2
(G2) pancreatic neuroendocrine tumours (panNET) showing more favourable outcome as
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compared to NET G3 and neuroendocrine carcinoma. Prognosis is also strongly influenced
by cells’ differentiation [2].

The possibility to non-invasively assess the primary lesion tumour grade by positron
emission tomography/computed tomography (PET/CT)-derived parameters is extremely
appealing, potentially overcoming the limits of biopsy sampling, hampered by being both
invasive and not always representative of the whole lesion.

To date, most papers have correlated the easily accessible 68Ga-DOTApeptides PET/CT
maximum standardised uptake value (SUVmax) of a given lesion with its pathological
grade [3–5]. However, the SUVmax corresponds to a single voxel measure and therefore
it may not take into account potential heterogeneity of the whole lesion. In fact, it is
well known that neuroendocrine tumour lesions with varying differentiation grades and
somatostatin receptors (SSTR) expression may co-exist within the same patient. From a
clinical perspective, the detection of heterogeneity in SSTR expression is crucial as it usually
indicates the presence of more aggressive (generally [18F]FDG-positive) tumour foci [6,7].

Texture features are a second-order level of image analysis that show promising results
in several tumour settings [8–11]. However, to the best of our knowledge, this is the first
report of the use of [68Ga]Ga-DOTANOC PET/CT-derived radiomic features (RFs) to
predict primary tumour grade in panNET patients.

The aim of the present study was to determine if image-based RFs extracted from
pre-surgical [68Ga]Ga-DOTANOC PET/CT may be used to predict grade in G2 and G1
primary panNET patients.

2. Materials and Methods
2.1. Patient Population

The population under study consists of a subgroup of patients with panNET selected
from two different prospective electronic archives, one collecting cases with different types
of pancreatic tumour primaries and eligible for primary tumour resection (Ethical Com-
mittee approval: 64/2017/U/Oss on 18 July 2017) and the other prospectively collecting
cases of patients with neuroendocrine tumour who had undergone [68Ga]Ga-DOTANOC
PET/CT at the Nuclear Medicine Unit of the S. Orsola-Malpighi Hospital of Bologna
(Ethical Committee approval: 131/2017/O/Oss on 16 May 2017). All patients gave writ-
ten consent for their anonymous data to be collected in the respective electronic archive.
Collected clinical data included gender, age, tumour grade, PET/CT, and conventional
imaging results.

The current analysis included patients presenting (a) a histologically confirmed G1-G2
panNET, (b) a [68Ga]Ga-DOTANOC PET/CT performed before surgery showing uptake
in the primary panNET lesion, and (c) a staging diagnostic conventional procedure (CT
or EUS) showing the primary pancreatic lesion. Patients were further divided into two
subgroups according to the pathological assessment method: histology on the whole
excised primary lesion (HS) or biopsy of the primary lesion (BS).

WHO 2019 [12] classification was used for pathological grading, according to Ki-67
level and cells morphology [13].

2.2. Image Acquisition and Analysis

[68Ga]Ga-DOTANOC PET/CT was performed following standard European Associa-
tion of Nuclear Medicine (EANM) procedures [14]. [68Ga]Ga-DOTANOC was synthesized
at the Radiopharmacy of the Nuclear Medicine Unit of S. Orsola–Malpighi Hospital. [68Ga]
was eluted from a [68Ge]/[68Ga] generator, and DOTANOC was labelled with 68Ga [15].
[68Ga]Ga-DOTANOC PET scans were obtained using a dedicated PET/CT scanner (Discov-
ery STE; GE Healthcare, Chicago, IL, USA). PET emission images were recorded for 3 min
per bed position; CT images were used for non-uniform attenuation correction (acquisition
parameters, 100 kV, 120 mA, 0.6 s, 3.75 mm). All images were corrected for scatter, randoms,
dead time, and decay. Images were reconstructed with a 2-dimensional ordered-subset
expectation maximization iterative algorithm (2 iterations, 28 subsets). Any area with
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an intensity higher than the background was considered positive for SSTR expression.
SUVmax was calculated using a volume of interest including the whole primary lesion.
For the purpose of the following texture analysis, when more than one lesion was present
in the pancreas, the one with the highest uptake was segmented.

2.3. Radiomic Model

One of the key issues in machine learning to train a supervised classification procedure
is the availability of a reliable ground-truth, here represented by the tumour lesion’s grade.
Although grade assessment based on either biopsy samples or whole surgical specimens is
considered equivalent for clinical management in most cases, HS and BS discrepancies can
be encountered in clinical practice (since the BS may be biased by sampling error, especially
in heterogeneous or large lesions). Since the aim of this paper is to train a classifier with
the highest certainty degree, HS is to be considered the most reliable “ground truth”,
although it is beyond dispute that most of BS grading matches with HS ones. Three
different predictive radiomic models were developed and compared (Figure 1): (A) the
first, trained on HS and validated on BS; (B) the second, trained on BS and validated on HS;
and (C) the third, trained and validated using the whole dataset, with all patients mixed up,
using the cross-validation (CV) technique, normally employed to cope with the so-called
selection bias.
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Figure 1. Workflow employed to extract radiomic features (RFs). First, segmentation of the primary
lesion was performed on the transaxial PET images, then RFs were generated and extracted. The sin-
gle and coupled RFs showing the lowest p-values and the highest AUC were selected and employed
to develop the three predictive radiomic models used in this study. In model C, cross-validation (CV)
on the whole mixed population was performed. Tumour grade was assessed either by histology on
the whole excised primary lesion (HS) or on its biopsy (BS).
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All the models were built using a linear classifier, that is, the Linear Discriminant
Analysis (LDA) [16]. It is worth noting that the features used in all models were extracted
and selected once from HS patients only (expectedly the most reliable “ground truth”),
during training of model A. For the same reason, the reproducibility analysis was carried
out using the training stage of model A. The procedures adopted to compute the three
models can be resumed through the following three steps.

(1) Segmentation (performed on the whole dataset). Segmentation of whole tumour
volumes was performed manually on transaxial PET images by the nuclear medicine
physician using ImageJ (https://imagej.nih.gov/ij/, accessed on 5 April 2021 [17]), on
regions of interest (ROIs) thresholded at 40% SUVmax value.

(2) Feature generation (performed on HS only). On these SUV maps, four symmetric
grey-level co-occurrence matrices (GLCMs) quantized at 64 grey-levels were first generated
considering four distances d = {1, 2, 3, 4}, then averaged over four angles θ = {0◦, 45◦, 90◦,
135◦}. Finally, 12 first-order RFs (Supplementary Material Table S1) were directly computed
on the SUV maps and 12 s-order RFs (Supplementary Material Table S2) on each GLCM,
yielding 48 s-order RFs (12 for each d), for a total of 60 RFs. All RFs were normalized.

