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Simple Summary: Neuroendocrine tumors of the bowel and pancreas are slow-growing cancers that,
if identified early, can be treated with surgery. However, even if surgery is successful, many patients
must undergo surveillance imaging to check for recurrence; this involves CT or MRI scans every one
to two years for up to ten years. CT scans are associated with radiation exposure, which can increase
the risk of additional cancers later in life. We sought to assess real life radiation exposure associated
with surveillance imaging for patients at our center with surgically removed neuroendocrine tumors.
We reviewed patient charts to collect information about the scans they underwent and calculated the
total radiation dose they received during follow-up. We found that the average total radiation dose
was in the range associated with increased cancer risk. We suggest strategies to minimize radiation
risk should be considered in future recommendations for surveillance of neuroendocrine tumors.

Abstract: Background: Neuroendocrine tumors (NET) are neoplasms that secrete peptides and
neuroamines. For gastroenteropancreatic (GEP) NET, surgical resection represents the only curative
option. Ten-year imaging surveillance programs are recommended due to long time-to-recurrence
following resection. We performed retrospective chart review evaluating radiation exposure and
practice patterns from surveillance of completely resected GEP NET. Methods: We performed a
retrospective cohort study of cases with well-differentiated GEP NET from January 2005 to July 2020.
Location of primary, modality of imaging, and duration of follow-up were collected. Dosimetry data
was collected to calculate effective dose. Results: 62 cases were included with 422 surveillance scans
performed. Cross-sectional imaging was used in 82% and functional imaging was used in 18% of
scans. Mean number of scans per year was 1.25 (0.42-3). Mean total effective dose was 56.05 mSv
(SD 45.56; 0 to 198 mSv) while mean total effective dose per year was 10.62 mSv (SD 9.35; 0 to 45 mSv).
Over the recommended ten years of surveillance the estimated total effective dose was 106 mSv.
Conclusions: Surveillance of completely resected GEP NET results in cumulative radiation doses
in the range associated with secondary malignancy development. Strategies to minimize radiation
exposure in surveillance should be considered in future guideline development.

Keywords: neuroendocrine tumor; diagnostic imaging; surveillance

1. Introduction

Neuroendocrine tumors (NET) are a heterogenous group of malignant neoplasms that
secrete peptides and neuroamines [1]. For patients with gastroenteropancreatic (GEP) NET,
surgical resection represents the only curative option [2,3]. Following surgical resection,
GEP NET typically have long periods of disease-free survival and time-to-recurrence [2,4,5];
median time to recurrence has been reported as seven to eight years [2,6]. Therefore,
even for patients who have undergone complete surgical resection of GEP NET, long-term
surveillance schedules including cross-sectional imaging with or without biochemistry
are recommended [2,3]. However, there is no consensus regarding optimal follow-up
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in this patient population [7]. The most current guidelines recommend cross-sectional
imaging with either triple phase CT or MRI every one to two years for at least ten years
for most patients [2,8-11] (Supplementary Table S1). However, these recommendations
raise theoretical concerns regarding cumulative radiation exposure over time, particularly if
contrast-enhanced CT scans are performed. A linear and causal relationship between ionizing
radiation exposure and human cancer risk has been established [12], and doses of radiation
exceeding 50 mSv are associated with increased risk of secondary malignancy [13,14]. Given a
CT scan of the abdomen and pelvis can give an effective dose of 4 to 25 mSv [15-17], long-term
imaging surveillance may be associated with risk of radiation-induced malignancy. This is
an important consideration when deciding on an optimal imaging surveillance strategy in
our patient population, particularly in younger individuals [13,15].

Previous authors have raised theoretical concerns about the radiation associated with
surveillance imaging for completely resected GEP NET [2], and cross-sectional imaging
with CT scan has been cited as the preferred modality of surveillance imaging [7]. However,
the cumulative radiation exposure associated with real world follow-up surveillance in this
patient population has not been previously assessed. Our primary objective was to measure
the cumulative radiation exposure associated with real-world post-operative surveillance
imaging at our tertiary center. Our secondary aim was to characterize local practice patterns
of imaging surveillance in relation to current guidelines.

