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Aim: This work aims to evaluate whether the radiomic features extracted by
68Ga-DOTATOC-PET/CT of two patients are associated with the response to peptide
receptor radionuclide therapy (PRRT) in patients affected by neuroendocrine tumor (NET).

Methods: This is a pilot report in two NET patients who experienced a discordant
response to PRRT (responder vs. non-responder) according to RECIST1.1. The
patients presented with liver metastasis from the rectum and pancreas G3-NET,
respectively. Whole-body total-lesion somatostatin receptor-expression (TLSREwb-50)
and somatostatin receptor-expressing tumor volume (SRETV wb-50) were obtained
in pre- and post-PRRT PET/CT. Radiomic analysis was performed, extracting 38
radiomic features (RFs) from the patients’ lesions. The Mann—Whitney test was used to
compare RFsin the responder patient vs. the non-responder patient. Pearson correlation
and principal component analysis (PCA) were used to evaluate the correlation and
independence of the different RFs.

Results: TLSREwb-50 and SRETVwb-50 modifications correlate with RECIST1.1
response. A total of 28 RFs extracted on pre-therapy PET/CT showed significant
differences between the two patients in the Mann-Whitney test (p < 0.05). A total
of seven second-order features, with poor correlation with SUVmax and PET volume,
were identified by the Pearson correlation matrix. Finally, the first two PCA principal
components explain 83.8% of total variance.

Conclusion: TLSREwb-50 and SRETVwb-50 are parameters that might be used to
predict and to assess the PET response to PRRT. RFs might have a role in defining
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inter-patient heterogeneity and in the prediction of therapy response. It is important to
implement future studies with larger and more homogeneous patient populations to
confirm the efficacy of these biomarkers.

Keywords: %Ga-DOTATOC PET/CT, peptide receptor radionuclide therapy, radiomic analysis, NET, total lesion
somatostatin receptor expression, somatostatin receptor expressing tumor volume

INTRODUCTION

Peptide receptor radionuclide therapy (PRRT) has proven to
be an effective treatment for metastatic gastroenteropancreatic
(GEP) neuroendocrine tumors (NET) (1). '”7Lu-DOTATATE
has been approved by the European Medicine Agency in 2017
for treating inoperable or metastatic GEP-NET with progressive
disease. To evaluate the response to PRRT, the Delphic consensus
assessment for GEP-NET (2) considers suboptimal both the
Response Evaluation Criteria in Solid Tumors 1.1 (RECIST 1.1)
and positron emission tomography (PET) parameters derived by
functional imaging (standardize uptake value, SUV), considering
the high variability in somatostatin receptor expression and the
different histological patterns related to disease heterogeneity.
PET/computed tomography (CT) allows one to evaluate the in
vivo expression of the somatostatin receptor (SSTR) in NET
(8 Ga-DOTA-SSTR PET) and is considered a gatekeeper to select
the proper candidate to PRRT (3-5). Thus, the identification
of new and reliable semi-quantitative and quantitative imaging
parameters (e.g., using radiomic analysis) might be crucial to
better select eligible patients and to assess the response to
PRRT. Radiomic is a new innovative bioinformatic approach
to the images analysis. Through the use of standardized
mathematical-based models, radiomic allows one to evaluate
tumor heterogeneity and quantify predictive and prognostic
parameters, radiomic features (RFs), that can be applied in
clinical decision support system and in clinical research (6-8).

We hypothesize that advanced semi-quantitative PET
parameters and radiomic analysis applied to ®®Ga-DOTA-TOC
PET/CT might correctly identify tumoral heterogeneity and
new parameters able to predict response to PRRT in NET
patients. In this preliminary study, we retrospectively explored
this hypothesis on two NET patients with liver metastases and
different outcome from PRRT therapy.

MATERIALS AND METHODS

Patient Population
We retrospectively performed semiquantitative and radiomic
analysis in the ®®Ga-DOTATOC PET/CT image of two patients
both presenting with NET liver metastases, selected from a
retrospective study approved by the Local Ethical Committee
(IRB protocol: CS2/477) of AOU Citta della Salute e della
Scienza. Both patients were treated with PRRT in a clinical
trial (EUDRACT 2015-005546-63) approved by the Ethical
Committee of “Area Vasta Emilia Nord” (AVEN) of the “Azienda
USL-IRCCS of Reggio Emilia, Italy.”