(3) Feature selection (performed on HS only). To prevent overfitting, we focused our
attention separately on the 60 single RFs and on all the 1770 RF couples (more details in
Supplemental Data). First, we performed an earlier filter selection based on RF correlation
values, so that remaining single RFs were not highly correlated and remaining RF couples
had a very low mutual correlation with each other (more details in Supplemental Data).
Then, the best cut-off provided by the Youden Index (YI) computed on the ROC curve
was selected for single RFs, while for each RF couple the LDA was applied to extract
the radiomic signature (RAD) [18]. The radiomic score (RS) was thereafter computed
for each patient for all the single and coupled RFs. Subsequent RF selection was carried
out as follows: (1) the capability of RFs to separate G2 and G1 patients based on their
RS was assessed through a statistical test, filtering RFs with non-significant p-values; (2)
the AUC was computed to assess the discrimination power of the RF surviving step (1).
Finally, single and coupled RFs showing the lowest p-values and the highest AUC were
selected. As regards the reproducibility of results, it was assessed by perturbing the original
segmentation through binary dilation and erosion procedures [19], so to allow computing
the selected features, and the radiomic models, on different (greater or smaller) volumes.
The procedure was conceived to obtain for each patient the same percentage changes
(nominally, from 1% to 100%, with step 1%).

Cross Validation (CV). The CV adopted to train and validate model C is a 100-times
repeated 3-fold CV (Figure 2).

Here, the whole dataset was split into three non-overlapping folds where, in each
round, one fold was used in turn for validation and the remaining two for training, thus
yielding three runs for each of the 100 repetition. Each fold was randomly populated
with G1 and G2 patients, coming from HS and BS datasets, according to the stratified
sampling paradigm, that is, keeping both the ratios HS/BS and G1/G2 constant to reflect
the proportions in the whole dataset. For each run, a new radiomic model was trained and
validated; ROC and AUC were computed separately on the training and validation sets
and the prediction performance was measured using the AUC. In particular, in each run the
models more prone to overfitting (i.e., with AUC greater for validation than for training set)
were discarded and the remaining model yielding the highest AUC in the validation set was
selected as the “winner”. At the end, at most 100 trained and 100 validated radiomic models
survived. The ultimate predictive radiomic model was achieved by averaging the surviving
winning LDA models of the validation sets ([20,21]) (more details in Supplemental Data).

https://imagej.nih.gov/ij/
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Figure 2. The procedure adopted to build model C starting from a “mixed” population (a) of patients with grade 1 (G1) and
2 (G2) pancreatic neuroendocrine neoplasia assessed through the analysis of histological (HS) or biopsy (BS) samples is
described. In particular, repeated cross validation is applied 100 times to extract as many radiomic models trained and
tested on randomly selected and balanced groups of patients (b) and exploited to build the final radiomic model (c).

As common in many studies [20–22], RFs computation and selection, and model setup
were performed using an in-house software based on MATLAB® (MathWorks, Natick, MA,
USA).

2.4. Statistical Analysis

Pearson correlation coefficient was used for earlier filter selection. The two-tail
Wilcoxon rank-sum test was performed to assess the statistical significance (p-value ≤ 0.05)
of the separability between G2 and G1 for SUVmax values, and for the single and cou-
pled RFs, where the statistical significance was updated according to Holm-Bonferroni
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correction. Sensitivity, specificity, informedness, positive predictive value (PPV), negative
predictive value (NPV), and accuracy were calculated to quantify and compare the discrimi-
nation capability of RFs and SUVmax. Statistical analysis was performed on MATLAB®. As
regards reproducibility, several radiomic models were generated by extracting the selected
RFs on differently segmented volumes. Besides assessing the reproducibility of features
through the Intraclass correlation coefficient (ICC), we also analysed the reproducibility
of the radiomic models by comparing the p-values of discrimination, sensitivity, speci-
ficity, accuracy, AUC and, importantly, checking whether the mis-discriminated patients
changed.

3. Results
3.1. Patients’ Population

Overall, 58 patients met the inclusion criteria (HS cohort: n = 25 patients; BS cohort:
n = 33). Seven patients of the BS group were subsequently excluded from texture analysis
since primary lesions’ size were too small to generate a GLCM of 64 grey levels. In the final
analysis, 51 patients were included in the study (HS group: n = 25 patients; BS: n = 26; ki67
median [range]: G1 = 1.6 [0.6–2.9] and G2 = 4.0 [3.0–18.6]).

Epidemiological and clinical patients’ characteristics for both cohorts are shown in
Table 1.

Table 1. Clinical and epidemiological patients’ data in the two cohorts, HS (histology sample) and BS
(biopsy sample).

HS BS

Baseline Characteristics Total Patients n = 25 (%) Total Patients n = 26 (%)

Sex

M 11 (44) 13 (50)
F 14 (56) 13 (50)

Age

≤65 years 18 (72) 16 (62)
>65 years 7 (28) 10 (38)

Tumour site

Head 7 (28) 14 (54)
Body 6 (24) 5 (19)
Tail 9 (36) 4 (15)
Isthmus 1 (4) 2 (8)
Diffuse 2 (8) 1 (4)
Tumour Size (median, 95 CI) [mm] 27.8 (8 to 85) 22.9 (6 to 50)

In the HS groups, tumours presented mostly as a single lesion (17 vs. 8 cases showing
multiple lesions within the pancreas). When more than one lesion was present, the one with
the highest uptake was segmented. At pathological evaluation, most primary pancreatic
lesions were located in the tail (9), followed by the head (7), the body (6), and in two cases
the tumour was diffuse while in one case it was in the isthmus. All HS patients underwent
surgical excision of the primary tumour and in 14/25 an additional biopsy pre-surgical
sampling was also performed: pre-surgical BS identified 6 G1-cases and 8 G2-cases, while
HS confirmed BS results in 10/14 patients (the remaining four discordant cases were one
case upgraded from G1 to G2 and three cases downgraded from G2 to G1), this yet further
supporting the choice of separating BS and HS. In patients presenting multiple lesions
within the pancreas, the pathological grade was the same in all lesions.

In the BS group, primary tumours were mostly located in the head (14), followed by
body (5), tail (4), and isthmus (2). Only one patient showed multiple primary lesions (body
and tail). Biopsy sampling identified 18 G1-cases and 8 G2-cases. In the single case with
more than one pancreatic lesion, the pathological grade was the same in all lesions.
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3.2. Imaging Studies

Diagnostic conventional imaging data were available in all patients and detected the
presence of the primary panNET in all cases (HS group: mean lesion dimensions 27.8 mm
[range 8–85 mm; median 23.5 mm]; G1 vs. G2 mean lesion dimension: 19.8 ± 11.9 mm
vs. 35.8 ± 20.3 mm; BS group: mean lesion dimensions 22.9 mm [range 6–50 mm; median
23 mm]; G1 vs. G2 mean lesion dimension: 19 ± 11 vs. 30 ± 9.2 mm).