2. Materials and Methods

We retrospectively reviewed clinical and imaging records from patients diagnosed
with well-differentiated GEP NET at our centre (Tom Baker Cancer Centre, University
of Calgary) from January 2005 to July 2020 inclusive. The study was approved by our
institutional research ethics board (HREBA.CC-20-0090). Inclusion criteria were GEP NET
that had been fully resected (defined as surgical removal with curative intent), stages
I to III disease at diagnosis, age 18 or older, and follow-up care and surveillance in our
neuroendocrine cancer clinic. The post-resection surveillance protocol is in keeping with the
Commonwealth Neuroendocrine Tumor Research Collaborative (CommNETs) guideline
recommendations [2]. Exclusion criteria included incompletely resected NET or stage IV
disease at presentation, G1 appendiceal NET less than 1 cm, ROG1T1 rectal NET, G1 stage 1
midgut NET, insulinoma, neuroendocrine carcinoma, or concurrent diagnosis of non-NET
metastatic cancer (Table 1). Potentially eligible cases were identified by a data analyst from
the Alberta Cancer Registry. Demographic information retrieved included date of birth,
sex, date of surgical resection, primary tumor site, and date of last known follow-up. Our
electronic medical record does not collect data on race and therefore we were unable to
retrieve this data. Information was retrieved from patient electronic medical records. Prior
to further data extraction, cases were screened for eligibility and excluded as appropriate.
For each eligible case, we collected data from our imaging database (IMPAX) for all follow-
up scans that were performed for the purposes of post-operative surveillance. Imaging
performed for other indications was excluded. For each surveillance scan we collected
the date and modality of imaging. When multiple imaging modalities were performed
concurrently for the purposes of the same follow-up appointment (i.e., contrast-enhanced
CT with octreotide scan) this was considered a single surveillance scan and the date of the
earliest scan was recorded.

For all contrast-enhanced CT scans, dose length product (DLP) and tube voltage (kV)
were retrieved from the dose report. This information was used to calculate effective dose
in millisieverts (mSv) for each scan by multiplying the DLP by the appropriate conversion
factor as described by Deak et al. [18]. For contrast CT scans which included both the
abdomen and pelvis, the conversion factor for abdomen was used.

Octreotide 111 In-Pentreotide scans involved 100 MBq IV of 111 In-Pentetreotide with
24 h delayed whole-body images and SPECT/CT of the abdomen and pelvis. SPECT/CT
imaging involves a low dose localizer CT for attenuation correction and localization. I-123
MIBG (metaiodobenzylguanidine) imaging involved injection of 370 MBq 123 I- MIBG
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intravenously. Delayed whole-body planar imaging with SPECT/CT of the abdomen and
pelvis with low dose CT was used for attenuation correction and localization. For both
Octreotide 111 In-Pentreotide and I-123 MIBG scans, additional SPECT /CT of other sites
may have been performed if clinically indicated. The effective doses for Octreotide 111
In-Pentreotide and I-123 MIBG imaging were estimated at 5.4 and 4.8 mSV respectively
based on the international committee for radiological protection (ICRP) [19,20].

Table 1. Study inclusion and exclusion criteria.

Inclusion Criteria Exclusion Criteria

o  Incompletely resected NET
e  Stage IV disease at presentation
e Agel8orolder e Gl appendiceal NET less than 1cm
e Any grade GEP NET e  ROGIT1 rectal NET
e  Fully resected with curative intent e  Stage 1 grade 1 incidental midgut NET
e  StageIIl or IIl disease e Insulinoma
e  Follow-up care at our specialty NET clinic e  Neuroendocrine carcinoma
L]

Concurrent diagnosis of non-NET
metastatic cancer

18F-FDG PET/CT scans involved injection of 400 MBq 18F-FDG intravenous infusion
including imaging with low dose CT for attenuation correction and localization from the
skull base to the mid thighs. The effective doses for 18F-FDG PET/CT were calculated
using previously described methodology [21].

68Ga-DOTATATE PET/CT scans involved 200 MBq intravenous injection with low
dose CT for attenuation correction and localization from the top of the head to the mid
thighs. The effective doses for 68Ga-DOTATATE PET/CT were calculated using method-
ology described by Walker et al. [22]. The effective dose from the associated low dose CT
scan was included in the total reported dose from this modality.

3. Results

The initial case retrieval yielded 387 cases. 62 cases met criteria for data extraction and
analysis. Reasons for exclusions were: not followed up at our centre (n = 268); metastatic
disease at presentation (n = 44); and low risk subgroup (n = 13) including G1 appendiceal
NET < 1 cm and ROG1T1 rectal NET. The mean age at diagnosis was 58 years (SD 14 years,
range 21 to 82 years) and 55% (n = 34) cases were female. Location of primary was
small bowel in 58% (n = 36), appendix in 23% (n = 14), pancreas in 13% (n = 8), large
bowel in 3% (n = 2), and rectum in 3% (n = 2). Mean length of follow-up was 71 months
(SD 33 months) (Table 2). Among the eight cases that had a resection date 10 or more years
ago, the mean length of follow-up was 10.4 years (range 3.5 to 12.3 years, SD = 2.9 years).