Patient A had metastatic disease by G3 NET of rectum and
patient B by G3 NET of the pancreas. Both patients underwent

surgery as primary therapy (pT2NO0, Ki67 10%) plus somatostatin
analog (lanreotide) administration. Both patients developed liver
metastases and treated with multiple radiofrequency ablations,
subsequently with chemotherapy after progression, and later with
everolimus. Liver biopsy revealed similar Ki67% patterns (Ki67
25% for patient A and 22% for patient B). PRRT was considered
as the third line of treatment according to clinical trial inclusion
criteria. "5 FDG PET/CT showed a faint uptake in the lesions, with
NET-PET score of 2a for patient A and score of 1 for patient B
(4), while the °*Ga-DOTATOC PET/CT scan showed a visually
high uptake in all lesions. Six cycles of PRRT were administered,
completed in November 2018 for patient A and in July 2018
for patient B.

Patient A and patient B, according to the trial
design, underwent several ”’Lu- and °°Y-DOTATATOC
administrations. Dosimetry was conducted at the first cycle of
therapy after a therapeutic injection of 177Lu-DOTATATOC,
assuming that a complete dosimetric evaluation at the first cycle
is a close approximation of the absorbed dose on subsequent
treatments (9, 10). The clinical trial also included a SPECT/CT
acquisition performed 24h after therapy at cycles 3 and 6,
which excluded a significant variation in single tumor volumes
considered for dosimetric purposes.

Tumor-absorbed doses were calculated following the
procedure described by Finocchiaro and Murray (11). Similar
biodistribution and kinetics for peptides labeled with 7’Lu
and °Y were generally assumed (12); therefore, the results
obtained with 177 Lu were extrapolated to *°Y, simply substituting
physical decay constant A and S factor, as reported in the paper
of Guerriero et al. (13).

Patient A received only one cycle of *°Y due to radioisotope
supply problems. However, the range of tumor-absorbed doses
for patient A (63-134 Gy) was comparable to the tumor-absorbed
doses for patient B (91-122 Gy). Patient A died for cancer-related
disease 13 months after treatment, while patient B at the end
of follow-up was alive with persistent disease and presented
disease progression 16 months after PRRT (overall survival was
26 months after PRRT). Patients” information and the dosimetry
schedule for both patients are summarized in Figure 1.

Image Acquisition

The patients underwent ®Ga-DOTATOC PET/CT before and
after the end of PRRT treatment. According to RECIST 1.1,
patient A was considered as non-responder to PRRT, while
patient B achieved very good partial response. All PET/CT scans
were performed on the same scanner (Philips Gemini Dual-
slice EXP, Philips Medical Systems, Cleveland, OH, USA) at
the University Hospital of Turin. Radiopharmaceutical synthesis
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FIGURE 1 | %8Ga-DOTATOC PET/CT [pre-therapy (a) and post-therapy (b)] and "®FDG PET/CT [pre-therapy (c)] of patient A, 88Ga-DOTATOC PET/CT [pre-therapy
(d) and post-therapy (e)] and '8FDG PET/CT [pre-therapy (f)] of patient B, and patient history timeline of both patient A and patient B. The pre- and post-therapy
maximum intensity projection (MIP) of the 83Ga-DOTATOC PET/CT of patient B, respectively, shows a homogeneous decrease in size and somatostatin receptor
expression of all the liver lesions. Patient A received one cycle of °Y-DOTATOC (1.7 GBg) followed by six cycles of '77Lu DOTATOC (total cumulated activity, 26.13
GBq), with a median estimated absorbed dose of 104.5 Gy (range: 63-134). Patient B received three consecutive cycles of ©°Y-DOTATOC (cumulated activity of 3
GBg) followed by three cycles of 7 Lu DOTATOC (cumulated activity of 14.30 GBq), with a median estimated absorbed dose of 104 Gy (range: 94-122).

Evaluation for PRRT:
NETPETscore |

and PET/CT images were performed as recommended by
international guidelines (3, 14, 15).

Quantitative Imaging Analysis

Radiomic analysis was performed by manually contouring
the VOI by one operator (VL) using the software LIFEx
v.5.10 (IMIV/CEA, Orsay, France) (16). An absolute intensity
rescaling factor of 0-60 of the SUV of the VOI was applied
(64 bins, 0.95 fixed bin width). A total of 38 features were
extracted: six conventional PET parameters, six descriptors of the
image intensity histogram (skewness, kurtosis, excess kurtosis,
energy, entropy-log2, and -logl0), four shape-based features,
22 second-order statistics texture signatures from all VOI >64
voxels (gray-level co-occurrence matrix, GLCM; gray-level run
length matrix, GLRLM; gray-level zone length matrix, GLZLM;
and neighborhood gray-level different matrix, NGLDM). The
compliance of Lifex feature calculation formulas with the IBSI
standard was verified (17). Furthermore, the estimated absorbed
dose in target lesions with higher uptake was evaluated as
previously described (18).

