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Abstract
Purpose This study aimed to analyse the molecular imaging (MI) phenotype of typical carcinoid (TC) and atypical carcinoid
(AC) by 68Ga-DOTATATE (GaTATE) and 18F-FDG (FDG) PET/CT with the emphasis on its potential theranostic implications
for peptide receptor radionuclide therapy (PRRT).
Methods Retrospective review of patients with biopsy-proven TC or AC undergoing both GaTATE and FDG PET/CT at
presentation. Based on correlative CT or MRI, positive lesions on either scan were defined by uptake above liver parenchyma.
Per patientMI phenotypic pattern was classified as score 1, if all lesions were negative on both scans; score 2, if all were GaTATE
positive/FDG negative; score 3, if all lesions were GaTATE positive but some or all were also FDG positive and score 4, if there
were any GaTATE negative/FDG positive lesions. Scores 1 and 4 were deemed unsuitable for PRRT.
Results Of 56 patients (median age 66.5 years, 32 female), 22 had TC, and 34 had AC. Distant metastases were seen in 32% of
TC and 94% of AC. At a median follow-up of 37 months for TC and 38 months for AC, 100% and 63% were alive, respectively.
Median OS for AC was 56 months (95% CI 43, not reached [NR]), and TC was NR. On inter-patient dual-tracer analysis, scores
1, 2, 3 and 4 were 23%, 18%, 36% and 23% in TC and 3%, 15%, 32% and 50% inAC, respectively. In 16 patients (score 2,N = 3;
score 3,N = 12; score 4,N = 1) who were treated with PRRT, disease control rate at 3 months and OSwere, 85% and 54.6months
(95% CI 44–70), respectively.
Conclusions TC and AC showed a wide inter-patient phenotypic heterogeneity on GaTATE and FDG with around half of
patients (46% TC and 53% AC) having an unsuitable phenotype for PRRT. Dual-tracer MI phenotype can be used to select
the most suitable patients for PRRT.
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Introduction

Pulmonary neuroendocrine neoplasia (NEN) is classified ac-
cording to the degree of differentiation into well and poorly
differentiated subtypes, depending on the mitotic index and
the presence of necrosis [1, 2]. The proliferation index by Ki-
67 immunostaining is a potential meaningful marker to sepa-
rate well-differentiated from poorly differentiated NENs.
However, it is not included in the current WHO classification
criteria [3–5]. The well-differentiated group, also known as
pulmonary carcinoid or bronchial neuroendocrine tumour
(NET), includes the typical carcinoid (TC), which is consid-
ered low-grade and atypical carcinoid (AC), which is of an
intermediate-grade. The poorly differentiated group includes
large cell neuroendocrine carcinoma (LCNEC) and small cell
lung carcinoma (SCLC) [4, 6]. Although there are some sim-
ilarities between the two groups, the clinical behaviour and
prognosis of pulmonary carcinoids is completely different
from that of SCLC and LCNEC [7]. They also differ molec-
ularly, with the poorly differentiated tumours, particularly
SCLC, characteristically having loss of p53 and Rb [8].

Based on histology, approximately 60 to 80% of pulmo-
nary NEN express somatostatin receptors (SSTR) and may
therefore benefit from somatostatin receptor-based imaging
[9]. Gallium68-labelled radiopharmaceuticals, including
68Ga-DOTATOC, 68Ga-DOTANOC and 68Ga-DOTATATE
PET/CT (GaTATE-PET), have replaced 111In-pentereotide
(Octreoscan) because of their higher diagnostic accuracy,
shorter scan time and lower radiation dose. GaTATE-PET
has a higher affinity for SSTR-2; it provides accurate infor-
mation about disease sites, burden and SSTR expression
[10–13]. A high impact on management has also been dem-
onstrated by our group in the transition to GaTATE-PET [14].
On the other hand, 18F-FDG-PET/CT (FDG-PET) has a com-
plementary role in the characterization of NET, especially
those with a high proliferation index (Ki-67), which tend to
have high glycolytic metabolism but low or no SSTR expres-
sion [15]. Several studies have, however, also demonstrated a
variable degree of FDG uptake in well-differentiated pulmo-
nary NET, particularly AC [16, 17]. Molecular imaging (MI)
using both GaTATE and FDG-PET allows identification of
patients with sites of well-differentiated and poorly-
differentiated disease respectively, and it reflects disease het-
erogeneity on a whole-body basis, overcoming the limitation
of histopathology which is usually performed on a single dis-
ease site [18].