There were 422 surveillance scans performed in the cohort. Imaging modalities
included cross-sectional imaging (MRI and contrast enhanced CT) and nuclear medicine
imaging. Cross-sectional imaging was most commonly performed with CT and MRI
representing 41% (n = 173) and 41% (n = 172) of all surveillance scans respectively. Nuclear
medicine imaging was used in 18% (n = 77) of scans; Octreotide 111 In-Pentreotide (n = 51),
1123 MIBG (n = 14), 68Ga-DOTATATE PET (n = 9), and 18F-FDG PET (n = 3) (Figure 1).

For the functional imaging, 60% (n = 37) of the 62 patient cases had at least one
nuclear medicine imaging study performed during the follow-up interval. In those 37 cases,
29% (n = 18) had nuclear medicine imaging at multiple time points, and 31% (n = 19) had
nuclear medicine imaging only once during the follow-up period. The remaining 40% did
not undergo nuclear medicine imaging. The first post-operative surveillance was the most
common timeframe for performing functional imaging (n = 23). In instances where nuclear
imaging was not accompanied by recent cross-sectional imaging, a low dose SPECT CT
was performed.
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Table 2. Baseline characteristics of GEP NET cases.

Characteristics Cases (n = 62)
Mean age (standard deviation; range) 58 years (14; 21-2)
Sex F: 55% (n=34)

Small bowel 58% (n = 36)

Appendix 23% (n = 14)
Location of primary Pancreas 13% (n = 8)

Colon 3% (n = 2)

Rectum 3% (n = 2)

Mean length of follow up in months (SD; range) 71 (33; 8—147)
Mean number of surveillance scans per case (range) 7 (2—14)
Mean number of scans/year of follow-up (range) 1.3 (0.4—-3.0)
Surveillance scans/person year 1.1

# MRI

LICT

@ Octreoscan
m MIBG
1Ga-68

W FDG-PET

Figure 1. Imaging modalities used in post-operative surveillance of completely resected GEP-NET.

The mean number of surveillance scans was 7 (SD 3, range 2 to 14) and the mean
number of surveillance scans per year of follow-up was 1.25 (SD 0.51, range 0.42 to 3.00).
The mean effective dose per contrast-enhanced CT scan was 16.90 mSv (SD 12.17, range
3.39 to 57.75 mSV). The average effective dose from 68Ga-DOTATATE PET, including the
CT portion of the scan, was 13.85 mSv (SD 4.34 mSV, range 10.22 to 22.25). The mean
total effective dose from all imaging was 56.05 mSV (SD 45.56 mSV, range 0 to 198.22 mSV).
The mean total effective dose per year of follow-up was 10.62 mSV (SD 9.35 mSV, range
0 to 44.05 mSV). In linear regression analysis, age at diagnosis was not found to be a
significant predictor of effective dose per year (F(1,60) = 2.069, p = 0.156) with R? of 0.033.
The location of primary was also not a significant predictor of effective dose per year
(F(4,57) = 1.492, p = 0.217), with R? of 0.095

Using mean effective doses for contrast-enhanced CT and 68Ga-DOTATATE PET, we
estimated cumulative radiation doses associated with the different guideline derived imag-
ing protocols (Table 3). As all guidelines stated CT or MRI could be used interchangeably;
and we have shown cumulative doses for each protocol using CT alone or CT and MRI in
combination. Details of our calculations are shown in Supplementary Tables S1 and S2.
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Table 3. Estimated cumulative radiation exposure associated with imaging protocols derived from
different consensus guidelines.

Guideline Cross Sectional Imaging Protocol Approximate Cumulative Effective Dose *
NANETS Alternati(r:; c()jr}[{};nd MRI 19900r?1és\y
ENETS Alternati(rj; %I}l}yand MRI f;(()) IIE?/]
NCCN Alternaticré %I}lb;nd MRI 162003%8\;]
ESMO Alternati(r:; c()jr}[{};nd MRI ;(7)8 Il;lgz/]
CommNETS Alternati(rjg; %I}l}yand MRI 162()011?85\\/]

* Rounded to the nearest whole number in increments of 5.

4. Discussion

This is the first study evaluating real-world imaging surveillance of completely re-
sected GEP NET and associated radiation exposure to patients. GEP NET are unique in the
oncology population in that the majority of patients are surviving at 15 years [2]. Given
the long survival seen in these patients, the potential harms associated with cumulative
radiation exposure deserve our consideration.