HS group primary lesion’s SUVmax values did not significantly differ between G1
(36.9 ± 23.5, [6.9–84.8]) and G2 (45.3 ± 28.6, [15.0–95.7]) primary lesions (p-value = 0.60),
with AUC = 0.56 (95% CI, 0.33–0.77), near to the threshold of random assignment (sen-
sitivity = 42% and specificity = 85%, at Youden cut-off = 0.27). This means that using
the SUVmax only 5/12 G2 were detected, leading to PPV = 71%, NPV = 61% and accu-
racy = 64%. Figure 3 shows two sets of patients presenting comparable, almost identical,
SUVmax values corresponding, however, to different lesions’ grades.
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Figure 3. [68Ga]Ga-DOTANOC PET/CT transaxial fused images of two pairs of patients presenting
similar SUVmax values of the primary lesion but different tumour grades. In particular, although
SUVmax of (a,b) is similar, (a) is G1 while (b) is G2; accordingly, (c,d) present similar SUVmax
primary tumor values but (c) is G1 while (d) is G2. On the contrary, the primary lesion’s grade was
correctly identified (G1: a,c; G2: b,d) when using the selected RFs.

On the contrary, the primary lesion’s grade was correctly identified when using the
selected RFs that allowed predicting G2 (b, d) and G1 (a, c) cases. Since SUVmax proved
not to be able to discriminate G1 from G2 patients, it was not further evaluated.

3.3. RF Selection

Two single and six coupled RFs derived from SUV maps survived after step (3), all
showing accuracy between 0.84 and 0.88. To discriminate G2 from G1 panNET patients,
the best result (p-value = 0.0002) was provided by the uncorrelated (|ρ| = 0.03) coupled RF
(NHGLCM-2, EGLCM-4), referring to the second-order normalized homogeneity and entropy,
respectively, with AUC = 0.94 (95% CI, 0.74–0.99) and ROC shown in Figure 4a.
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Figure 4. The ROC curve of the discriminative radiomic model (a). Boxplots of radiomic scores (RS) of grade 1 (G1) and
grade 2 (G2) groups, with median values of −2.53 and 2.53, respectively (b). Waterfall plot of the RS of G1 (green bars) and
G2 (red bars) pancreatic neuroendocrine neoplasia (panNET) patients (c).

Eleven out of twelve G2 and 11/13 G1 were correctly detected, yielding sensitiv-
ity = 92%, specificity = 85%, informedness = 0.76, PPV = 85%, and NPV = 92%, with respect
to G2. Boxplots of RS of G1 and G2 groups were reported in Figure 4b. Figure 4c reports
the waterfall plot of the RS of G1 (light green bars) and G2 (red bars) groups, with cut-off
arising from LDA. In particular, one false negative (FN) (ID3) and two false positive (FP)
(ID16 and ID18) were reported, with false discovery rate (FDR) = 0.15. Finally, Figure 5
showed the two groups linearly separated by the LDA, yielding the RADA (that is, RAD of
model A) in Equation (1):

RADA = 7.69 NHGLCM−2 + 7.58 EGLCM−4 − 7.63 (1)
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Figure 5. Discrimination of grade 2 (G2, in red) and grade 1 (G1, in green) pancreatic neuroendocrine neoplasia (panNET)
patients by second-order normalized homogeneity and entropy, linearly separated by the linear discriminant analysis
boundary (in black). Here, patients with grading assessed through histology on the whole excised primary lesion (HS) were
well discriminated. This also represents the output of the training stage of model A.

The linear decision boundary (in black) was in correspondence with RADA = 0 and
represented the optimal separation of patients, the line where the two groups are equally
probable. In particular, the top-right part of the plot, where G2 lies, is expressed by the
inequality in Equation (2):

7.69 NHGLCM−2 + 7.58 EGLCM−4 − 7.63 > 0 (2)

while the bottom-left part where G1 lies is expressed by the inequality in Equation (3):

7.69 NHGLCM−2 + 7.58 EGLCM−4 − 7.63 < 0 (3)

Second-order features computed at different distances are well-known to be often
highly correlated. This is what happens with d = 1 and d = 2 for NHGLCM (ρ = 0.90) and
with d = 3 and d = 4 for EGLCM (ρ = 0.98), whose discrimination performance is reported in
Supplementary Material Table S3. Although p-values are generally a little worse, they all
show very good results, with all AUC greater than 0.90, and same YI = 0.77.

As regards the single features, it is worth noting that the first ranked is the second-
order normalized homogeneity (NHGLCM-1, p-value = 0.0021), AUC = 0.87 (95% CI, 0.58–1),
sensitivity = 92%, specificity = 85% at Youden cut-off (YI = 0.77), followed by first-order
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entropy (ESUV, p-value = 0.0028), AUC = 0.85 (95% CI, 0.58–0.99), sensitivity = 85%, and
specificity = 92% at YI = 0.77.

As far as the reproducibility of (NHGLCM-2, EGLCM-4) is concerned, this coupled RFs
allowed ROIs reduction (r) of up to 35%. The separation between G2 and G1 kept statistical
significance (p-value = 0.0004), with same accuracy = 88% and AUC ranging from 0.92
to 0.94. This yields ICC ranging from 0.98 to 1. Small reductions (r ≤ 8%) showed same
mis-discriminated patients: ID3 (FN) and ID16, ID18 (FP). For r > 8%, sensitivity = 83%,
specificity = 92%, and ID18 was “replaced” by ID6—they had originally very similar RS,
both lying nearby the separating boundary (Figure 4c). As regards dilated volumes, to
keep ICC ≥ 0.90, volume changes were to be no greater than 25%. The discrimination
between G2 and G1, possible with a lower, still highly significant, p-value = 0.002, showed
AUC ranging from 0.85 to 0.93. Nonetheless, sensitivity = 92% and specificity = 85% are the
same as the original segmentation and, most importantly, the mis-discriminated patients
remained the same as well.

In practice, selecting the best RFs represented the training stage of model A. In
consideration of the better performance of the coupled RF (NHGLCM-2, EGLCM-4) with
respect to the single RF (NHGLCM-1), the selected couple was chosen to develop all the
models.

3.4. Predictive Radiomic Models

Figure 6 reports the ROC curves of training of model A and training and test of model
B, respectively.
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Figure 6. ROC curves for test of model A (a), and training (b) and test (c) of model B are shown.
In each figure, the area under the ROC curve (AUC) is reported together with sensitivity (SN) and
specificity (SP).