In both pre- and post-PRRT PET scans, two volumetric
parameters (19) were also evaluated: the somatostatin receptor
expressing tumor volume (SRETV), representing the volume of
the isocontouring-derived volumes of interest (VOI) based on

percentage of 50% threshold of lesion maximum SUV (VOlIsg)
(20), and the total lesion somatostatin receptor expression
(TLSRE), calculated by multiplying the SRETV of each lesion
with its corresponding SUV mean value. Moreover, the whole-
body SRETV (SRETVy_50) and TLSRE (TLSRE,y,_s0) of each
patient were also calculated in both pre- and after-PRRT scan.

Statistical Analyses

Mann-Whitney test was used to compare the RFs extracted by
the VOI of the liver metastasis lesion of the two patients on the
pre-PRRT scan. To evaluate the independence of the features,
the correlation of each RF with all the others was studied using
regression analysis, generating a Pearson correlation matrix.
Two RFs were considered strongly correlated in case of a
correlation coefficient >0.8 or lower than —0.8. Only RFs which
were not strongly correlated with SUVmax and lesion PET
volume were analyzed due to their already established role on
PRRT as predictive and prognostic biomarkers (21-26). Finally,
principal component analysis (PCA) was used to obtain an
alternative visualization of correlated and independent RFs and
to investigate the possibility of creating a smaller set of maximally
uncorrelated RFs (principal components) able to explain the
majority of total variation in the data set. All statistical analyses
were performed using R software (www.rstudio.com).
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RESULTS

The response to therapy was more heterogenous in patient
A, with some liver and abdominal lesions increased in size
and others showing a partial response. A total of eight
liver metastases in patient A and 10 liver metastases in
patient B were considered for inter-patient RF comparison
(Supplementary Table 1). Moreover, in patient A, two lymph
nodes and two bone lesions were further analyzed.

Comparing the liver metastases of pre-PRRT scan, 28 RFs
resulted significantly different between patients A and B in the
Mann-Whitney test (Supplementary Table 2). Figure 2A shows
the results of the Pearson correlation to identify the non-
redundant features. The relative correlation of these RFs with
SUVmax and volume are shown in Figure 3A. Seven second-
order features resulted as not correlated with both SUVmax
and volume and statistically different between patients A and B
(Figure 3B). Table 1 summarizes the dosimetry data, SUVmax,
PET volume, and seven RF values’ variation in pre- and post-
PRRT scan in the liver (patients A and B), lymph nodes,
and bone lesions (patient A). Finally, the PCA of the first
two PCs, performed in 26 features, explained 83.8% of total
variance (Figures 2B,C).

Regarding the two volumetric parameters, baseline
TLSREy, 50 and SRETVyp_s59 were 5,524.7 and 493.8 ml
for patient A and 1,780.2 and 35.2 ml for patient B, respectively.
At the post-PRRT PET scan, both TLSRE 50 and SRET V35

increased in patient A [TLSREy},_50 9,291.6 ml (ATLSRE,_s50
+682%) and SRETVyp_so 991.0ml  (ASRETV,4_so
+100.7%)] and decreased in patient B [TLSRE}_s0
202.4 ml (ATLSREWb,SO —886%) and SRETVWb,SO 23.2ml
(ASRETV 50 —51.7%)].

DISCUSSION

There is a lack of validated quantitative parameters able to
predict the response to PRRT in PET imaging, while radiomic
approach is emerging as a very promising analysis to study
tumoral heterogeneity and should be evaluated for its prognostic
and predictive role. Werner et al. (27) analyzed RFs on %8Ga-
DOTA peptides in 31 patients with G1/G2 pancreatic NET. They
found that “TF entropy” (corresponding to GLCLM entropy)
was associated with overall survival (cutoff = 6.7, p = 0.02),
and increasing entropy might be a predictor of longer survival.
In our study, the median value of GLCLM entropy was >6.7
for patient B and <6.7 for patient A, even if not reaching
statistical significance. The Mann-Whitney test demonstrated a
significant difference between the two patients in 28 other RFs on
baseline PET/CT, which could be related to differences in lesion
behavior. Seven second-order RFs have been identified as poorly
associated with SUVmax and PET volume parameters and might
be considered as potential predictors of therapy response.