There is a linear and causal relationship between ionizing radiation exposure and
human cancer risk [12,13,23,24]. Though whether this relationship exists at lower doses
(less than 20-50 mSv) of radiation remains contentious, the risk of malignancy with doses
exceeding 50 mSv is well established [12,14]. Without accounting for duration of follow-
up, the average effective dose of radiation in our study exceeded 50 mSv. Extrapolation
from the mean effective dose per year (10.62 mSv) yields an estimated effective dose of
106.20 mSV over a ten-year follow-up period, which was within the range of estimated
effective doses for the imaging protocols listed in Table 3.

There was variation in the radiation exposure from different guideline-derived rec-
ommendations and cross-sectional imaging protocols. This represents an area of possible
improvement; further nuancing of recommendations based on expected timing of recur-
rence may reduce radiation exposure. For example, Strosberg el al. [25] reported a peak
recurrence of pancreatic NET at two years, and no documented recurrence after seven years.
In contrast, Cives et al. [5] (2018) showed consistent disease recurrence rates among stage
2 and 3 midgut NET for the first eight years of surveillance with a sharp drop off thereafter.
There is also opportunity to tailor frequency of surveillance on the basis of tumor biology
and disease stage. Previous authors have shown that tumor-specific prognostic factors
such as histological grade, Ki-67 index/mitotic count, stage/size, nodal status, and site
of origin influences the frequency of surveillance arranged by providers [7]. We suggest
that dedicated review of NET cases at multidisciplinary rounds (such as those which oc-
cur at our center and other centers specializing in care of GEP NETs) can be useful for
comprehensive assessment and accurate staging of NET cases in order to appropriately
tailor surveillance schedules. Furthermore, we suggest preferential use of MRI over CT
in some circumstances (i.e., surveillance of pancreatic NET in patients less than 50 years
old at diagnosis) where resources permit, or alternating CT with MRI to increase the la-
tency between ionizing radiation exposures as this also may impact secondary malignancy
risk [26]. Finally, we emphasize that surveillance should not be performed for subgroups
with low recurrence risk including NO insulinomas, grade 1 stage I incidental midgut NET,
and grade 1 appendiceal NET < 1 cm as outlined in the CommNETs guidelines [2].

Most cases in our study had small bowel primaries, in keeping with known epidemi-
ology of GEP NET [27]. Cross-sectional imaging was the most used form of imaging
surveillance with equal distribution between CT and MRI (Figure 1). The choice of cross-
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sectional imaging modality may be influenced by disease and patient factors. Triple phase
contrast-enhanced CT is the preferred modality for the detection of intra-abdominal dis-
ease, whereas MRI is superior for the detection of hepatic metastases and imaging the
pancreas [28]. This point was emphasized to our NET clinicians during a provincial tumor
group meeting in November 2019 which may have impacted local practice patterns. How-
ever, we did not find that site of primary tumor was a significant predictor of effective dose
per year.

Nuclear medicine studies were utilized in 18% (n = 77) of scans and the first post-
operative surveillance was the most common timeframe for performing functional imaging.
Octreotide 111 In-Pentreotide scans were the most common functional imaging modality.
Somatostatin receptor scintigraphy (SRS) at our institution may be performed with either
Octreotide 111 In-Pentreotide or 68Ga-DOTATATE PET. 68Ga-DOTATATE PET has been
available at our institution since 2020. Its use has been limited by resource constraints
and therefore has not yet completely replaced Octreotide 111 In-Pentreotide scans, though
we acknowledge that the use of Octreotide 111 In-Pentreotide scans is outdated and
68Ga-DOTATATE PET is preferred when evaluating NET. The average effective dose from
68Ga-DOTATATE PET in our study of 13.85 mSV was higher than from Octreotide 111 In-
Pentreotide; more widespread use of 68Ga-DOTATATE PET may further contribute to
longitudinal radiation exposure. The utility of SRS in detecting post-operative recurrence
requires further evaluation, especially given the additional burden of radiation exposure
associated with these modalities.

The radiation exposure from long term surveillance of GEP NET is associated with
an increased risk of secondary malignancy, especially in younger individuals [13,15,29,30].
However, in our study patient age at diagnosis was not a significant predictor of the mean
effective dose per year. Our center follows the Comments [2] recommendations and our
results indicate that our practices are generally in-line with these (and other contemporary
guidelines) with respect to imaging frequency and duration of follow-up [8-11,28]. How-
ever, the average number of scans per person-year (1.1) suggests we may be over-surveilling
some patients, representing an area of possible improvement.