Peptide receptor radionuclide therapy (PRRT) with
radiolabelled SSTR agonists, 90Y-DOTATOC and 177Lu-
DOTATATE, has been successfully used to target metastatic
and inoperable NET [19]. The application of PRRT is guided
by diagnostic MI. Multiple studies have suggested SSTR
PET/CT uptake intensity of more than the liver is required to
indicate potential suitability of PRRT [20–23]. Patients with

FDG positive/SSTR negative imaging phenotype may have
sites of aggressive disease that cannot effectively be targeted
with PRRT [20]. The importance of using combined GaTATE
and FDG-PET has been demonstrated for gastroentero-
pancreatic (GEP) NET [24]. However, the assessment of pul-
monary NET for the suitability of PRRT using dual tracer
imaging has yet to be established.

This study aims to assess the heterogeneity of MI pheno-
type in pulmonary NET by sequential GaTATE and FDG-
PET at baseline evaluation and thereby guiding appropriate
therapy. We have also correlated the MI phenotype and semi-
quantitative uptake parameters with the histopathological sub-
type and patients’ outcome. The outcome of patients who
underwent PRRT based on detail molecular imaging charac-
terization is also described.

Materials and methods

This study is a retrospective review of patients with pulmo-
nary NEN extracted from the in-house database picture ar-
chiving and communication system (PACS) at Peter
MacCallum Cancer Centre during the period from 2006 to
2019, corresponding to the period following introduction of
LuTATE PRRT in our department. This study was conducted
after receiving the ethical approval of the Peter MacCallum
Cancer Centre Ethics Committee (HREC# 19/214R).

Inclusion criteria were met by patients with biopsy-proven,
well-differentiated pulmonary NET; TC or AC, with contem-
poraneous FDG-PET and GaTATE-PET studies at referral,
performed within 3 months. Patients with biopsy-proven,
poorly differentiated pulmonary NEN, SCLC and LCNEC,
were excluded. All pathological reports were reviewed and
classified as TC or AC according to the World Health
Organization criteria [4].

PET/CT protocol

A PET/CT hybrid system was used, including either Siemens
Biograph 64 PET/CT (Siemens Medical Solutions, Erlangen,
Germany), GE Discovery 710 PET/CT or GE Discovery 690
PET/CT (GE Healthcare, Milwaukee, WI). For GaTATE-
PET, the patients were well hydrated with water without
fasting requirements. A dose of 2.6 MBq/kg was slowly
injected over 2 min via an IV cannula. Uptake time was a
minimum of 45 min before commencing the acquisition of
the PET/CT scan. For FDG-PET, a minimum of 6 h fasting
and blood glucose level (BGL) less than 11 mmol/L was re-
quired before the injection of 18F-FDG. Patients with a
BGL > 11 mmol/L were prepared using our published insulin
protocol [25]. A dose of 3.5 MBq/kg via an IV cannula was
administered, and the patients were rested for at least 60 min
before starting the PET/CT scan. PET/CT scan was performed
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from vertex tomid-thigh; at first low dose, a non-enhanced CT
scan was acquired for attenuation correction using 120 kV
(140 kV in extra-large patients), 3.7 mm slice thickness.
PET scan was performed after low-dose CT in 3D mode at
2–4 min sequential overlapping bed positions.

Image analysis

The PET/CT studies were reviewed and interpreted by the
consensus of two experienced nuclear medicine physicians
blinded to the clinical data, using qualitative and semi-
quantitative measures using the MIM software (MIM 6.7.11;
MIM Software, Cleveland, OH).