A Pearson Correlation Matrix
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FIGURE 2 | Pearson correlation matrix heat map, considering only the 26 radiomic features, resulted significant in the Mann-Whitney test (A). This graphic displays
the absolute value of the correlation coefficient between each pair of radiomic features, ranging from + 1 (positive linear correlation, in red) to —1 (negative linear
correlation, in green). The correlation coefficient of O is represented in yellow and identified radiomic features that are not correlated. Graphic representation of the
feature correlation plots resulting from the principal component analysis performed on the 26 radiomic features resulted significant in the Mann-Whitney test (B). It
shows the relationships between features: positively correlated features are grouped together, and negatively correlated features are positioned on the opposite
quadrants. The distance between features and the origin measures the quality of the features on the factor map, and features that are away from the origin are well
represented on the factor map. The standardize uptake value-related radiomic features (RFs) are visible in the lower left quadrant and the volume-related RFs in the
lower right. The scree plot of the percentages of variation that each principal component account for shows that PC1 and PC2 identified 83.8% of the percentages of
variation (C).
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In the post-PRRT PET/CT scan of patient B, the value
of GLRLM-LRE and NGLDM-Busyness increased in liver
responder lesions (“liver 6, 7, and 8” with a decrease of SUVmax
and PET volume). On the contrary, GLCM correlation, GLRLM-
SRE, GLRLM-RP, and GLZLM-ZP decreased in the same lesions
(data are shown in Table 1). Furthermore, in a lesion (“lymph
node 17) of patient A, characterized by decreasing SUVmax, these
RFs showed similar changes with the only exception of GLCM
correlation, despite the increasing PET volume (stable disease
for RECIST 1.1). These changes have not been observed in non-
responder lesions in both patients; in particular, GLRLM SRE,
GLRLM LRE, GLRLM RP, GLZLM ZP, and NGLDM-Busyness

did not change consistently, resulting to be almost stable. Finally,
GLZLM-LZLGE changes seem less related to the PRRT response,
as increasing and decreasing changes have been observed in both
responder and non-responder lesions randomly. Furthermore,
RF changes seem to be independent from the Gy delivered to
the lesions.

These data suggest the possibility to assess the response to
PRRT through the evaluation of the changes of these RFs in
post-therapy PET/CT scan if confirmed trough a prospective
study (2).

Finally, PCA was performed to reduce data dimensionality
and to build two new independent variables from the radiomic
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TABLE 1 | Dosimetry data extracted by the first cycle of therapy.

Lesions Dosimetry data 68Ga-DOTATOC PET/CT data
Volume Total PET/CT SUVmax Volume Volume GLCM GLRLM GLRLM GLRLM NGLDM-Busyness GLZLM GLZLM
(cc) dose (ml) (voxel) correlation SRE LRE RP LZLGE ZP
(Gy)
PATIENT A
Liver 1 292.3 63 Pre 17.72 450.69 7,042 0.86 0.76 3.35 0.67 4.32 2,643.28 0.01
Post 17.81 868.61 13,672 0.86 0.77 3.22 0.68 8.51 6,788.67 0.01
Liver 7 89.8 134 Pre 35.89 182.02 2,844 0.79 0.92 1.44 0.89 0.89 6.3 0.19
Post 27.06 139.78 2,184 0.77 0.91 1.56 0.87 0.84 6.13 0.12
Liver 6 41 113 Pre 141 18.69 292 0.65 0.89 1.58 0.86 0.98 74.64 0.06
Post 17.07 23.42 366 0.64 0.91 1.5 0.87 1.04 37.32 0.11
Lymph node 1 40.3 108 Pre 19.15 134.91 2,108 0.76 0.87 1.91 0.81 2.34 185.47 0.04
Post 9.45 377.41 5,897 0.79 0.68 4.69 0.58 11.55 9,010.93 0.01
Lymph node 2 6.4 199 Pre 25.16 41.47 648 0.73 0.93 1.43 0.89 112 26.8 0.18
Post 21.09 17.22 269 0.61 0.92 1.46 0.89 0.72 19.82 0.2
Bone 1 6.3 11 Pre 11.84 36.22 566 0.63 0.8 2.35 0.74 1.89 351.86 0.05
Post 12.16 72.9 1,139 0.68 0.77 2.72 0.71 2.64 1,006.04 0.02
Bone 2 7 80 Pre 19.22 19.14 299 0.62 0.91 1.48 0.88 0.76 29.32 0.17
Post 11.01 34.3 536 0.64 0.87 1.8 0.83 3.35 385.08 0.03
PATIENT B
Liver 1 17.6 115 Pre 93.14 81.54 1274 0.80 0.96 1.23 0.94 0.24 5.57 0.49
Post 63.73 30.72 480 0.70 0.93 1.42 0.9 0.38 17.32 0.3
Liver 6 12.6 97 Pre 104.4 44.22 691 0.68 0.96 1.21 0.94 0.21 1.18 0.51
Post 3.92 4,93 77 0.27 0.7 2.88 0.68 1.98 185.25 0.05
Liver 7 415 94 Pre 85.51 24.64 385 0.65 0.95 1.26 0.93 0.21 3.68 0.42
Post 5.01 4.74 74 0.35 0.77 2.46 0.73 1.4 148.17 0.05
Liver 9 6.4 122 Pre 7617 37.76 590 0.68 0.97 1.16 0.95 0.22 0.46 0.53
Post 6.88 71 111 0.40 0.81 2.16 0.77 1.55 197.32 0.05