There is no consensus regarding the optimal timing and frequency of follow-up for
GEP NET. This may be due in part to heterogeneous clinical behavior and paucity of
data regarding recurrence rates [7]. Nonetheless, variation in recommendations from
different society guidelines has been highlighted previously [7], and may contribute to
confusion and frustration for health care providers. A previous interntational survey of
NET health care providers from Australia, Canada, New Zealand, and the United States
(published prior to the 2018 CommNETs guidelines [2]) demonstrated that a minority
of respondents (17 to 38%) were “very familiar” with ENETS, ESMO, and NCCN society
guidelines, and only 10 to 27% felt these guidelines were “very useful.” This survey
demonstrated heterogeneity with respect to follow-up frequency and duration reported by
providers. Follow-up every 6 months for the first two years and annually thereafter was
most commonly chosen, and most respondents stated that they would opt for CT imaging
as surveillance modality in post-operative years 0 to 5 [7]. The results of this study further
highlight concerns around radiation exposure from imaging surveillance, as well as the
potential benefit of harmonizating different society guidelines.

Our study demonstrated heterogeniety in use of functional imaging. Results from
the international survey detailed above [7] simlarily showed that NET providers utilize
functional imaging in a minority of patients and the timeframe for performing this imaging
is variable. These results likely reflect lack of formal recommendations by Comments [2]
and varying recommendations by the other consensus guidelines with respect to functional
imaging [8-11,28]. Clarity around use of functional imaging in future guidelines would be
helpful for NET care providers.
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Limitations

This is a single center experience and therefore reflects local practice patterns and
resource availability that may not be generalizable to other centers. However, given that
this audit showed our center’s practices are largely in-line with the most recent GEP
NET surveillance guidelines, it is reasonble to assume that surveillance programs from
other tertiary centers yield similar radiation exposure (especially given that CT was the
preferred imaging modality for surveillance from the international survey highlighted
above [7]). It is also important to note that this study looks at surveillance imaging
performed over 18 years. The radiation dose associated with CT scans and injected activity
of radiopharmaceuticals has changed over that time and will continue to evolve. Ongoing
developments in technology and improved accessibility of MRI will hopefully lead to
future reductions in radiation exposure.

We acknowledge that in addition to the total amount of radiation, the latency period
between ionizing radiation exposures also contributes to secondary malignancy risk ([26])
and this was not accounted for in our methodology.

The potential harms of radiation exposure from surveillance imaging must be weighed
against the potential benefits of timely detection of recurrence, especially since poor tumor-
specific prognostic factors are associated with increased surveillance [7]. As such, recur-
rence rates in our study population are a relevant metric. However, unfortunately, due to
the retrospective nature of our study, we were not able to obtain sufficient clinical data to
completely and accurately document recurrence rates in our study cohort. Furthermore,
we did not have sufficient follow-up data to study rates of secondary malignancies. The
real-world rates of secondary malignancies in this patient population are an important topic
of future investigation and may be best answered through a larger epidemiological study.

Each organ has different thresholds for radiation-induced cancer development [12].
The effective dose coefficients used in our study were roughly for the “abdominal organs”,
not acknowledging the individualized surrounding organ dose. The use of individual
tissue weighting factors and determining the of amount of organ-specific radiation of each
scan for each patient would have been a complex undertaking and likely would have
given limited additional information. This organ-specific information would be useful
for assessment of interval cancer development in patients with fully resected GEP NET
undergoing surveillance. However, this question was felt to be out of the scope of our
study objectives and would be served best by an independent longitudinal study with
control groups.

5. Conclusions

This is the first study looking at cumulative radiation exposure associated with follow-
up surveillance of patients with completely resected GEP NET. Our center’s practices are
largely in-line with current guidelines, however, adherence to these guidelines can result
in cumulative radiation doses associated with secondary cancer development. Providers
should consider individual patient and disease factors when determining modality and
frequency of surveillance imaging. Strategies to minimize radiation exposure during
longitudinal surveillance of GEP NET should be considered by guideline authors and
multidisciplinary teams.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/cancers16020427/s1, Table S1: Imaging recommendations by different
consensus guidelines for completely resected stage I to III small bowel NET. Table S2: Cumulative
radiation exposure associated with imaging protocols derived from different consensus guidelines.


https://www.mdpi.com/article/10.3390/cancers16020427/s1
https://www.mdpi.com/article/10.3390/cancers16020427/s1