As regards model A, the LDA found selecting the best RF couple was tested on BS
yielding AUC = 0.90 (95% CI, 0.62–1.00), sensitivity = 88%, specificity = 83%, informed-
ness = 0.71, PPV = 0.70%, NPV = 94%, accuracy = 0.85, and separates G1-G2 with p-
value = 0.0035. Instead, using BS to train model B leads to the radiomic signature in
Equation (4) (RADB):

RADB = 5.66 NHGLCM−2 + 4.64 EGLCM−4 − 6.80 (4)

with AUC = 0.87 (95% CI, 0.57–0.99), sensitivity = 63%, specificity = 89%, informed-
ness = 0.51, PPV = 71%, NPV = 84%, accuracy = 81% and a separation with p-value = 0.0035.
Testing model B on HS leads to AUC = 0.92 (95% CI, 0.75–0.99), sensitivity = 83%, speci-
ficity = 92%, informedness = 0.76, PPV = 91%, NPV = 86%, accuracy = 88%, and a separating
p-value = 0.0002. Supplementary Material Table S4 resumes the main performance param-
eters of models A and B. As far as model C is concerned, almost all “winning” training
models (99/100) did not bring overfitting and they were all statistically significant (p-value
< 0.0002) in separating G1 and G2, with median (and mean) AUC = 0.93, IQR = 0.03, median
sensitivity = 0.85, and median specificity = 0.90. Supplementary Material Table S5 resumes
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the values of AUC for training and validation referring to all 300 runs, to all non-overfitting
models, and to the winning models. As for the “winning” test models, 79 out of 100 were
not overfitting and yielded statistically significant G1-G2 separations (p-value = 0.003 ÷
0.048), with median (and mean) AUC = 0.87, IQR = 0.05, median sensitivity = 0.83 and
specificity = 0.82, and informedness = 0.76. The average of the 79 radiomic models yields
the radiomic signature in Equation (5):

RADC = 9.43 NHGLCM−2 + 8.16 EGLCM−4 − 10.51 (5)

4. Discussion

Although preliminary, our data indicate that [68Ga]Ga-DOTANOC PET/CT-derived
RFs can be used to non-invasively predict G2 and G1 panNET primary lesions. In particular,
the best RFs were the couple made of GLCM normalized homogeneity at d = 2 and
GLCM entropy at d = 4. This highlights the presence of tissues characterized by a locally
homogeneous uptake and by heterogeneous uptakes at farther distances, where both
features were higher in G2 than in G1. In particular, G2 was mostly associated with a high
entropy and a medium normalized homogeneity, whereas G1 showed a medium entropy
together with a lower local normalized homogeneity. In practice, the first feature captures
a “visible” characteristic of the SUV value distribution, indicating local homogeneity
(at distance d = {1,2}), while the entropy encodes the “latent” heterogeneity (at distance
d = {3,4}) of tumour tissue and, together, the characteristics of tumour habitat. As regards
the reproducibility, the selected RFs have shown to be highly tolerant to changes in volume
segmentation, although more with reduction than with dilation. On the other hand, this
is expected for two reasons. First, enlarging the volumes tends to include more regions
potentially different from the tumour. Second, with an equal percentage of change, volume
dilation involves a much higher number of voxels. Nonetheless, the radiomic model built
on the dilated segmentations made the same mis-discriminations, with the same patients,
as the original model.

The main challenge of this study was having patients whose grade was assessed
with either histological sample or biopsy. These two sampling methods, although consid-
ered clinically equivalent, may theoretically harbour a different certainty degree, which
could mislead the supervised training stage of a predictive model. Models A and B were
conceived to try understanding the effects of using BS as the ground truth to develop a pre-
dictive radiomic model, in line with clinical practice. Comparing the training performance
of both models, model A trained on HS was the best for all parameters, including AUC
(0.94), while model B trained on BS showed a smaller AUC (0.87), with a wider CI. What
is more interesting is the behaviour of the models in the test, where model B applied to
HS showed an AUC (0.92) greater than in training (AUC = 0.87). While overfitting was
usually considered among the first causes, here this can be explained with BS being less
representative of the whole lesion. In fact, when training model A (based on HS), G2 among
the BS group was correctly predicted (just one more FP than in training). This discrepancy
of behaviour between models A and B prompted us to explore the possibility to achieve
a good predictive model employing the entire population, with a “hybrid” ground-truth,
using cross-validation, routinely chosen to face the effects of selection bias in predictive
models. The average performance of model C is still very good in terms of median AUC
(0.86), sensibility (0.83), and specificity (0.82), although overall lower than model A. In
practice, although model A is the best one, it should be cross-validated on a wider HS
dataset to confirm its performance. Nevertheless, the performance of model C, trained also
using biopsy ground truth, is probably biased towards low values. Therefore, the expected
performances of the best radiomic model are reasonably in between those of models C
and A.

It can be argued that in the clinical setting, biopsy results are considered reliable
to assess pathological grade in patients not amenable to surgical excision of the whole
mass. However, even if the concordance rate of 2019 WHO [12] classification between
endoscopic ultrasound-guided fine needle aspiration and biopsy (EUS FNA/FNB) and
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surgical specimen [23] is high (87.5%) in tumours <20 mm, it is much lower (57.1%) in
tumours ≥20 mm. Considering that in the BS, mean and median lesions’ dimension were
both >20 mm, the lower sensitivity rate obtained in this subgroup may be more likely
related to the biopsy sampling error rather than an effective incompetence of the radiomic
model.

It is well known that the disease outcome is strongly influenced by tumour grade [2],
usually assessed using an invasive approach such EUS FNA/FNB. Being a whole-body
procedure, PET/CT allows the characterisation of the whole tumour burden, provides
SSTR expression of all lesions, and is recommend for disease staging. However, the
most attractive and easy-to-use PET/CT-derived parameter (SUVmax), defined as the
hottest voxel within a volume of interest, represents a single-pixel measurement. Although
commonly used in clinical practise, it may be affected by the amount of image noise [24].
A correlation between SUVmax values and SSTR expression [4,5] was reported, but no
reference values were indicated to differentiate G1 from G2 tumours. However, our results
showed that SUVmax is not effective in discriminating G1 and G2 tumours.

The distinction between the two grades is clinically relevant as G1 tumours generally
show an indolent behaviour while G2 tumours may present varying outcomes, since this
group includes tumours with a wider range of Ki-67 values (from 3 to 20). In particular, the
possibility to non-invasively evaluate tumour grade at staging may be particularly relevant
in small panNETs (<20 mm) and especially for those of 1–2 cm in diameter. For non-
functioning lesions <1 cm, it is widely accepted that a “wait and see” approach is sufficient,
regardless of tumour grading, as recommended by current ENETS guidelines [25]. The
same cannot be said for lesions of 1–2 cm: In fact, several authors dispute the decision of
surgical intervention based exclusively on dimensional criteria and remark the importance
of grading assessment. Paik et al. [26] conducted a multicentre study on 158 patients with
small panNETs ≤2 cm at baseline imaging, excluding G3 and functional panNETs, and
found that the WHO classification G2 was the only predictive factor of malignant potential
according to univariate and multivariable analysis (HR 13.97, 95% CI 2.60–75.03, p = 0.002).
Milione et al. [27] found that Ki-67 was one of the major prognostic factors in panNEN
and suggested that pre-surgical evaluation of Ki-67 should be included in the algorithm
guiding clinical decision on resection of panNEN of 1–2 cm in size. Given the small size of
our most reliable samples (HS), we did not consider it appropriate to perform a subanalysis
subdiving patients on the basis of lesions’ dimensions but, given the clinical implications,
it will certainly be included in future studies on a larger population.