Values of the SUVmax, PET volume, and the seven radiomic features of second order not associated with both SUVmax and volume (GLCM-Correlation, GLRLM-LRE, GLRLM-RP,
GLRLM-SRE, GLZLM-LZLGE, GLZLM-ZF, and NGLDM-Busyness) extracted by the pre- and post-PRRT PET/CT scan.

features which were able to describe 83.8% of total variance.
This result suggests that PCA might be useful in reducing the
complexity of the radiomic model, avoiding redundant data,
but maintaining relevant information about lesion characteristics
in PET image to predict the response to PRRT. While far
from being definitive, these data allow one to hypothesize
a potential role both for RFs in pre-therapy scan and ARF
changes as predictor of therapy response, in combination with
predictive parameters (including standard semiquantitative PET
parameters and dosimetry) (2, 4, 8, 19).

Recently, Weber et al. (28) investigated if pre-therapeutic
%8Ga-DOTATOC PET/MRI parameters were able to predict
treatment response and evaluated which were the most
significant changes that occurred after therapy both for
conventional PET parameters and RFs. In contrast with our
preliminary results, their study showed no statistically significant
changes in PET parameters since neither PET nor ADC map
parameters were predictors of therapy response. However,
these data are not fully comparable with our results since
different parameters and a different methodology have been
applied. Moreover, the authors compared in their study the PET

parameter changes between responders and non-responders in
the entire cohort of 18 patients regardless of different treatments
(PRRT and conventional therapies).

Regarding the two volumetric conventional PET parameters,
the few data at present available in literature showed a significant
correlation between SRETV,p_50 and disease progression.
Tirosh et al. (25) observed an association between “°®Ga-
DOTATATE TV” (corresponding to SRETV,_50) >7.0 ml with
a higher risk for disease progression and “®®Ga-DOTATATE TV”
>35.8ml which was associated with a higher disease-specific
mortality. Toriihara et al. (26) showed an association between
“68Ga-DOTATATE > SRETV” (corresponding to SRETV,_s0)
>11.29 ml and shorter progression-free survival. In our study,
the responder patient presented SRETV,p_s9 of 352ml at
baseline PET/CT, just below the cutoff value associated with
higher disease-specific mortality in the Tirosh study. The
SRETVy},_s50 in the non-responder patient was far above the
cutoff reported earlier (493.8ml). These data are consistent
with the different response and outcome to PRRT of our
patients, namely, considering the higher tumor burden and the
relative lower uptake of the lesions in the non-responder vs.
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the responder patient (mean TSR 2.35 for patient A vs. 8.80
for patient B and mean TLR 7.44 for patient A vs. 24.81 for
patient B). Overall survival after PRRT was 26 months (at last
follow-up, the patient was alive with disease) in patient B, while
it was 13 months in patient A (died with disease). On the
other hand, the median absorbed dose received by the two
patients was very similar; therefore, in these two cases, dosimetry
cannot explain completely the different responses as well as
negative pre-PRRT 18R FDG-PET/CT (Figure 1). Furthermore,
the opposite trend of TLSRE4_50 and SRET V50 (increase
in patient A and decrease in patient B) in accordance with
RECIST 1.1 might suggest a role for these parameters also
in PRRT response. To our knowledge, there are no studies
designed to evaluate the role of ASRETV,;, and ATLSRE,;, on
therapy response.

Limitation

This study is not exempt from limitations. The two patients
were affected by different primary tumors. Moreover, patient
A had liver metastases 1 year after the diagnosis and bone
and nodal metastases 5 years after, while patient B had liver
metastases 6 years after the diagnosis. Furthermore, the
PRRT protocols were slightly different in the two patients
due to the only recent approval of 77Lu DOTATATE.
Several clinical parameters could alone predict different
responses to PRRT and prognosis; nevertheless, in the future,
volumetric PET parameters and radiomic features could
be complementary.

Another limitation is represented by the sample size. However,
this study was aimed to be a preliminary exploratory analysis
to assess the feasibility of radiomic analysis applied in this
clinical scenario. Thus, definitive conclusion cannot be drawn
according to our data at this stage, and these promising results
encouraged us to start a prospective study in NET patients
eligible for PRRT to evaluate the application of RFs as predictors
of therapy response.

All the variables affecting the robustness of RFs to improve
reliability and reproducibility (such as segmentation methods,
rescaling factor, and reconstruction algorithms) should be
investigated in future studies. In our study, according to Bailly
etal. (29), only GLRLM-RP and GLZLM-ZP could be considered
as adequately robust over reconstruction algorithms.