Cancers 2024, 16, 427 80f9

Author Contributions: J.I. and K.L. have full access to all data in the study and take responsibility
for the integrity of the data and accuracy of the data analysis. K.L. and J.P. conceived and designed
the study. J.I. and K.L. reviewed the background literature with input from V.P, J.P, D.R., D.C.
and E.S. in their respective sub-specialty fields. J.I., C.T.Y. and K.L. were responsible for patient
identification and data extraction. J.I. and K.L. drafted the manuscript. All authors interpreted the
data and provided revisions of the manuscript. 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 in accordance with the Declaration
of Helsinki, and approved by the Institutional Review Board of UNIVERSITY OF CALGARY (protocol
code HREBA.CC-20-0090, approved 4 June 2020).

Informed Consent Statement: Patient consent was waived due to the retrospective nature of this
study, making the ability to reliably obtain informed consent from all participants infeasible. Further-
more, the study presented minimal risk to participants.

Data Availability Statement: The data presented in this study are available upon reasonable request
from the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

Modlin, LM.; Oberg, K.; Chung, D.C.; Jensen, R.T.; de Herder, W.W.; Thakker, R.V.; Caplin, M.; Delle Fave, G.; Kaltsas, G.A.;
Krenning, E.P; et al. Gastroenteropancreatic neuroendocrine tumours. Lancet Oncol. 2008, 9, 61-72. [CrossRef]

Singh, S.; Moody, L.; Chan, D.L.; Metz, D.C.; Strosberg, J.; Asmis, T.; Bailey, D.L.; Bergsland, E.; Brendtro, K.; Carroll, R.; et al.
Follow-up Recommendations for Completely Resected Gastroenteropancreatic Neuroendocrine Tumors. JAMA Oncol. 2018, 4,
1597-1604. [CrossRef] [PubMed]

Kulke, M.H.; Shah, M.H.; Benson, A.B., 3rd; Bergsland, E.; Berlin, J.D.; Blaszkowsky, L.S.; Emerson, L.; Engstrom, PE,; Fanta, P;
Giordano, T.; et al. Neuroendocrine tumors, version 1.2015. J. Natl. Compr. Cancer Netw. 2015, 13, 78-108. [CrossRef]

Mocellin, S.; Nitti, D. Gastrointestinal carcinoid: Epidemiological and survival evidence from a large population-based study
(n =25,531). Ann. Oncol. 2013, 24, 3040-3044. [CrossRef] [PubMed]

Cives, M.; Anaya, D.A.; Soares, H.; Coppola, D.; Strosberg, J. Analysis of Postoperative Recurrence in Stage I-III Midgut
Neuroendocrine Tumors. J. Natl. Cancer Inst. 2018, 110, 282-289. [CrossRef]

Singh, S.; Chan, D.L.; Moody, L.; Liu, N.; Fischer, H.D.; Austin, P.C.; Segelov, E. Recurrence in Resected Gastroenteropancreatic
Neuroendocrine Tumors. JAMA Oncol. 2018, 4, 583-585. [CrossRef] [PubMed]

Chan, D.L.; Moody, L.; Segelov, E.; Metz, D.C.; Strosberg, ].R.; Pavlakis, N.; Singh, S. Follow-Up for Resected Gastroenteropancre-
atic Neuroendocrine Tumours: A Practice Survey of the Commonwealth Neuroendocrine Tumour Collaboration (CommNETS)
and the North American Neuroendocrine Tumor Society (NANETS). Neuroendocrinology 2018, 107, 32—41. [CrossRef]

Strosberg, ].R.; Halfdanarson, T.R.; Bellizzi, A.M.; Chan, J.A ; Dillon, J.S.; Heaney, A.P,; Kunz, P.L.; O'Dorisio, T.M.; Salem, R.;
Segelov, E.; et al. The North American Neuroendocrine Tumor Society Consensus Guidelines for Surveillance and Medical
Management of Midgut Neuroendocrine Tumors. Pancreas 2017, 46, 707-714. [CrossRef] [PubMed]

Knigge, U.; Capdevila, J.; Bartsch, D.K.; Baudin, E.; Falkerby, J.; Kianmanesh, R.; Kos-Kudla, B.; Niederle, B.; van Dijkum, E.N;
O'Toole, D.; et al. ENETS Consensus Recommendations for the Standards of Care in Neuroendocrine Neoplasms: Follow-Up and
Documentation. Neuroendocrinology 2017, 105, 310-319. [CrossRef]