Moreover, in clinical practice, biopsy is often performed on a distant metastasis but,
as Grillo et al. stated [28], NETs frequently show differences in grade between primary
sites and their synchronous/metachronous metastases, and the assessment of Ki-67 at
all sites may prove to be significant for patient management. A non-invasive method to
assess grade may contribute to characterise the primary tumour, avoiding its pathological
assessment.

However, it should be outlined that the commonly used invasive methods, such
as EUS or CT-guided tissue biopsy, are not feasible in cases of difficult-to-reach lesions
or might provide a sample of an area that is not representative of the whole tumour
lesion [29]. Another important point to keep in mind is that tumour heterogeneity may
hamper accurate grading in panNEN [30,31].

Radiomics is a deeper approach to image analysis, beyond routine visual interpre-
tation. Although very preliminary, published results on the use of radiomics in other
tumour settings (mostly lung primary lesions) seem promising [8,9]. Radiomics offers
the possibility to analyse the distribution of the tracer in a given lesion, increasing the
information that can be derived from routinely acquired standard PET images [32]. In
fact, by analysing the distribution and relationship of pixel or voxel grey levels in the
image, radiomics may provide an estimate of tumour heterogeneity [33]. The value of
CT/MR radiomic features to predict the neuroendocrine lesion grade has been recently
published [34–37]. RF exhibited statistical significance among 77 patients with panNET,
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allowing the discrimination of G1 from G2/G3 lesions [35]. Canellas et al. reported that
the odds of a tumour with high entropy values being an intermediate- or high-grade
pancreatic neuroendocrine tumour were 3.7 times as high as those in tumours with low
entropy values in CT radiomics [38]. Nonetheless, the employment of radiomics in clinical
practise is still experimental, since there is not extensive evidence supporting its utility
or reproducibility. In fact, several papers indicate an apparent lack of reproducibility of
radiomic studies, mostly related to the different methods used for lesions’ segmentation
and features extraction and of the difficulties in employing the derived radiomic results in
different clinical settings (for example, implementation in different tomographs at different
centres). Moreover, several methods have been described for tumour delineation (manual,
thresholding, stochastic, or learning based), however, there is no evidence that one is more
accurate than the others [39].

To our knowledge, this is the first paper correlating [68Ga]Ga-DOTANOC PET/CT
RFs to the corresponding panNET primary tumour grade. Considering the strong link be-
tween the radiopharmaceutical uptake and the available treatment options targeted to the
SSTR expression (hot or cold somatostatin analogues), radiomics seems to be particularly
promising in the evaluation of NET patients: the presence of high [68Ga]Ga-DOTANOC
heterogeneity might correspond to areas of lower differentiation, which are less likely to
respond to target treatment and are associated to a poorer prognosis. FDG PET/CT is
considered accurate to assess the presence of undifferentiated clones, however, it is not rou-
tinely performed in all cases, especially in low-grade tumours. In fact, another open issue
in neuroendocrine tumour management is the question of whether to routinely employ
[18F]FDG to identify the presence of undifferentiated clones [40]. It can be speculated that
the detection of high [68Ga]Ga-DOTANOC heterogeneity might indicate the need of an
additional [18F]FDG PET/CT.

Among the limitations of the study, one of the most relevant is certainly the small
population, mostly due to the difficulty of finding patients with this rare disorder that had
a pathologically confirmed disease on the primary lesion (and not merely on a secondary
one) with a pre-surgical [68Ga]Ga-DOTANOC PET/CT, which are both indispensable
conditions to train the radiomic model.

5. Conclusions

RFs coupling local homogeneity and farther heterogeneity of SUV values are able
to accurately predict G2 and G1 primary panNET. Since visual analysis and SUVmax
assessment are not accurate for grade prediction, a radiomic model may provide a non-
invasive tool to discriminate G2 from G1 tumours especially in selected patients’ groups
(e.g., those not amenable to biopsy). In fact, the radiomic model can be implemented in
the same computer where images are reviewed and, following segmentation, it could be
employed to assess the specific RF of a panNET primary lesion, in an accessible way almost
as the measure of the SUVmax in a given ROI. Differentiating G2 from G1 tumours might
also support the surgeon in the therapeutic choice (e.g., follow-up versus resection) in
small lesions (<2 cm), especially in those >1 cm, avoiding an invasive procedure such as
FNB-biopsy. Finally, the detection of [68Ga]Ga-DOTANOC heterogeneity might strengthen
the indication to [18F]FDG PET/CT even in well differentiated NET patients.

From our model analysis, we can state that (i) the best choice is to use a model trained
only on patients with histological ground truth while (ii) biopsy grading seems to worsen
the training stage and the performance of a predictive radiomic model. Nevertheless, (iii)
using a population with a “hybrid” ground truth (in line with clinical practice), the average
model achieved through CV makes the prediction performance very good indeed.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/diagnostics11050870/s1, Table S1: First-order RFs computed in the ROI, with related formulas
and description; Table S2: Second-order RFs computed in the ROI, with related formulas and
description; Table S3: Main performance of the coupled features (NHGLCM-{1,2}, EGLCM-{3,4}); Table
S4: Resuming the main performance parameters of models A and B on training (HS) and validation

https://www.mdpi.com/article/10.3390/diagnostics11050870/s1
https://www.mdpi.com/article/10.3390/diagnostics11050870/s1


Diagnostics 2021, 11, 870 14 of 16

(BS) cohorts. ρ = Pearson correlation coefficient, SN = sensitivity, SP = specificity, ACC = accuracy,
PPV = positive predictive value, NPV = negative predictive value, I = informedness, AUC = area
under ROC curve; Table S5: Resuming AUC values for training and validation of model C referring
to all 300 runs, to all non-overfitting models, and to the winning models found. N = number of runs,
Std = standard deviation, Med = median, IQR = interquartile range.

