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Background: Tuberous sclerosis complex (TSC) is a genetic condition that

causes benign tumors to grow in multiple organ systems. Nonfunctional pancreatic

neuroendocrine tumors (PNETs) are a rare clinical feature of TSC with no specific

guidelines outlined for clinical management at this time. Our purpose is to calculate

the frequency of nonfunctional PNETs as well as characterize the presentation, current

clinical management, and assess the impact of systemic mammalian target of rapamycin

(mTOR) on nonfunctional PNETs in TSC.

Methods: This retrospective chart review was performed by a query of the TS Alliance’s

Natural History Database and the Cincinnati Children’s Hospital TSC Database for

patients with nonfunctional PNET. Clinical data from these two groups was summarized

for patients identified to have a nonfunctional PNET and compared to previously reported

cases with TSC and nonfunctional PNETs.

Results: Our calculated frequency of nonfunctional PNETs is 0.65%. We identified 16

individuals, nine males and seven females, with a median age of 18.0 years (interquartile

range: −15.5 to 25.5). Just over half (56.3%, n = 9) of the patients provided results

from genetic testing. Six had pathogenic variants in TSC2 whereas three had pathogenic

variants in TSC1. The average age at PNET diagnosis was 15.0 years (range: 3–46 years).

Almost all individuals were diagnosed with a PNET during routine TSC surveillance,

56.3% (n = 9) by MRI, 12.5% (n = 2) by CT, 25% (n = 4) by ultrasound, and 6.2%

(n = 1) through a surgical procedure. Follow up after diagnosis involved 68.8% (n = 11)
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having serial imaging and nine of the sixteen individuals proceeding with surgical removal

of the PNET. Eight individuals had a history of using systemic mTOR inhibitors. Tumor

growth rate was slightly less in individuals taking an mTOR inhibitor (−0.8 mm/yr, IQR:

−2.3 to 2.2) than those without (1.6 mm/yr; IQR: −0.99 to 5.01, p > 0.05).

Conclusions: Nonfunctional PNETs occurred at younger ages in our TSC cohort and

more commonly compared to ages and prevalence reported for the general population.

PNETs in patients on systemic mTOR inhibitors had lower rates of growth. The outcome

of this study provides preliminary evidence supporting the use of mTOR inhibitor therapy

in conjunction with serial imaging as medical management for nonfunctional PNETs as

an alternative option to invasive surgical removal.

Keywords: pancreatic neuroendocrine tumor, nonfunctional, tuberous sclerosis, surveillance, abdominal imaging

INTRODUCTION

Tuberous sclerosis complex (TSC) is a rare, multi-system genetic

condition that causes benign tumors to grow in the brain and in

other vital organs, such as skin, kidneys, heart, lungs, and eyes.
The estimated incidence of TSC is one in ∼11,000 live births
(1). The clinical presentation of TSC has significant inter- and
intra-familial variability that leads to a spectrum of severity seen
amongst affected individuals (2, 3). TSC is caused by mono-
allelic pathogenic variants in TSC1 or TSC2, which encode
for hamartin and tuberin, respectively (4, 5) TSC1 pathogenic
variants causes 26% of the cases and TSC2 pathogenic variants
causes 69% of the cases. In general, TSC2 pathogenic variants
tend to be associated with a more severe clinical presentation and
account for the majority of de novo cases of TSC (6). Surveillance
recommendations for TSCwere established in 2012 and called for
all individuals with TSC to have routine brain MRIs to monitor
for the emergence of subependymal giant cell astrocytomas
(SEGA) and abdominal MRIs to monitor for the emergence
and/or progression of kidney findings, which include renal cysts
and angiomyolipomata (2). Serial abdominal imaging of this
patient population has led to an increase in the identification of
pancreatic masses that are presumed to reflect neuroendocrine
tumors (PNETs) (7–12).

According to the recent 2019 WHO classification system,
pancreatic neuroendocrine neoplasias (PNEN) are classified as
either PNET or poorly differentiated Pancreatic Neuroendocrine
carcinoma (PNEC) (13). These are two different entities are
determined based on the degree of cellular differentiation (i.e.,
Ki-67 value) that present with different genetic etiologies, as
well as clinical presentation, radiological features, treatment
and prognosis (12, 14). Sporadic PNETs are extremely rare
with an annual incidence of 0.43 in 100,000 (15–17). Ten
percent of PNETs present in association with genetic syndromes
including Multiple Endocrine Neoplasia Type I (MEN-1),
Neurofibromatosis Type 1 (NF-1), TSC, and von Hippel-
Lindau (VHL) (18–22). Tumor grading and staging are the two
most important aspects that define management for PNETs.
Depending upon their hormone production, PNEN can also
be classified as functional or nonfunctional, with the former
presenting earlier during the clinical course due to the symptoms