Shah, M.H.; Goldner, W.S.; Benson, A.B.; Bergsland, E.; Blaszkowsky, L.S.; Brock, P.; Chan, J.; Das, S.; Dickson, P.V,; Fanta, P;
et al. Neuroendocrine and Adrenal Tumors, Version 2.2021, NCCN Clinical Practice Guidelines in Oncology. J. Natl. Compr.
Cancer Netw. 2021, 19, 839-868. [CrossRef]

Pavel, M.; Oberg, K.; Falconi, M.; Krenning, E.P.; Sundin, A.; Perren, A.; Berruti, A. Gastroenteropancreatic neuroendocrine
neoplasms: ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up. Ann. Oncol. 2020, 31, 844-860. [CrossRef]
[PubMed]

National Research Council. Health Risks from Exposure to Low Levels of lonizing Radiation: BEIR VII Phase 2; National Academic
Press: Washington, DC, USA, 2006.

Brenner, D.J.; Hall, E.J. Computed tomography—An increasing source of radiation exposure. N. Engl. J. Med. 2007, 357, 2277-2284.
[CrossRef]

Siegel, J.A.; Greenspan, B.S.; Maurer, A.H.; Taylor, A.T.; Phillips, W.T.; Van Nostrand, D.; Sacks, B.; Silberstein, E.B. The BEIR VII
Estimates of Low-Dose Radiation Health Risks Are Based on Faulty Assumptions and Data Analyses: A Call for Reassessment.
J. Nucl. Med. 2018, 59, 1017-1019. [CrossRef] [PubMed]


https://doi.org/10.1016/S1470-2045(07)70410-2
https://doi.org/10.1001/jamaoncol.2018.2428
https://www.ncbi.nlm.nih.gov/pubmed/30054622
https://doi.org/10.6004/jnccn.2015.0011
https://doi.org/10.1093/annonc/mdt377
https://www.ncbi.nlm.nih.gov/pubmed/24050954
https://doi.org/10.1093/jnci/djx174
https://doi.org/10.1001/jamaoncol.2018.0024
https://www.ncbi.nlm.nih.gov/pubmed/29543939
https://doi.org/10.1159/000488394
https://doi.org/10.1097/MPA.0000000000000850
https://www.ncbi.nlm.nih.gov/pubmed/28609356
https://doi.org/10.1159/000458155
https://doi.org/10.6004/jnccn.2021.0032
https://doi.org/10.1016/j.annonc.2020.03.304
https://www.ncbi.nlm.nih.gov/pubmed/32272208
https://doi.org/10.1056/NEJMra072149
https://doi.org/10.2967/jnumed.117.206219
https://www.ncbi.nlm.nih.gov/pubmed/29475999

Cancers 2024, 16, 427 90f9

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Sodickson, A.; Baeyens, P.F; Andriole, K.P; Prevedello, L.M.; Nawfel, R.D.; Hanson, R.; Khorasani, R. Recurrent CT, cumulative
radiation exposure, and associated radiation-induced cancer risks from CT of adults. Radiology 2009, 251, 175-184. [CrossRef]
[PubMed]

Mettler, FA., Jr.; Huda, W.; Yoshizumi, T.T.; Mahesh, M. Effective doses in radiology and diagnostic nuclear medicine: A catalog.
Radiology 2008, 248, 254-263. [CrossRef]

Stern, S. What’s NEXT? Nationwide Evaluation of X-ray Trends: 2000 computed tomography. In Proceedings of the Conference
of Radiation Control Program Directors, Frankfort, KY, USA, 17 May 2007.

Deak, P.D.; Smal, Y.; Kalender, W.A. Multisection CT protocols: Sex- and age-specific conversion factors used to determine
effective dose from dose-length product. Radiology 2010, 257, 158-166. [CrossRef] [PubMed]

Mattsson, S.; Johansson, L.; Leide Svegborn, S.; Liniecki, ].; Nofske, D.; Riklund, K.A.; Stabin, M.; Taylor, D.; Bolch, W.; Carlsson,
S.; et al. ICRP Publication 128: Radiation Dose to Patients from Radiopharmaceuticals: A Compendium of Current Information
Related to Frequently Used Substances. Ann. ICRP 2015, 44, 7-321. [CrossRef]

Alessio, A. Nuclear Medicine Radiation Dose Tool. Available online: http:/ /www.snmmi.org/ClinicalPractice /doseTool.aspx?
ItemNumber=11216&navIitemNumber=11218 (accessed on 6 June 2022).