Author Contributions: Conceptualization, V.A., A.B. and D.C. (Diletta Calabrò); methodology, A.B.
and S.M.; software, S.M.; validation, A.B.; formal analysis, A.B. and S.M.; investigation, V.A., A.B.,
C.R., D.C. (Davide Campana) and D.C. (Diletta Calabrò); resources, C.R., D.C. (Davide Campana)
and R.C.; data curation, D.C. (Diletta Calabrò) and S.M.; writing—original draft preparation, D.C.
(Diletta Calabrò), S.M., V.A. and A.B.; writing—review & editing, S.F., C.R., D.C. (Davide Campana),
R.C. and S.B.; visualization, D.C. (Diletta Calabrò), S.M. and A.B.; supervision: V.A., A.B. and S.F.;
project administration, A.B. and V.A. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Ethics Committee of S. Orsola Hospital (64/2017/U/Oss
on 18 July 2017 and 131/2017/O/Oss on 16 May 2017).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: The data is not available because of patients’ privacy.

Conflicts of Interest: Alessandro Bevilacqua, Diletta Calabrò, Silvia Malavasi, Claudio Ricci, Riccardo
Casadei, and Serena Baiocco have no financial and/or competing interest. Davide Campana is a
member of the executive board of ITANET; Stefano Fanti has received speaker honorarium from
Bayer, Astellas, GE, Blue Earth, ANMI and is advisor for Bayer, Astellas, GE, Blue Earth, ANMI;
Valentina Ambrosini has received speaker honorarium from AAA and ESMIT and is member of the
advisory board of ENETS and of the scientific board of ITANET and of the Faculty staff of ESMO.

References
1. Dasari, A.; Shen, C.; Halperin, D.; Zhao, B.; Zhou, S.; Xu, Y.; Shih, T.; Yao, J.C. Trends in the Incidence, Prevalence, and Survival

Outcomes in Patients with Neuroendocrine Tumors in the United States. JAMA Oncol. 2017, 3, 1335–1342. [CrossRef]
2. Perren, A.; Couvelard, A.; Scoazec, J.-Y.; Costa, F.; Borbath, I.; Delle Fave, G.; Gorbounova, V.; Gross, D.; Grossma, A.; Jense, R.T.;

et al. ENETS Consensus Guidelines for the Standards of Care in Neuroendocrine Tumors: Pathology: Diagnosis and Prognostic
Stratification. Neuroendocrinology 2017, 105, 196–200. [CrossRef] [PubMed]

3. Miederer, M.; Seidl, S.; Buck, A.; Scheidhauer, K.; Wester, H.-J.; Schwaiger, M.; Perren, A. Correlation of immunohistopathological
expression of somatostatin receptor 2 with standardised uptake values in 68Ga-DOTATOC PET/CT. Eur. J. Nucl. Med. Mol.
Imaging 2009, 36, 48–52. [CrossRef] [PubMed]

4. Chan, H.; Moseley, C.; Zhang, L.; Bergsland, E.K.; Pampaloni, M.H.; Van Loon, K.; Hope, T.A. Correlation of DOTATOC Uptake
and Pathologic Grade in Neuroendocrine Tumors. Pancreas 2019, 48, 948–952. [CrossRef]

5. Campana, D.; Ambrosini, V.; Pezzilli, R.; Fanti, S.; Labate, A.M.M.; Santini, D.; Ceccarelli, C.; Nori, F.; Franchi, R.; Corinaldesi, R.;
et al. Standardized uptake values of (68)Ga-DOTANOC PET: A promising prognostic tool in neuroendocrine tumors. J. Nucl.
Med. Off. Publ. Soc. Nucl. Med. 2010, 51, 353–359.

6. Von Falck, C.; Boerner, A.R.; Galanski, M.; Knapp, W.H. Neuroendocrine tumour of the mediastinum: Fusion of 18F-FDG and
68Ga-DOTATOC PET/CT datasets demonstrates different degrees of differentiation. Eur. J. Nucl. Med. Mol. Imaging 2007, 34, 812.
[CrossRef] [PubMed]

7. Bahri, H.; Laurence, L.; Edeline, J.; Leghzali, H.; Devillers, A.; Raoul, J.-L.; Cuggia, M.; Mesbah, H.; Clement, B.; Boucher, E.; et al.
High prognostic value of 18F-FDG PET for metastatic gastroenteropancreatic neuroendocrine tumors: A long-term evaluation. J.
Nucl. Med. Off. Publ. Soc. Nucl. Med. 2014, 55, 1786–1790. [CrossRef] [PubMed]

8. Bianconi, F.; Palumbo, I.; Fravolini, M.L.; Chiari, R.; Minestrini, M.; Brunese, L.; Palumbo, B. Texture Analysis on [18F]FDG
PET/CT in Non-Small-Cell Lung Cancer: Correlations Between PET Features, CT Features, and Histological Types. Mol. Imaging
Biol. 2019, 21, 1200–1209. [CrossRef]

9. Desseroit, M.-C.; Tixier, F.; Weber, W.A.; Siegel, B.A.; Cheze Le Rest, C.; Visvikis, D.; Hatt, M. Reliability of PET/CT Shape and
Heterogeneity Features in Functional and Morphologic Components of Non-Small Cell Lung Cancer Tumors: A Repeatability
Analysis in a Prospective Multicenter Cohort. J. Nucl. Med. Off. Publ. Soc. Nucl. Med. 2017, 58, 406–411. [CrossRef]

10. Song, H.; Jiao, Y.; Wei, W.; Ren, X.; Shen, C.; Qiu, Z.; Yang, Q.; Wang, Q.; Luo, Q.-Y. Can pretreatment 18F-FDG PET tumor texture
features predict the outcomes of osteosarcoma treated by neoadjuvant chemotherapy? Eur. Radiol. 2019, 29, 3945–3954. [CrossRef]

http://doi.org/10.1001/jamaoncol.2017.0589
http://doi.org/10.1159/000457956
http://www.ncbi.nlm.nih.gov/pubmed/28190015
http://doi.org/10.1007/s00259-008-0944-5
http://www.ncbi.nlm.nih.gov/pubmed/18807033
http://doi.org/10.1097/MPA.0000000000001356
http://doi.org/10.1007/s00259-006-0350-9
http://www.ncbi.nlm.nih.gov/pubmed/17242919
http://doi.org/10.2967/jnumed.114.144386
http://www.ncbi.nlm.nih.gov/pubmed/25286923
http://doi.org/10.1007/s11307-019-01336-3
http://doi.org/10.2967/jnumed.116.180919
http://doi.org/10.1007/s00330-019-06074-2


Diagnostics 2021, 11, 870 15 of 16

11. Hatt, M.; Majdoub, M.; Vallières, M.; Tixier, F.; Le Rest, C.C.; Groheux, D.; Hindié, E.; Martineau, A.; Pradier, O.; Hustinx, R.; et al.
18F-FDG PET uptake characterization through texture analysis: Investigating the complementary nature of heterogeneity and
functional tumor volume in a multi-cancer site patient cohort. J. Nucl. Med. Off. Publ. Soc. Nucl. Med. 2015, 56, 38–44. [CrossRef]

12. Publication of WHO Classification of Tumours, 5th Edition, Volume 1: Digestive System Tumours—IARC. Available on-
line: https://www.iarc.fr/news-events/publication-of-who-classification-of-tumours-5th-edition-volume-1-digestive-system-
tumours/ (accessed on 15 September 2020).