associated with abnormal hormonal production and often
require special molecular imaging techniques for localization
(23). Insulinomas are the most common functional PNETs,
followed by gastrinomas and VIPomas (12, 24). Nonfunctional
tumors present later during their clinical course, and rarely
present with symptoms. When they are present, they are
usually associated with local invasion. Often, nonfunctional
tumors are diagnosed incidentally during surveillance for other
conditions, such as the one established for TSC (25–27).
Somatostatin receptor scintigraphy (SRS) and single-photon
emission computed tomography (SPECT) are good techniques
for initial staging of PNETs with 68Ga-labeled somatostatin
analogs having the highest sensitivity and specificity for
noninsulinoma PNETs and glucagon-like peptide 1 (GLP-1)
receptor analogs scintigraphy for patients with insulinomas (24).
For well-differentiated grade 1 and 2 that are bigger than 2 cm,
growing faster than 0.5 cm in 6–12 month time frame, or
Grade 3 is an indication for surgery. mTOR inhibitors seem
promising in the medical management of Grade 3 tumors.
Surgical resection is indicated in cases of large tumors, rapidly
growing or poorly differentiated Grade 3 PNEC (14). For well-
differentiated, Grade 1 and 2 nonfunctional PNETs <2 cm and
growing <0.5 cm during 6–12 month time frame conservative
management is recommended with follow up imaging (CT
or MRI); however, prospective studies are needed to further
define surgical intervention, as early removal of this lesions
may be associated with better long term outcomes (24, 28).
The 5-year progression free survival for incidentally diagnosed
nonfunctional PNETs is 86%, compared to 59% in symptomatic
functional tumors (26).

More than 40 cases of PNETs have been reported in
association with TSC. Of those, 21 are functional and 19 are
nonfunctional with more than 15 nonfunctional PNET cases
being reported after 2012 (7–10, 29–37). Previous case series
reported on the presence of both functional and nonfunctional
PNETs in association with TSC (9, 34). Extrapolating data from
these case series, the estimated prevalence of both functional
and nonfunctional PNETs in patients with TSC is 4–9% (9,
34). Previously, a prevalence of 1% of PNETs in association
with TSC (38). Since the publication of the 2012 surveillance
recommendations, however, there has been a rise in the number
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of case reports of nonfunctional PNETs in individuals with TSC.
As there is a lack of surveillance guidelines for management of
nonfunctional PNETs specifically in relation to TSC, individuals
may be receiving surgical intervention unnecessarily or earlier
than needed based on size and growth rate. Unlike the previously
mentioned genetic conditions, the use of mammalian target of
rapamycin (mTOR) is indicated for TSC to reduce the size
of TSC-related tumors. The use of mTOR inhibitors may be
impact the growth or size of nonfunctional PNET growth.
Unfortunately, there is limited data available about impact of
mTOR inhibitors on TSC- associated PNETs.

This report focuses on nonfunctional PNETs in association
with TSC, primarily diagnosed as incidental findings on routine
surveillance for renal angiomyolipomas after the establishment
of the surveillance guidelines in 2012. As functional PNETs
are often diagnosed before being apparent on abdominal MRI
and management depends upon presence of symptoms, we
did not focus our analysis on these tumors. Our overall
objective is to raise awareness and educate clinicians on the
emerging pancreatic phenotype observed in the TSC population
in the hopes of improved clinical decision making regarding
nonfunctional PNETs in TSC, thereby optimizing clinical
outcomes that can lead to an improved quality of life. The
purposes of our study were to: (1) Clinically characterize
nonfunctional PNETs in a large population of patients with TSC,
(2) Evaluate the impact of mTOR inhibitors on tumor growth,
and (3) Review medical management reported in our case series,
in conjunction with the reports in the medical literature, to
summarize the current management and treatment regimens for
nonfunctional PNETs.

MATERIALS AND METHODS

In this case series, we extracted individuals with a diagnosis
of TSC and nonfunctional PNET from two separate databases.
The study design and data gathering process were developed
by the authors and approved by the Institutional Review Board
of University of Texas Health Science Center at Houston
(HSC-MS-19-0273) and Cincinnati Children’s Hospital Medical
Center (IRB #2012-2317). Data collection was performed from
June 2019–August 2019. For individuals in the case series,
each respective clinic site completed our author-designed
questionnaire. All data was de-identified prior to being exported
to the authors.