CONCLUSION

Despite having evaluated only two patients, this preliminary
analysis suggests the use of RFs and TLSREwb-50 and SRETVwb-
50 as parameters to evaluate response to PRRT in NET
patients. Moreover, pre-therapy RFs and RF changes observed
from pre- to post-therapy scan might help to predict and
to assess response to PRRT, leading to optimization in the
management of NET patients. These exploratory results need
to be confirmed by future studies enrolling a larger and more
homogenous population.

DATA AVAILABILITY STATEMENT

The original contributions generated for the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

ETHICS STATEMENT

All procedures performed in studies involving human
participants were in accordance with ethical standards of
the institutional and/or national committee and with the 1964
Helsinki declaration and its later amendments or comparable
ethical standards. The use of the data of these two patients was
approved by AOU Citta della Salute e della Scienza di Torino
Ethics Committee (IRB protocol: CS2/477), as part of a largest
retrospective study.

INFORMED CONSENT

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

AUTHOR CONTRIBUTIONS

DD designed the study. VL reviewed the PET/CT scans. VL, OR,
EG, and BDe collected the data and conducted the statistical
analysis on PET/CT scans. FF and AV collected the data and
conducted the statistical analysis on dosimetry. PT, FC, and
BDi contributed in the review of the data and the statistical
analysis. VL, OR, and DD wrote the manuscript. VL, OR,
EG, FC, PT, LC, AP, FM, and DD discussed the results and
commented on the manuscript. All the authors reviewed the
final manuscript.

FUNDING

The Division of Nuclear Medicine of the Department of Medical
Science, University of Turin, was supported by a grant from CRT
(Cassa di Risparmio di Torino; grant no: 2019.0590) Foundation
regarding the project Radiomics in the Study of Neuroendocrine
Tumors in Nuclear Medicine: Innovative Method for the Study
of Tumor Heterogeneity.

ACKNOWLEDGMENTS

We would like to thank the two patients involved in this
study and the staff of the two nuclear medicine units for their
useful support.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmed.
2020.601853/full#supplementary-material

Frontiers in Medicine | www.frontiersin.org

January 2021 | Volume 7 | Article 601853


https://www.frontiersin.org/articles/10.3389/fmed.2020.601853/full#supplementary-material
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Liberini et al.

DOTATOC-Based Radiomic and PRRT Response

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

. Strosberg J, El-Haddad G, Wolin E, Hendifar A, Yao J, Chasen B, et al. Phase

3 trial of 7’lu-dotatate for midgut neuroendocrine tumors. N Engl ] Med.
(2017) 376:125-35. doi: 10.1056/NEJMoal607427

. Oberg K, Krenning E, Sundin A, Bodei L, Kidd M, Tesselaar M, et al. A delphic

consensus assessment: imaging and biomarkers in gastroenteropancreatic
neuroendocrine tumor disease management. Endocr Connect. (2016) 5:174-
87. doi: 10.1530/EC-16-0043

. Bozkurt ME, Virgolini I, Balogova S, Beheshti M, Rubello D, Decristoforo

C, et al. Guideline for PET/CT imaging of neuroendocrine neoplasms
with 68Ga-DOTA-conjugated somatostatin receptor targeting peptides
and 18F-DOPA. Eur ] Nucl Med Mol Imaging. (2017) 44:1588-601.
doi: 10.1007/500259-017-3728-y

. Chan DLH, Pavlakis N, Schembri GP, Bernard EJ, Hsiao E, Hayes A, et al. Dual

somatostatin receptor/FDG PET/CT imaging in metastatic neuroendocrine
tumours: proposal for a novel grading scheme with prognostic significance.
Theranostics. (2017) 7:1149-58. doi: 10.7150/thno.18068

. Ezziddin S, Lohmar J, Yong-Hing CJ, Sabet A, Ahmadzadehfar H, Kukuk G,

et al. Does the pretherapeutic tumor SUV in 68Ga DOTATOC PET predict
the absorbed dose of 177Lu octreotate? Clin Nucl Med. (2012) 37:e141-7.
doi: 10.1097/RLU.0b013e31823926e5

. Lambin P, Leijenaar RTH, Deist TM, Peerlings J, De Jong EEC, Van

Timmeren J, et al. Radiomics: the bridge between medical imaging
and personalized medicine. Nat Rev Clin Oncol. (2017) 14:749-62.
doi: 10.1038/nrclinonc.2017.141

. Mayerhoefer ME, Materka A, Langs G, Haggstrom I, Szczypinski P,

Gibbs P, et al. Introduction to radiomics. ] Nucl Med. (2020) 61:488-95.
doi: 10.2967/jnumed.118.222893

. Lee DY, Kim Y Il Prognostic value of maximum standardized uptake

value in ®®Ga-somatostatin receptor positron emission tomography for
neuroendocrine tumors: a systematic review and meta-analysis. Clin Nucl
Med. (2019) 44:777-83. doi: 10.1097/RLU.0000000000002694