13. Rindi, G.; Klersy, C.; Albarello, L.; Baudin, E.; Bianchi, A.; Buchler, M.W.; Caplin, M.; Couvelard, A.; Cros, J.; de Herder, W.W.;
et al. Competitive Testing of the WHO 2010 versus the WHO 2017 Grading of Pancreatic Neuroendocrine Neoplasms: Data from
a Large International Cohort Study. Neuroendocrinology 2018, 107, 375–386. [CrossRef] [PubMed]

14. Bozkurt, M.F.; Virgolini, I.; Balogova, S.; Beheshti, M.; Rubello, D.; Decristoforo, C.; Ambrosini, V.; Kjaer, A.; Delgado-Bolton, R.;
Kunikowska, J.; et al. Guideline for PET/CT imaging of neuroendocrine neoplasms with 68Ga-DOTA-conjugated somatostatin
receptor targeting peptides and 18F-DOPA. Eur. J. Nucl. Med. Mol. Imaging 2017, 44, 1588–1601. [CrossRef]

15. Zhernosekov, K.P.; Filosofov, D.V.; Baum, R.P.; Aschoff, P.; Bihl, H.; Razbash, A.A.; Jahn, M.; Jennewein, M.; Rösch, F. Processing
of generator-produced 68Ga for medical application. J. Nucl. Med. Off. Publ. Soc. Nucl. Med. 2007, 48, 1741–1748. [CrossRef]

16. Bishop, C. Pattern Recognition and Machine Learning; Springer: Berlin/Heidelberg, Germany, 2006.
17. Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to ImageJ: 25 years of image analysis. Nat. Methods 2012, 9, 671–675.

[CrossRef] [PubMed]
18. Ou, X.; Zhang, J.; Wang, J.; Pang, F.; Wang, Y.; Wei, X.; Ma, X. Radiomics based on 18 F-FDG PET/CT could differentiate

breast carcinoma from breast lymphoma using machine-learning approach: A preliminary study. Cancer Med. 2020, 9, 496–506.
[CrossRef] [PubMed]

19. Baiocco, S.; Sah, B.-R.; Mallia, A.; Kelly-Morland, C.; Neji, R.; Stirling, J.J.; Jeljeli, S.; Bevilacqua, A.; Cook, G.J.R.; Goh, V.
Exploratory radiomic features from integrated 18F-fluorodeoxyglucose positron emission tomography/magnetic resonance
imaging are associated with contemporaneous metastases in oesophageal/gastroesophageal cancer. Eur. J. Nucl. Med. Mol.
Imaging 2019, 46, 1478–1484. [CrossRef] [PubMed]

20. Li, R.; Xing, L.; Napel, S.; Rubin, D.L. Radiomics and Radiogenomics: Technical Basis and Clinical Applications; CRC Press: Boca Raton,
FL, USA, 2019.

21. Uribe, C.F.; Mathotaarachchi, S.; Gaudet, V.; Smith, K.C.; Rosa-Neto, P.; Bénard, F.; Black, S.E.; Zukotynski, K. Machine Learning
in Nuclear Medicine: Part 1-Introduction. J. Nucl. Med. Off. Publ. Soc. Nucl. Med. 2019, 60, 451–458. [CrossRef]

22. Yip, S.S.F.; Kim, J.; Coroller, T.P.; Parmar, C.; Velazquez, E.R.; Huynh, E.; Mak, R.H.; Aerts, H.J.W.L. Associations Between Somatic
Mutations and Metabolic Imaging Phenotypes in Non–Small Cell Lung Cancer. J. Nucl. Med. 2017, 58, 569–576. [CrossRef]
[PubMed]

23. Fujimori, N.; Osoegawa, T.; Lee, L.; Tachibana, Y.; Aso, A.; Kubo, H.; Kawabe, K.; Igarashi, H.; Nakamura, K.; Oda, Y.; et al.
Efficacy of endoscopic ultrasonography and endoscopic ultrasonography-guided fine-needle aspiration for the diagnosis and
grading of pancreatic neuroendocrine tumors. Scand. J. Gastroenterol. 2016, 51, 245–252. [CrossRef]

24. Baiocco, S.; Matteucci, F.; Mezzenga, E.; Caroli, P.; Di Iorio, V.; Cittanti, C.; Bevilacqua, A.; Paganelli, G.; Sarnelli, A. SUV95th as a
Reliable Alternative to SUVmax for Determining Renal Uptake in [68Ga] PSMA PET/CT. Mol. Imaging Biol. 2020, 22, 1070–1077.
[CrossRef]

25. Falconi, M.; Eriksson, B.; Kaltsas, G.; Bartsch, D.K.; Capdevila, J.; Caplin, M.; Kos-Kudla, B.; Kwekkeboom, D.; Rindi, G.; Klöppel,
G.; et al. ENETS Consensus Guidelines Update for the Management of Patients with Functional Pancreatic Neuroendocrine
Tumors and Non-Functional Pancreatic Neuroendocrine Tumors. Neuroendocrinology 2016, 103, 153–171. [CrossRef] [PubMed]

26. Paik, W.H.; Lee, H.S.; Lee, K.J.; Jang, S.I.; Lee, W.J.; Hwang, J.-H.; Cho, C.M.; Park, C.-H.; Han, J.; Woo, S.M.; et al. Malignant
potential of small pancreatic neuroendocrine neoplasm and its risk factors: A multicenter nationwide study. Pancreatology 2020,
21, 208–214. [CrossRef]

27. Milione, M.; Maisonneuve, P.; Pellegrinelli, A.; Spaggiari, P.; Centonze, G.; Coppa, J.; Delconte, G.; Busset, M.D.; Lanhazo, O.;
Pruneri, G.; et al. Ki-67 and presence of liver metastases identify different progression-risk classes in pancreatic neuroendocrine
neoplasms (pNEN) undergoing resection. Eur. J. Surg. Oncol. 2019, 45, 755–760. [CrossRef] [PubMed]

28. Grillo, F.; Albertelli, M.; Brisigotti, M.P.; Borra, T.; Boschetti, M.; Fiocca, R.; Ferone, D.; Mastracci, L. Grade Increases in
Gastroenteropancreatic Neuroendocrine Tumor Metastases Compared to the Primary Tumor. Neuroendocrinology 2016, 103,
452–459. [CrossRef]

29. Weiss, V.L.; Kiernan, C.; Wright, J.; Merchant, N.B.; Coogan, A.C.; Shi, C. Fine-needle Aspiration-Based grading of pancreatic
neuroendocrine neoplasms using Ki-67: Is accurate who grading possible on cytologic material? J. Am. Soc. Cytopathol. 2018, 7,
154–159. [CrossRef]