Study Sample
Based on the prevalence of TSC (1:11.000) and the anticipated
low frequency of PNETs in TSC subjects, participants were
obtained through two databases: TS Alliance’s Natural History
Database and the Cincinnati Children’s Hospital TSC Database
(Figure 1). Specifically, the TS Alliance’s Natural History
Database is comprised of individuals with TSC among 18U.S-
based clinical sites. For each database, a single person extracted
individuals that met our inclusion criteria. Our inclusion criteria
include a clinical and/or molecular diagnosis of TSC as well as
the presence of a nonfunctional PNET. Individuals were excluded
from our study if they did not have a clinical or molecular

diagnosis of TSC, functional PNET, or had a secondary diagnosis
of a condition that is associated with an increased risk of PNETs,
such as NF-1, VHL, or MEN-1. Once identified as eligible for
inclusion, we cross-compared multiple, individual-specific data
points between the two clinical databases as well as the medical
literature to ensure each subject in the new cohort was unique.

Data Collection
The questionnaire completed by each respective clinic site
included questions regarding supplemental demographics, PNET
characteristics, serial imaging of nonfunctional PNETs, as well
as previous or current use of a systemic mTOR inhibitor.
Specifically, demographic data included current age, sex, age
of TSC diagnosis, and clinical vs. molecular diagnosis. PNET
data included age of diagnosis, imaging modality that lead to
the PNET diagnosis, location of PNET, functionality, number
of tumors, and reported clinical vs. surgical management.
For available individuals, serial images were obtained for
the nonfunctional PNET. All available imaging reports were
reviewed to extract the date of evaluation, modality (CT vs. MRI
vs. ultrasound) and the diameter of the tumor(s) in mm. Lastly,
we obtained the start and stop date for any individual with a
history or current use of a systemic mTOR inhibitor.

Statistical Analysis
Descriptive statistics were performed with categorical data
described as frequencies (and percentages) and continuous data
described as medians (interquartile ranges (IQR) and ranges).
Pearson correlation coefficients was calculated to assess the linear
correlation between the nonfunctional PNET size at time of
diagnosis of the PNET and patient age. The data from patients
that had nonfunctional PNET size information from two or more
scans was set up as panel data and analyzed as a longitudinal
dataset. Generalized linear mixedmodels were utilized to identify
temporal changes in the size of the PNET (dependent variable)
while adjusting for age of the patient, pancreatic location of
the PNET and the use of mTOR inhibitors at the time of the
scan. Estimates temporal trends were described for the variables
along with 95% confidence intervals. Statistical significance was
assumed at a Type I error rate of 5%. All analyses were performed
in Stata (v.14, College Station, Texas).

RESULTS

Eighteen TSC patients with nonfunctional PNET were identified
in the TS Alliance’s Natural History Database (n = 14) and
the Cincinnati Children’s Hospital TSC Database (n = 4). We
excluded one report from the TS Alliance’s Natural History
Database (n = 13) from the final analysis due to lack of
information, but this report was included in the frequency
calculation. Furthermore, a duplicated report was identified
between the TS Alliance’s Natural History Database and the
Cincinnati Children’s Hospital TSC Database. The duplicated
report was removed from the TS Alliance’s Natural History
Database (n = 12) and from the frequency calculation. In our
series, 0.65% (17/2,580) of patients have a nonfunctional PNET
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FIGURE 1 | Study flow chart and patient selection process.

TABLE 1 | Clinical information of subjects with TSC diagnosed with nonfunctional PNET in our case series.

Patient # TSC1/TSC2 Variant Variant

classification

Age of at

PNET Dx

(years)

Sex Location Diameter

at Dx

Hx of

mTOR

Surgery Serial

MRI

Serial

CT

Ultrasound

1 TSC1 9>0insT12956 Pathogenic 8 M Head 1.0 cm Yes No X X X

2 – – – 13 M Tail 1.4 cm Yes No X X X

3 TSC2 3 bp deletion of AAG VUS 16 F Body 0.7 cm Yes No X X X

4 TSC1 c.228 C>T Pathogenic 3 F Body 0.7 cm No No X X X

5 TSC2 c.3281C>A Pathogenic 15 F Body 1.9 cm No No X X X

6 – – – 46 M Body Unknown No Yes X X X

7 TSC2 c.4279delA Pathogenic 12 M Tail 1.7 cm No Yes X X X

8 TSC2 3 bp deletion of CAT;

c.1108C>T

Pathogenic;