. Garske U, Sandstrom M, Johansson S, Sundin A, Granberg D, Eriksson B,

et al. Minor changes in effective half-life during fractionated 77 Lu-Octreotate
therapy. Acta Oncol. (2012) 51:86-96. doi: 10.3109/0284186X.2011.618511
Eberlein U, Cremonesi M, Lassmann M. Individualized dosimetry for
theranostics: necessary, nice to have, or counterproductive? ] Nucl Med. (2017)
58:97-103S. doi: 10.2967/jnumed.116.186841

Finocchiaro D, Murray I. Uncertainty analysis of tumour absorbed dose
calculations in molecular radiotherapy. EJNMMI Phys. (2020) 7:1-18.
doi: 10.1186/540658-020-00328-5

Walrand S, Hanin FX, Pauwels S, Jamar F. Tumour control probability
derived from dose distribution in homogeneous and heterogeneous models:
assuming similar pharmacokinetics, '2°Sn 77Lu is superior to 90Y 177Lu
in peptide receptor radiotherapy. Phys Med Biol. (2012) 57:4263-75.
doi: 10.1088/0031-9155/57/13/4263

Guerriero F, Ferrari ME, Botta E, Fioroni F, Grassi E, Versari A, et al. Kidney
dosimetry in 177Lu and 90Y peptide receptor radionuclide therapy: influence
of image timing, time-activity integration method, and risk factors. Biomed
Res Int. (2013) 2013:935351. doi: 10.1155/2013/935351

Balon HR, Brown TLY, Goldsmith SJ, Silberstein EB, Krenning EP, Lang O,
et al. The SNM practice guideline for somatostatin receptor scintigraphy 2.0.
J Nucl Med Technol. (2011) 39:317-24. doi: 10.2967/jnmt.111.098277
Zaknun JJ, Bodei L, Mueller-Brand J, Pavel ME, Baum RP, Hérsch D, et al.
The joint IAEA, EANM, and SNMMI practical guidance on peptide receptor
radionuclide therapy (PRRNT) in neuroendocrine tumours. Eur ] Nucl Med
Mol Imaging. (2013) 40:800-16. doi: 10.1007/s00259-012-2330-6

Nioche C, Orlhac F, Boughdad S, Reuze S, Goya-Outi ], Robert C, et al.
Lifex: a freeware for radiomic feature calculation in multimodality imaging
to accelerate advances in the characterization of tumor heterogeneity. Cancer
Res. (2018) 78:4786-9. doi: 10.1158/0008-5472.CAN-18-0125

Zwanenburg A, Vallieres M, Abdalah MA, Aerts HJWL, Andrearczyk V,
Apte A, et al. The image biomarker standardization initiative: standardized
quantitative radiomics for high-throughput image-based phenotyping.
Radiology. (2020) 295:328-38. doi: 10.1148/radiol.2020191145

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

. Grassi E, Fioroni F Berenato S, Patterson N, Ferri V, Braglia L, et al.

Effect of image registration on 3D absorbed dose calculations in 177Lu-
DOTATOC peptide receptor radionuclide therapy. Phys Medica. (2018)
45:177-85. doi: 10.1016/j.ejmp.2017.11.021

. Abdulrezzak U, Kurt YK, Kula M, Tutus A. Combined imaging with

68Ga-DOTA-TATE and 18F-FDG PET/CT on the basis of volumetric
parameters in neuroendocrine tumors. Nucl Med Commun. (2016) 37:874-81.
doi: 10.1097/MNM.0000000000000522

Boellaard R, Delgado-Bolton R, Oyen WJG, Giammarile E Tatsch K,
Eschner W, et al. FDG PET/CT: EANM procedure guidelines for tumour
imaging: version 2.0. Eur ] Nucl Med Mol Imaging. (2015) 42:328-54.
doi: 10.1007/500259-014-2961-x

Oksiiz MO, Winter L, Pfannenberg C, Reischl G, Miissig K, Bares R,
et al. Peptide receptor radionuclide therapy of neuroendocrine tumors
with 90Y-DOTATOC: Is treatment response predictable by pre-therapeutic
uptake of 68Ga-DOTATOC? Diagn Interv Imaging. (2014) 95:289-300.
doi: 10.1016/j.diii.2013.07.006

Kratochwil C, Stefanova M, Mavriopoulou E, Holland-Letz T,
Dimitrakopoulou-Strauss A, Afshar-Oromieh A, et al. SUV of
[68Ga]DOTATOC-PET/CT  predicts response probability of PRRT
in neuroendocrine tumors. Mol Imaging Biol. (2015) 17:313-8.
doi: 10.1007/s11307-014-0795-3