Single-tracer analysis

FDG-avidity was graded based on simplified Deauville score
scaling with tumour uptake relative to liver uptake as follows:
0, no uptake; 1, above blood pool and less than the liver; 2,
equal to the liver; 3, moderately above the liver; 4, markedly
above the liver. As the majority of the patients had liver le-
sions, uptake above the liver background was considered as
FDG positive lesion. Therefore, uptake groups 3 or 4 were
considered FDG positive, while scores 0–2 (tracer uptake ≤
liver) were negative [26].

68Ga-DOTATATE-avidity was graded based on the mod-
ified Krenning scale as follows: 0, no uptake; 1, less than the
liver; 2, equal to the liver; 3, above the liver but less than the
spleen; 4 equal or more than the spleen or SUVmax > 30 in the
absence of a spleen. AGaTATE positive lesionwas defined as
a tracer uptake group of 3 or 4.

Tominimize the potential impact of partial volume artefact,
lesions were only considered assessable if more than 1 cm in
diameter and of non-cystic appearance. FDG and GaTATE
SUVmax of the lesions with the highest avidity were mea-
sured. FDG and GaTATE whole-body molecular imaging tu-
mour volume (MITV) were assessed using the whole-body
semi-automatically threshold method by the MIM software,
for lesions with higher than the liver SUVmean +2 standard
deviation (SD) threshold for FDG and lesions with higher than
SUVmean liver threshold for GaTATE. Two nuclear medi-
cine physicians agreed on the volumes.

Dual-tracer analysis, inter-patient

A patient-based MI phenotypic score was assigned to each
patient as follows: score 1, if all anatomical lesions suggestive
of disease were negative on both tracers; score 2, if all lesions
were GaTATE positive but FDG negative; score 3, if all le-
sions were positive on GaTate but some or all were also pos-
itive on FDG-avid; and score 4, if some or all were FDG
positive but GaTATE negative (spatially discordant disease
FDG-avidity). Patient-based dual-tracer scores 2 and 3 were

considered suitable to undergo PRRT. The rationale for this
categorisation was to mainly guide the suitability of the pa-
tients for PRRT based on having the targetable disease
(GaTATE positive lesions) and absence of non-targetable dis-
ease (spatially discordant FDG-avid lesions).

PRRT

The patients must have fulfilled institutional inclusion criteria
for PRRT including either documented imaging progression
or uncontrolled symptoms on approved medical therapies and
adequate hematologic and renal function as previously de-
tailed in prior publications from our group [27, 28]. The treat-
ment regimen typically included four cycles of 177Lu-
DOTATATE given 6–10 weeks apart. The patients with
bulky tumours > 4 cm were considered for 90Y-

Fig. 1 Consort diagram of the patients

Table 1 Patient characteristics

TC AC

Patients 22 34

Age, median (range) 63 (21–81) 68.5 (33–83)

Gender

Female (%) 13 (59) 19 (56)

Male (%) 9 (41) 15 (44)

Mitotic index, median (range) 0 (0–1) 6 (0*–15)

Necrosis (%) No necrosis 13 (38)

Ki 67, median (range) 4 (1–16) 14 (5–50)

Prior therapy

None 16 12

Surgery ± SSA 5 20

Chemotherapy 1 2

Metastatic at MI assessment (%) 7 (32%) 32 (94%)

AC atypical carcinoid, SSA somatostatin analogues, TC typical carcinoid
* Pathology showed mitotic index 0 and presence of necrosis in 2 patients
and were classified as AC
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DOTATATE for 1–2 cycles (followed by 177Lu-
DOTATATE) based on previous experience showing that
bulky disease is an adverse prognostic factor for response to
177Lu-DOTATATE PRRT [27, 29]. Each cycle of PRRT was
adminis tered with premedicat ion ant iemetic and
renoprotective amino-acid infusion. The 2nd to 4th cycles of
177Lu-DOTATATE were usually given with radiosensitising
chemotherapy, unless contraindicated [28, 30]. Response as-
sessment at 3 months post-PRRT was performed by CT and
defined by Response Evaluation Criteria in Solid Tumours
(RECIST 1.1) [31] as complete response (CR), partial re-
sponse (PR), stable disease (SD) or progressive disease (PD).