Benign

21 F Body 4.1 cm Yes Yes – – –

9 TSC1 c.330insT Pathogenic 7 M Tail 1.2 cm No Yes X X X

10 – – – 9 F Tail 1.5 cm No Yes X X X

11 – – – 6 M Tail 2.0 cm Yes Yes X X X

12 – – – 10 F Body 1.0 cm Yes Yes – – –

13 TSC2 c.4646 A>G Pathogenic 18 M Body 1.1 cm No Yes X X X

14 – – – 15 M Tail 2.3 cm No Yes – – –

15 TSC2 c.5238_5255del18 Pathogenic 9 F Head 1.6 cm Yes No X X X

16 – – – 32 M Head 3.8 cm Yes Unknown – – –

X, receiving imaging follow up; X, not receiving imaging follow up; –, no information provided.

(Table 1). Table 2 summarizes the 13 publications that describe
19 patients with TSC and nonfunctional PNET.

Demographics
At the time of data extraction, the median age was 18.0
years (range 3–55 years, IQR: 15.5–25). Table 3 shows the
demographics, age of PNET diagnosis, and method of diagnosis
in the case series and the individuals reported in the medical
literature with a nonfunctional PNET and TSC. In the case series,
sex was relatively equal with 56.3% (n = 9) male and 43.7% (n

= 7) female. The age of TSC diagnosis was available for 14 of
the patients. Most (n = 9, 64%) were diagnosed with TSC at
<1 year of age with a median age of diagnosis of 8.5 months
(range: 1 month to 7 years; IQR 3.5 months to 1 year). Results
from genetic testing were available for just over half (56.3%, n
= 9) of the patients. Information on TSC1 and TSC2 variants is
in Table 1.

In the case series, half of the individuals (n = 8) had a history
of treatment with a systemic mTOR inhibitor (oral everolimus or
sirolimus). Of those, 63% (n= 5) used a systemicmTOR inhibitor
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TABLE 2 | Clinical information from individuals with TSC diagnosed with nonfunctional PNETs reported in the medical literature.

Publication TSC1/TSC2 Exon/c. Age at PNET

Dx

Sex Location Single/Multiple Diameter Management

Ilgren et al. (35) Unknown – 23 years F – Single – Discovered during autopsy

Verhoef et al. (36) TSC2 Exon 12 12 years M Tail Single 9.5 cm Malignant, surgical removal

Francalanci et al. (30) TSC2 Exon 33 6 years M Body/Tail Single – Malignant, surgical removal

Merritt et al. (29) TSC2 1 bp insertion at

position 45-46

39 years M Body/Tail Multiple – Surgical removal

Larson et al. (34) Unknown – 39 years M Tail Single 4.8 cm Cystic

Unknown – 48 years M Tail Single 3.7 cm Cystic and enlarged by 25%

in 5 years

Unknown – 51 years F – – – Discovered during autopsy

van den Akker et al.

(33)

Unknown – – M Unknown Single – Surgical removal

Diaz et al. (32) Unknown – 31 years M Tail Single 2.3 cm Surgical removal

Arva et al. (31) TSC2 Transition A>G in

IVS17-2

15 years M Body, Tail Multiple 8.2 cm

1.2 cm

Malignant, surgical removal

Bombardieri et al. (7) TSC2 c.5160+2_5160+3insT 10 years M Head Single 3.3 cm Surgical removal

Mortaji et al. (8) TSC1 Exon 15

c.1530_1531delCA

35 years F Tail Single 1.1 cm Surgical removal

Koc et al. (9) Unknown – 12 years M Tail Single 1 cm Surgical removal

Unknown – 5 years M Tail Single 2.6 cm Reduced in size on

everolimus and then surgical

removal

Unknown – 19 years F Body Single 2.7 cm Clinical observation; stable

size on everolimus

Unknown – 13 years M Tail Single 4.0 cm Clinical observation;

reduced in size on

everolimus

Unknown – 14 years M Tail Single 0.2 cm Clinical observation

Mehta et al. (10) TSC1 Exon 10

c.989dupT

3 years M Body Single 0.4 cm Surgical removal at 1 cm

Amarjothi et al. (11) Unknown – 17 years F Head Single 2.5 cm Surgical removal

during the time of image acquisition in which the nonfunctional
PNET was identified and/or followed serially (Figure 2).