Gabriel M, Oberauer A, Dobrozemsky G, Decristoforo C, Putzer D,
Kendler D, et al. Ga-DOTA-Tyr3-octreotide PET for assessing response
to somatostatin-receptor-mediated radionuclide therapy. J Nucl Med. (2009)
50:1427-34. doi: 10.2967/jnumed.108.053421

Sharma R, Wang WM, Yusuf S, Evans J, Ramaswami R, Wernig E et al.
%8Ga-DOTATATE PET/CT parameters predict response to peptide receptor
radionuclide therapy in neuroendocrine tumours. Radiother Oncol. (2019)
141:108-15. doi: 10.1016/j.radonc.2019.09.003

Tirosh A, Papadakis GZ, Millo C, Hammoud D, Sadowski SM, Herscovitch
P, et al. Prognostic utility of total 68Ga-DOTATATE-avid tumor volume
in patients with neuroendocrine tumors. Gastroenterology. (2018) 154:998-
1008.e1. doi: 10.1053/j.gastro.2017.11.008

Torithara A, Baratto L, Nobashi T, Park S, Hatami N, Davidzon
G, et al. Prognostic value of somatostatin receptor expressing tumor
volume calculated from 68Ga-DOTATATE PET/CT in patients with well-
differentiated neuroendocrine tumors. Eur ] Nucl Med Mol Imaging. (2019)
46:2244-51. doi: 10.1007/s00259-019-04455-9

Werner RA, Ilhan H, Lehner S, Papp L, Zsétér N, Schatka I, et al.
Pre-therapy somatostatin receptor-based heterogeneity predicts overall
survival in pancreatic neuroendocrine tumor patients undergoing peptide
receptor radionuclide therapy. Mol Imaging Biol. (2019) 21:582-90.
doi: 10.1007/s11307-018-1252-5

Weber M, Kessler L, Schaarschmidt B, Fendler WP, Lahner H, Antoch G,
et al. Treatment-related changes in neuroendocrine tumors as assessed by
textural features derived from 68Ga-DOTATOC PET/MRI with simultaneous
acquisition of apparent diffusion coefficient. BMC Cancer. (2020) 20:326.
doi: 10.1186/512885-020-06836-y

Bailly C, Bodet-Milin C, Couespel S, Necib H, Kraeber-Bodéré F
Ansquer C, et al. Revisiting the robustness of PET-based textural features
in the context of multi-centric trials. PLoS ONE. (2016) 11:¢0159984.
doi: 10.1371/journal.pone.0159984

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Liberini, Rampado, Gallio, De Santi, Ceci, Dionisi, Thuillier,
Ciuffreda, Piovesan, Fioroni, Versari, Molinari and Deandreis. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Medicine | www.frontiersin.org

January 2021 | Volume 7 | Article 601853


https://doi.org/10.1056/NEJMoa1607427
https://doi.org/10.1530/EC-16-0043
https://doi.org/10.1007/s00259-017-3728-y
https://doi.org/10.7150/thno.18068
https://doi.org/10.1097/RLU.0b013e31823926e5
https://doi.org/10.1038/nrclinonc.2017.141
https://doi.org/10.2967/jnumed.118.222893
https://doi.org/10.1097/RLU.0000000000002694
https://doi.org/10.3109/0284186X.2011.618511
https://doi.org/10.2967/jnumed.116.186841
https://doi.org/10.1186/s40658-020-00328-5
https://doi.org/10.1088/0031-9155/57/13/4263
https://doi.org/10.1155/2013/935351
https://doi.org/10.2967/jnmt.111.098277
https://doi.org/10.1007/s00259-012-2330-6
https://doi.org/10.1158/0008-5472.CAN-18-0125
https://doi.org/10.1148/radiol.2020191145
https://doi.org/10.1016/j.ejmp.2017.11.021
https://doi.org/10.1097/MNM.0000000000000522
https://doi.org/10.1007/s00259-014-2961-x
https://doi.org/10.1016/j.diii.2013.07.006
https://doi.org/10.1007/s11307-014-0795-3
https://doi.org/10.2967/jnumed.108.053421
https://doi.org/10.1016/j.radonc.2019.09.003
https://doi.org/10.1053/j.gastro.2017.11.008
https://doi.org/10.1007/s00259-019-04455-9
https://doi.org/10.1007/s11307-018-1252-5
https://doi.org/10.1186/s12885-020-06836-y
https://doi.org/10.1371/journal.pone.0159984
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

	68Ga-DOTATOC PET/CT-Based Radiomic Analysis and PRRT Outcome: A Preliminary Evaluation Based on an Exploratory Radiomic Analysis on Two Patients
	Introduction
	Materials and Methods
	Patient Population
	Image Acquisition
	Quantitative Imaging Analysis
	Statistical Analyses

	Results
	Discussion
	Limitation

	Conclusion
	Data Availability Statement
	Ethics Statement
	Informed Consent
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