Boellaard, R.; Delgado-Bolton, R.; Oyen, W.].; Giammarile, F; Tatsch, K.; Eschner, W.; Verzijlbergen, EJ.; Barrington, S.E,; Pike, L.C,;
Weber, W.A; et al. FDG PET/CT: EANM procedure guidelines for tumour imaging: Version 2.0. Eur. J. Nucl. Med. Mol. Imaging
2015, 42, 328-354. [CrossRef]

Walker, R.C.; Smith, G.T; Liu, E.; Moore, B.; Clanton, J.; Stabin, M. Measured human dosimetry of 68Ga-DOTATATE. J. Nucl. Med.
2013, 54, 855-860. [CrossRef]

Pierce, D.A.; Preston, D.L. Radiation-related cancer risks at low doses among atomic bomb survivors. Radiat. Res. 2000, 154,
178-186. [CrossRef]

Cardis, E.; Vrijheid, M.; Blettner, M.; Gilbert, E.; Hakama, M.; Hill, C.; Howe, G.; Kaldor, J.; Muirhead, C.R.; Schubauer-Berigan,
M.; et al. The 15-Country Collaborative Study of Cancer Risk among Radiation Workers in the Nuclear Industry: Estimates of
radiation-related cancer risks. Radiat. Res. 2007, 167, 396-416. [CrossRef] [PubMed]

Strosberg, J.R.; Cheema, A.; Weber, ].M.; Ghayouri, M.; Han, G.; Hodul, PJ.; Kvols, L.K. Relapse-free survival in patients with
nonmetastatic, surgically resected pancreatic neuroendocrine tumors: An analysis of the AJCC and ENETS staging classifications.
Ann. Surg. 2012, 256, 321-325. [CrossRef]

Kim, TJ.; Lee, Y.C.; Min, Y.W.; Lee, H.; Min, B.H,; Lee, ]. H.; Won, H.H.; Song, K.D.; Jeong, W.K_; Kim, J.J. Risk of Second Primary
Malignancies among Patients with Early Gastric Cancer Exposed to Recurrent Computed Tomography Scans. Cancers 2021,
13,1144. [CrossRef] [PubMed]

Patel, N.; Barbieri, A.; Gibson, J. Neuroendocrine Tumors of the Gastrointestinal Tract and Pancreas. Surg. Pathol. Clin. 2019, 12,
1021-1044. [CrossRef] [PubMed]

Sundin, A.; Arnold, R.; Baudin, E.; Cwikla, J.B.; Eriksson, B.; Fanti, S.; Fazio, N.; Giammarile, F; Hicks, R].; 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. [CrossRef]

Marcu, L.G.; Chau, M.; Bezak, E. How much is too much? Systematic review of cumulative doses from radiological imaging and
the risk of cancer in children and young adults. Crit. Rev. Oncol. Hematol. 2021, 160, 103292. [CrossRef]

Lee, KH.; Lee, S.; Park, ].H.; Lee, S.S.; Kim, H.Y.; Lee, W.J.; Cha, E.S.; Kim, K.P; Lee, W.; Lee, ].Y.; et al. Risk of Hematologic
Malignant Neoplasms from Abdominopelvic Computed Tomographic Radiation in Patients Who Underwent Appendectomy.
JAMA Surg. 2021, 156, 343-351. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1148/radiol.2511081296
https://www.ncbi.nlm.nih.gov/pubmed/19332852
https://doi.org/10.1148/radiol.2481071451
https://doi.org/10.1148/radiol.10100047
https://www.ncbi.nlm.nih.gov/pubmed/20851940
https://doi.org/10.1177/0146645314558019
http://www.snmmi.org/ClinicalPractice/doseTool.aspx?ItemNumber=11216&navItemNumber=11218
http://www.snmmi.org/ClinicalPractice/doseTool.aspx?ItemNumber=11216&navItemNumber=11218
https://doi.org/10.1007/s00259-014-2961-x
https://doi.org/10.2967/jnumed.112.114165
https://doi.org/10.1667/0033-7587(2000)154[0178:RRCRAL]2.0.CO;2
https://doi.org/10.1667/RR0553.1
https://www.ncbi.nlm.nih.gov/pubmed/17388693
https://doi.org/10.1097/SLA.0b013e31824e6108
https://doi.org/10.3390/cancers13051144
https://www.ncbi.nlm.nih.gov/pubmed/33800037
https://doi.org/10.1016/j.path.2019.08.007
https://www.ncbi.nlm.nih.gov/pubmed/31672292
https://doi.org/10.1159/000471879
https://doi.org/10.1016/j.critrevonc.2021.103292
https://doi.org/10.1001/jamasurg.2020.6357

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	References