Genetic Testing Results
Just over half (56.3%, n = 9) of the patients provided results
from genetic testing and 43.7% (n = 7) either did not undergo
genetic testing and/or did not provide results from genetic testing
(Table 1). Of the nine individuals who provided results from
genetic testing, four variants were found in TSC1, and six variants
were identified in TSC2. There was one individual who was found
to have a one pathogenic variant and one benign variant in TSC1.
Of the 4 variants identified in TSC1, three were classified as
pathogenic and one was classified as benign. Of the six variants
identified in TSC2, five were classified as pathogenic and one was
classified as a variant of uncertain significance (VUS).

Imaging Modality of PNET Identification
In the case series, the median age of nonfunctional PNET
diagnosis was 12.5 years with a range from 3 to 46 years of age
(IQR: 8.5–17) (Table 3). Most individuals (93.8%, n = 15) had
their tumors incidentally identified on routine imaging. MRI was
the modality on which PNET was more commonly identified

(n = 9, 56.3%), followed by ultrasound (n = 4, 25%) and CT
(n = 2, 12.5%). One individual’s tumor was diagnosed during
a distal pancreatectomy and splenectomy. The location of the
PNET was 43.8% (n = 7) in the body of the pancreas, 37.5%
(n = 6) in the tail of the pancreas, and 18.7% (n = 3) in the
head of the pancreas. Of note, the diagnosis of the nonfunctional
PNET was delayed in 3 patients. Retrospective review of prior
imaging revealed the presence of the nonfunctional PNET on a
previous imaging series. In these 3 cases, the sizes of the missed
PNETs were 8mm on MRI (diagnosed a year later at 11mm on
MRI), 13mm onMRI (diagnosed 3 years later at 15mm onMRI)
and 43mm on MRI (diagnosed a year later at 41mm on CT).
Figures 3A–D represents the initial and subsequent abdominal
MRIs of a nonfunctional PNET that was not diagnosed on the
original imaging.

Follow-Up Management and Tumor Growth
Over half of the individuals (n = 9) underwent surgical
intervention for their nonfunctional PNET. Surgical status was
unknown for one patient. Due to the retrospective nature of this
study, the clinical indication for the surgeries was not reported
to the authors. Clinical imaging follow-up was available for
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TABLE 3 | Demographic information of patients in this case series and published

case reports.

Frequency, n (%)†

Case series Reported cases

(n = 16) (n = 19)

Age at data collection

≤19 years 10 (62.5) 62.5 (11)

20–39 years 4 (25) 25 (5)

40–59 years 2 (12.5) 12.5 (2)

Sex

Male 9 (56.3) 56.3 (14)

Female 7 (43.7) 43.7 (5)

Age at TSC diagnosis

0–11 months 8 (57.1) 57.1 (2)

1–3 years 5 (31.3) 31.3 (2)

≥4 years 1 (6.2 ) 6.2 (4)

Unknown 2 (12.5) 12.5 (11)

Molecular diagnosis of TSC

Yes 8 (50.0) 50.0 (7)

No or unknown 8 (50.0) 50.0 (12)

Age at PNET diagnosis, years, median (IQR)* 12.5 (8.5 - 17) 16 (12 - 34)

Age of PNET diagnosis

≤10 years 7 (43.8) 43.8 (4)

11–20 years 6 (37.5) 37.5 (7)

21–30 years 1 (6.2) 6.2 (1)

31–40 years 1 (6.2 ) 6.2 (4)

≥41 years 1 (6.2 ) 6.2 (2)

Initial diagnosis method

MRI 9 (56.3) 56.3 (8)

CT 2 (12.5) 12.5 (5)

Ultrasound 4 (25.0) 25.0 (3)

Other 1 (6.2 ) 6.2 (2)

†
Unless otherwise stated; *IQR, interquartile range.

12 patients. Of these patients, six individuals did not undergo
surgical intervention and only had serial imaging follow-up
(Table 1). MRI was used for follow-up imaging in all but one
patient. CT was solely utilized in one subject and ultrasound
was utilized for follow-up for only one patient but was used in
combination with MRI.

In the case series, data on the size of the nonfunctional PNET
at the time of diagnosis was available for 15 patients. The median
size of the PNET at that time was 15mm (interquartile range: 11–
19mm; range: 7–40mm). There was a strong positive correlation
(ρ = 0.74, 95% confidence interval = 0.37–0.91; p = 0.002)
between the age at diagnosis of the PNET and its size in our
cohort (Figure 4). A linear mixed model of our cohort data
suggested that for every year increase in the age of diagnosis,
the PNET size at the time of diagnosis was increased by 1.04mm
(95% confidence interval= 0.47–1.60 mm).