Statistical analysis

The patients’ characteristics and MI parameters are sum-
marized using the median (interquartile range [IQR]
and/or range) or basic proportions for continuous and
categorical variables, respectively. Overall survival was
recorded as the duration from the initial MI assessment
to last follow-up or death. The cut-off follow-up date
was 1st of October 2019. Fisher’s exact test was used
to compare the proportion of patients with different
dual-tracer MI phenotypes. Mann–Whitney test was
used for comparison of non-parametric continuous vari-
ables. The median overall survival (OS) was estimated
in AC and TC and demonstrated by Kaplan–Meier
curves. Due to the absence of any event in TC, corre-
lation with OS is only made in the AC cohort. The MI
parameters were divided by the median and correlated
with OS using log-rank test only in the AC group.

Results

Fifty-six patients with pulmonary NET met the inclusion
criteria (Fig. 1), with median age, 66.5 years; range,

21–83 and 32 females. The median interval time be-
tween the histopathology and MI studies was 2 months
(range 0–59, IQR 0.6–4.7 months). Twenty-two patients
had TC (mitotic index range 0–1, no necrosis and Ki67
range 1–16%), and 34 patients had AC (mitotic index
range 0–15, 38% had necrosis, Ki67 range 5–50%)
(Table 1). There were two patients with scanty mitotic
index but the presence of necrosis on histopathology,
hence classified as AC. Seventy-three percent of TC pa-
tients and 35% of AC patients had not received any treat-
ment before MI assessment (Table 1). Metastatic disease
was more common in AC patients compared with TC
patients, p < 0.0001. At a median follow-up of 37 months,
all TC patients were alive. At a median follow-up of
38 months for AC patients, 21/34 (62%) were alive, and
one patient was lost to follow-up. The median overall
survival (OS) for AC patients was estimated at 56 months
(95% CI 43, not reached) (Fig. 2).

Fig. 2 Kaplan Meier depiction of the overall survival in typical and atypical carcinoid (a) and PRRT subgroup (b)

Table 2 Single-tracer analysis

68Ga-DOTATATE intensity score (modified Krenning score)

TC AC

0 3 (14%) 1(3%)

1 6 (27%) 17 (50%)

2 – –

3 3 (14%) 6 (18%)

4 10 (45%) 10 (29%)
18F-FDG intensity score

0 3 (14%) 4 (12%)

1 6 (27%) 1 (3%)

2 – 1 (3%)

3 13 (59%) 23 (67%)

4 – 5 (15%)
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Single-tracer analysis

In TC, 13/22 (59%) patients had at least one GaTATE
positive lesion with the majority (10/13 [77%]) of high
avidity (modified Krenning score 4), but 41% did not
have any GaTATE positive lesions. While a similar pro-
portion of patients (13/22 [59%]) were FDG positive,
the intensity of uptake was generally moderate (intensity
score of 3) (Table 2).

In AC, 16/34 (47%) patients had at least one GaTATE
positive lesion, two-thirds (10/16 [63%]) of modified
Krenning score 4, but approximately half (53%) lacked any
positive lesions. The majority of patients (28/34 [82%]) were
FDG positive but also of moderate avidity (intensity FDG
score of 3) (Table 2).

Table 3 details the MI parameters of both tracers in TC and
AC. Although FDG SUVmax in AC was significantly higher
than TC (p = 0.02), no significant difference was found be-
tween GaTATE SUVmax of TC and AC (p = 0.3)
(Supplementary Fig). No significant correlation was found
between MI parameters and OS in AC patients (Table 3).

Dual-tracer analysis, inter-patient

The median time interval between the GaTATE-PET
and FDG-PET was 10 days (range 0–90 days), with
no treatment in-between the scans. On inter-patient du-
al-tracer analysis, scores 1, 2, 3 and 4 were 23%, 18%,
36% and 23% in TC and 3%, 15%, 32% and 50% in
AC, respectively (Table 4, Figs. 3, 4, 5 and 6). On
dual-tracer analysis, while the proportion of patients
GaTATE negative/FDG negative (score 1) was more
common in TC (23% in TC vs. 3% in AC, p 0.03),
the distribution of other MI phenotypes (scores 2, 3
and 4) was not statistically significant (Supplementary
Fig. 1). Overall, 54% of patients with TC and 47% of
patients with AC had a suitable MI phenotype for
PRRT (Table 4).