30. Howe, J.R.; Merchant, N.B.; Conrad, C.; Keutgen, X.M.; Hallet, J.; Drebin, J.A.; Minter, R.M.; Lairmore, T.C.; Tseng, J.F.; Zeh,
H.J.; et al. The North American Neuroendocrine Tumor Society Consensus Paper on the Surgical Management of Pancreatic
Neuroendocrine Tumors. Pancreas 2020, 49, 1–33. [CrossRef] [PubMed]

31. Hasegawa, T.; Yamao, K.; Hijioka, S.; Bhatia, V.; Mizuno, N.; Hara, K.; Imaoka, H.; Niwa, Y.; Tajika, M.; Kondo, S.; et al. Evaluation
of Ki-67 index in EUS-FNA specimens for the assessment of malignancy risk in pancreatic neuroendocrine tumors. Endoscopy
2014, 46, 32–38. [CrossRef] [PubMed]

http://doi.org/10.2967/jnumed.114.144055
https://www.iarc.fr/news-events/publication-of-who-classification-of-tumours-5th-edition-volume-1-digestive-system-tumours/
https://www.iarc.fr/news-events/publication-of-who-classification-of-tumours-5th-edition-volume-1-digestive-system-tumours/
http://doi.org/10.1159/000494355
http://www.ncbi.nlm.nih.gov/pubmed/30300897
http://doi.org/10.1007/s00259-017-3728-y
http://doi.org/10.2967/jnumed.107.040378
http://doi.org/10.1038/nmeth.2089
http://www.ncbi.nlm.nih.gov/pubmed/22930834
http://doi.org/10.1002/cam4.2711
http://www.ncbi.nlm.nih.gov/pubmed/31769230
http://doi.org/10.1007/s00259-019-04306-7
http://www.ncbi.nlm.nih.gov/pubmed/30919055
http://doi.org/10.2967/jnumed.118.223495
http://doi.org/10.2967/jnumed.116.181826
http://www.ncbi.nlm.nih.gov/pubmed/27688480
http://doi.org/10.3109/00365521.2015.1083050
http://doi.org/10.1007/s11307-019-01451-1
http://doi.org/10.1159/000443171
http://www.ncbi.nlm.nih.gov/pubmed/26742109
http://doi.org/10.1016/j.pan.2020.11.016
http://doi.org/10.1016/j.ejso.2018.10.052
http://www.ncbi.nlm.nih.gov/pubmed/30366875
http://doi.org/10.1159/000439434
http://doi.org/10.1016/j.jasc.2018.02.001
http://doi.org/10.1097/MPA.0000000000001454
http://www.ncbi.nlm.nih.gov/pubmed/31856076
http://doi.org/10.1055/s-0033-1344958
http://www.ncbi.nlm.nih.gov/pubmed/24218309


Diagnostics 2021, 11, 870 16 of 16

32. Cook, G.J.R.; Yip, C.; Siddique, M.; Goh, V.; Chicklore, S.; Roy, A.; Marsden, P.; Ahmad, S.; Landau, D. Are pretreatment 18F-FDG
PET tumor textural features in non-small cell lung cancer associated with response and survival after chemoradiotherapy? J.
Nucl. Med. Off. Publ. Soc. Nucl. Med. 2013, 54, 19–26. [CrossRef]

33. Lubner, M.G.; Smith, A.D.; Sandrasegaran, K.; Sahani, D.V.; Pickhardt, P.J. CT Texture Analysis: Definitions, Applications,
Biologic Correlates, and Challenges. Radiographics 2017, 37, 1483–1503. [CrossRef]

34. Canellas, R.; Burk, K.S.; Parakh, A.; Sahani, D.V. Prediction of Pancreatic Neuroendocrine Tumor Grade Based on CT Features
and Texture Analysis. AJR Am. J. Roentgenol. 2018, 210, 341–346. [CrossRef]

35. Guo, C.-G.; Ren, S.; Chen, X.; Wang, Q.-D.; Xiao, W.-B.; Zhang, J.-F.; Duan, S.-F.; Wang, Z.-Q. Pancreatic neuroendocrine tumor:
Prediction of the tumor grade using magnetic resonance imaging findings and texture analysis with 3-T magnetic resonance.
Cancer Manag. Res. 2019, 11, 1933–1944. [CrossRef]

36. D’Onofrio, M.; Ciaravino, V.; Cardobi, N.; De Robertis, R.; Cingarlini, S.; Landoni, L.; Capelli, P.; Bassi, C.; Scarpa, A. CT
Enhancement and 3D Texture Analysis of Pancreatic Neuroendocrine Neoplasms. Sci. Rep. 2019, 9, 1–8.

37. Guo, C.; Zhuge, X.; Wang, Z.; Wang, Q.; Sun, K.; Feng, Z.; Chen, X. Textural analysis on contrast-enhanced CT in pancreatic
neuroendocrine neoplasms: Association with WHO grade. Abdom. Radiol. N. Y. 2019, 44, 576–585. [CrossRef]

38. Canellas, R.; Lo, G.; Bhowmik, S.; Ferrone, C.; Sahani, D. Pancreatic neuroendocrine tumor: Correlations between MRI features,
tumor biology, and clinical outcome after surgery. J. Magn. Reson. Imaging 2018, 47, 425–432. [CrossRef] [PubMed]

39. Ha, S.; Choi, H.; Paeng, J.C.; Cheon, G.J. Radiomics in Oncological PET/CT: A Methodological Overview. Nucl. Med. Mol. Imaging
2019, 53, 14–29. [CrossRef] [PubMed]

40. Sundin, A.; Arnold, R.; Baudin, E.; Cwikla, J.B.; Eriksson, B.; Fanti, S.; Fazio, N.; Giammarile, F.; Hicks, R.J.; Kjaer, A.; et al. ENETS
Consensus Guidelines for the Standards of Care in Neuroendocrine Tumors: Radiological, Nuclear Medicine & Hybrid Imaging.
Neuroendocrinology 2017, 105, 212–244.

http://doi.org/10.2967/jnumed.112.107375
http://doi.org/10.1148/rg.2017170056
http://doi.org/10.2214/AJR.17.18417
http://doi.org/10.2147/CMAR.S195376
http://doi.org/10.1007/s00261-018-1763-1
http://doi.org/10.1002/jmri.25756
http://www.ncbi.nlm.nih.gov/pubmed/28480609
http://doi.org/10.1007/s13139-019-00571-4
http://www.ncbi.nlm.nih.gov/pubmed/30828395

	Introduction 
	Materials and Methods 
	Patient Population 
	Image Acquisition and Analysis 
	Radiomic Model 
	Statistical Analysis 

	Results 
	Patients’ Population 
	Imaging Studies 
	RF Selection 
	Predictive Radiomic Models 

	Discussion 
	Conclusions 
	References