Twelve of the sixteen total patients had two or more imaging
studies performed where the PNET could be visualized and
measured longitudinally. The average rate of change of the

PNET was an increase of 2.0 mm/year but varied considerably
from person to person and even within a person over time
(Figure 2). Overall, the median rate of change per patient was
1.02 mm/year (IQR: 0.0–5.02) and ranged from a decrease in
size of 5.7 mm/year to an increase of 13 mm/year, with standard
deviations for these individual patient size changes ranging from
1.4 to 11.0 mm/year. Panel data analysis using mixed models
that adjusted for age of the patient and use of mTOR inhibitors,
identified an independent effect of time on the size of the PNET,
with an average increase of 0.95mm per year (95% CI: 0.54–
1.36mm). When adjusted for the age of the patient and location
of the PNET, the mixed models also demonstrated an association
between mTOR use and the size of the PNET with patients on
mTOR inhibitors having PNETs that were smaller compared
to the size measured in patients not taking mTOR inhibitors
(difference of 5.5mm, 95% CI: 2.1–9.0mm) (Figure 2).

We had information on 12 subjects regarding tumor growth
over time. Of those, five were on systemic mTOR therapy. Three
demonstrated a decrease in the tumor size (subjects 1, 11, and 15),
one was stable (subject 16), and one demonstrated an increase in
tumor size (subject 3). Of the 7 without any mTOR treatment,
4 showed a spontaneous decrease in tumor size (2, 8, 9, and 13)
at some points in time but growth at other time points. Tumor
growth rate was slightly less in individuals taking an mTOR
inhibitor (−0.8 mm/yr, IQR:−2.3 to 2.2) than those without (1.6
mm/yr; IQR:−0.99 to 5.01) but the difference was not statistically
significant (p > 0.05).

DISCUSSION

This case series reports 16 new cases of nonfunctional PNETs
in association with TSC. New cases were identified from the
TS Alliance’s Natural History Database that follows 2,223 TSC
subjects across the United States and from Cincinnati Children’s
Hospital TSC Database that follows an additional 357 subjects.
We documented rate of growth, age of diagnosis of nonfunctional
PNETs, location, management and growth rate in the presence
and absence of mTOR inhibitors. Our study adds to the
growing literature of reported nonfunctional PNETs in hopes to
encourage the creation of consensus guidelines and utilization of
mTOR inhibitor therapy for this rare clinical feature of TSC.

Frequency
The number of reported functional and nonfunctional PNETs
associated with TSC has increased over the last decade, likely
coinciding with 2012 consensus recommendations for abdominal
MR imaging every 1–3 years to detect and monitor renal
angiomyolipoma (2). Indeed, nearly all our cases were diagnosed
as unexpected findings during recommended surveillance. The
estimated frequency of nonfunctional PNET in our case series
is 0.65%. The reported prevalence in the general population
of 0.003% (15, 16, 39). Whereas, the prevalence reported
for PNET in association with other genetic syndromes such
as MEN-1, VHL, and NF-1 is 80%, 9–17%, and <10%,
respectively (18–22, 40).
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FIGURE 2 | Diameter trend of PNET in subjects from the TS Alliance’s Natural History Database and the Cincinnati Children’s Hospital TSC Database. Asterisk

indicates that Subject 16 started and stopped an mTOR inhibitor therapy between imaging and never had any imaging performed while actively taking an mTOR

inhibitor.

Delayed Diagnosis
Prior single center TSC studies have estimated PNET prevalence
of nonfunctional and functional PNETs to be between 4 and
9% (9, 34). The TS Alliance’s Natural History Database and
the Cincinnati Children’s Hospital TSC Database utilized in
our study provided a starting cohort much larger in size
and representative of patients with TSC across many different
TSC centers in the United States, but did have the limitation
that identification of PNET cases in our study depended on
numerous outside radiologists’ recognition and reporting of
PNET in final imaging reports rather than study-specific review
of the individual’s imaging. As a result, our study identified
that 3/16 (19%) tumors in our cohort were retrospectively
found to be present on prior imaging but were not identified
or reported initially. The tumor diameter differences between
measurements was larger than MRI spatial resolution. Therefore,
the frequency in our study likely underestimates true frequency
of nonfunctional PNET in TSC. Under-recognition of PNETs
is important to acknowledge, as pancreatic findings are not
commonly expected in TSC, and the primary purpose for
abdominal MRI is for diagnosis and surveillance of renal findings
rather than pancreatic. Under these circumstances, radiologists
may miss small pancreatic tumors or misdiagnose them as
being pancreatic angiomyolipomas, which have been reported
in association with TSC (41). This information particularly
highlights the importance of paying special attention to the
pancreas on surveillance abdominal MRIs of individuals with
TSC and compare to previous images.

Age of Nonfunctional PNET Diagnosis
Younger individuals with TSC included in our cohort were
more likely to have abdominal MRIs in childhood given their
current age in relation with the establishment of the surveillance
guidelines in 2012. Given this, it is possible that the older
individuals with TSC could have received their diagnosis of a
nonfunctional PNET earlier through what is now standardized
surveillance recommendations. Even when considering this
limitation, PNETs in the general population occur with peak
prevalence between 70–80 years of age and are highly associated
with malignancy. Surprisingly, the average age of PNET in TSC
appears to be young (42, 43). The median age in our cohort
was 18 years at diagnosis, with 88% under the age of 40 years
and no one diagnosed older than 60 years. Prior published cases
demonstrate similar age prevalence (Table 3). Also, it is notable
that none of the previously mentioned genetic syndromes have
surveillance protocols with abdominal imaging for individuals
younger than 16 years of age; therefore, their PNET prevalence
may be under-estimated due to lack of surveillance guidelines
for younger subjects in comparison to individuals with TSC.
In comparable studies of nonfunctional PNETs associated with
MEN-1 diagnosed by endoscopic ultrasonography, the mean age
of diagnosis is 30 years (range: 13–65 years) and reports that 18%
of MEN-1 males had a diagnosis by 20 years of age (42, 43).

Genotype-Phenotype Correlations
In this study, it was difficult to arrive at conclusions on genotype-
phenotype correlations in relation to nonfunctional PNETs due
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FIGURE 3 | (A) [Upper left] Axial T2-weighted fast spin echo and (B) [Upper

right] diffusion weighted MRI images performed in a 6-year-old boy show a 1.2

× 0.8 cm hyperintense mass (arrow) in the tail of the pancreas that restricts

diffusion. Note that small cysts are also present within the left kidney. (C)

[Lower left] an Axial T2-weighted fast spin echo and (D) [Lower right] diffusion

weighted MRI images performed 3 years later show that the pancreatic tail

mass (arrow) has grown slowly and now measures 1.4 × 1.5 cm.

FIGURE 4 | PNET diameter as a function of age in TSC subjects of the TS

Alliance’s Natural History Database, the Cincinnati Children’s Hospital TSC

Database, and previously published cases.

to the limited size of this case series. Genotype information
was available in nine subjects. Six had TSC2 pathogenic
variants and 3 had TSC1 pathogenic variants (Table 1). In
previous publications, molecular diagnosis was available in 7
out of the 19 cases (Table 2). Five cases were reported having
pathogenic variants in TSC2 and two cases had TSC1 pathogenic
variants. Based on the data available from previous publications
and our case series, the proportion of nonfunctional PNET

cases due to TSC2 compared to TSC1 reflects the mutation
spectrum described in TSC rather than suggests an increased
occurrence of nonfunctional PNETs with TSC2 pathogenic
variants. Furthermore, there was not any correlation between
location or type of pathogenic variants with the likelihood of
development or clinical characteristics of nonfunctional PNETs
in our series or previously reported cases.

Management of Nonfunctional PNETs
It is difficult to ascertain if the development of TSC-
associated nonfunctional PNETs is an age-related phenomenon
that eventually will resolve as many individuals in our
cohort had their nonfunctional PNET surgically removed.
The current surgical recommendations for sporadic PNETs
are to only remove tumors over 20mm in size or that
are doubling faster (24, 44). In our cohort of patients, we
documented reduction of the size of the tumors in several
individuals over time, but there are no reports of fully self-
resolved pancreatic TSC-associated nonfunctional PNETs after
introduction of surveillance protocols. This unresolved issue
becomes particularly relevant for TSC, a condition for which
resolution of neonatal cardiac rhabdomyosarcomas is routinely
observed and lack of malignant transformation for most TSC-
related tumors (30, 36). In our cohort, there were no instances
of malignant nonfunctional PNETs, but they have been three
separate case reports by Francalanci et al. (30), Arva et al. (31),
and Verhoef et al. (36) that have documented this occurrence.
All three cases were males from 6 to 15 years old with germline
TSC2 pathogenic variants. Two of these cases documented loss
of heterozygosity (LOH) in tumor tissue (30, 36). Based on the
rare occurrence of PNET and the predominance of TSC2 cases,
it is difficult to conclude on specific associations between TSC2
and male-sex as risk factors for malignant PNETs. Like sporadic
PNETs, the recognition of malignant PNETs in association with
TSC supports the recommendations of the PNET guidelines for
long-term clinical follow up and intend surgical intervention for
tumors larger than 2.5 cm in diameter or rapidly growing tumors
(24, 44).

Interestingly, we had one documented recurrence of
nonfunctional PNET that was confirmed by the clinic site to the
authors. This instance occurred 4 years after resection of the
initial tumor. To the best of our knowledge, there are no other
reported cases of recurrent nonfunctional PNETs in association
with TSC. This highlights the importance of continuing the
surveillance for these tumors despite initial resection.

There are no reports in the medical literature of functional
transformation of nonfunctional PNETs in association with TSC.
Additionally, we have not seen this phenomenon documented
in the TS Alliance’s Natural History Database or Cincinnati
Children’s Hospital TSC Database. However, there are six reports
of transformation of nonfunctional PNETs into functional in
cases of sporadic PNETs (18, 45–48). Nahmias et al. (47)
described on three adults, two with nonfunctional PNETs
and one with a gastrinoma. All three individuals progressed
to insulinomas. Two of these cases, the individual with the
gastrinoma and one with the nonfunctional PNET, demonstrated
tumor reduction with the use of everolimus for a short period
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of time, but eventually required surgical removal. Sayki Arslan
et al. (48) reported on a PNET measuring 3.1 × 2.7 cm
that transformed into a malignant insulinoma in a 62-year-
old male. His diagnosis of nonfunctional PNET occurred 3
years before the transformation into an insulinoma. Functional
transformation remains a possibility for PNET in association
with a TSC diagnosis. Interestingly, these publications provide
additional data that argues in favor for the use of mTOR inhibitor
treatment for PNETs associated with TSC, in particular for
functional PNETs.

Tumor Growth and mTOR Inhibitor Therapy
We had information on 12 subjects regarding tumor growth
over time. Of those, five were on systemic mTOR therapy
during varying portions of the study period. It is well-known
that mTOR inhibitors have showed reduction in TSC-related
tumors across many organ systems. The tumor growth rate was
slightly less in individuals taking an mTOR inhibitor than those
without. Although, our case-series was not powered for this
comparison and the difference was not statistically significant,
the trend observed was consistent with the reported effect of
mTOR inhibitors on PNET growth in TSC and is the basis for
the recommendation of its use on advanced PNETs (49). To
better understand the natural history of these tumors and their
response to mTOR treatment, prospective studies are needed in
TSC with standardized imaging paradigms with special attention
to potential confounding factors regarding tumor growth.

Study Limitations
This descriptive report is a case series, and as such wasn’t
powered for comparative analyses, especially for comparisons
to other studies. The few comparisons we did perform within
our cohort (e.g., tumor growth rate in patients on mTOR
inhibitors and those without) were exploratory in nature, and
are presented as such. Although the analyses, including the
adjusted mixed regression models, are appropriate means of
more thoroughly describing our cohort, it should be noted
that due to the exploratory nature we have not performed any
other statistical corrections for multiple testing. Additionally, our
study design does not allow for full recognition of the presence
of age-related penetrance of PNETs in TSC and the natural
history of these tumors. Additionally, the lack of uniformity
across radiologists reading the images and modalities used
could introduce measurement error regarding the nonfunctional
PNETs size. Lastly, the source of our study sample was composed
of individuals followed at specialized centers across multiple
clinical sites in the United States, who voluntarily chose
to participate in large natural history databases. This might
result in a selection bias due to exclusion of individuals with
milder disease.

Conclusions
Based on our data, TSC-associated nonfunctional PNETs
are slow growing, and the majority appear to be benign
or nonmalignant in nature. This study provides preliminary
evidence supporting the use of mTOR inhibitor therapy in
conjunction with serial imaging as medical management for
nonfunctional PNETs as an alternative option to invasive

surgical removal. This can easily be integrated into the TSC
surveillance recommendations for abdominal MRIs every 1–3
years for monitoring of angiomyolipomas and renal cysts (2).
Furthermore, patients with TSC often have other indications for
the use of mTOR inhibitors, such as large angiomyolipomas,
SEGAs, lymphangioleiomyomatosis, or refractory epilepsy. As
described here, mTOR inhibitors may slow the rate of growth
of nonfunctional PNETs, but it remains unanswered if the
use of mTOR inhibitors should be the initial method of
medical management for nonfunctional PNETs or an alternative
to surgical removal. Other unresolved issues include the
possibility of self-resolution or associated risk factors for these
tumors including genotype-phenotype associations, age-related
penetrance, and rate of malignancy. Only then will solid
evidence-based surveillance and treatment recommendations be
possible for nonfunctional PNET occurring in the setting of TSC.
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