Dual-tracer analysis, intra-patient

A third of all patients (19/56, 34%) demonstrated tumour het-
erogeneity with more than oneMI lesion phenotype (Table 4).
MI tumour heterogeneity was seen in a similar proportion of
TC and AC, 7/22 (32%) and 12/34 (35%), respectively. All
patients in the heterogeneous group showed sites of FDG-avid
disease; 11/19 (58%) patients had concordantly GaTATE pos-
itive lesions, and 8/19 (42%) had one or more discordantly
GaTATE negative/FDG positive lesions (Fig. 7) rendering
them MI phenotypic score 4.

Patients received PRRT

Of the 56 bronchial NET patients, 16 patients (4 TC and
12 AC) were treated with PRRT. The majority (94%) of the

Table 3 Semi-quantitative
analysis of 68Ga-DOTATATE
and 18F-FDG PET/CT

Median TC AC p

68Ga-DOTATATE SUVmax 14.9 (range 1–70) 8.2 (range 1.6–99) 0.3

OS by median SUVmax < 8.2 vs ≥ 8.2 0.6
18F-FDG SUVmax 3.7 (range 1.2–13.3) 6.3 (range 1.6–29) 0.02*

OS by median SUVmax < 6.3 vs ≥ 6.3 0.4
68Ga-DOTATATE MITV 19 (range 1–1500) 51 (range 1–3333) 0.2

OS by median MITV (mL) < 51 vs ≥ 51 0.2
18F-FDG MITV 20 (range 1–600) 53.5 (range 1–3200) 0.3

OS by median MITV (mL) < 53 vs ≥ 53 0.1

MITV molecular imaging tumour volume

*Statistically significant

Table 4 Dual-tracer analysis

Inter-patient

MI phenotypic score TC AC

1 (GaTATE −ve/FDG −ve) 5/22 (23%) 1/34 (3%)

2 (GaTATE +ve/FDG −ve) 4/22 (18%) 5/34 (15%)

3 (GaTATE +ve/FDG +ve) 8/22 (36%) 11/34 (32%)

4 (GaTATE −ve/FDG +ve) 5/22 (23%) 17/34 (50%)

Intra-patient (subset of patients with more than one MI phenotype)

1 and 31 – 2/34 (6%)

1 and 42 3/22 (14%) 3/34 (9%)

2 and 31 3/22 (14%) 6/34 (18%)

3 and 42 – 1/34 (3%)

1, 2, 3 and 42 1/22 (5%) –

MI molecular imaging, −ve negative, +ve positive
1 Presence of intra-patient score 3 will classify the patient into the inter-
patient score 3, hence potentially suitable for PRRT
2 Presence of intra-patient score 4 will classify the patient into the inter-
patient score 4, hence not suitable for PRRT
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patients had inter-patient scores 2 and 3 (19% had score 2, and
75% had score 3). One patient had inter-patient score 4 and
intra-patient scores 3 and 4 lesions. Although this patient had
an unsuitable MI phenotype, based on multidisciplinary con-
sensus, the patient was treated with PRRT for uncontrolled
symptoms, despite somatostatin analogue therapy, and with
the intent of palliative debulking of the large volume of
GaTATE positive disease (GaTATE MITV was 1500 ml),
the discordant FDG positive/GaTATE negative diseases were
limited to two sites (FDG whole bodyMITV was 260 ml, and
two sites with score 4 had MITV of 20 ml). Median time
interval between dual-isotope PET scans and the first cycle
of PRRT was 2.6 months (range 0.2–23 months). Most of the
patients (88%) were treated due to disease progression, one
patient for uncontrolled symptoms and one patient treated
upfront due to the large disease burden. Fourteen patients

(88%) received 177Lu-DOTATATE PRRT, while 2 patients
received combined/sequential 90Y-DOTATATE and 177Lu-
DOTATATE cycles. The median cumulative activity of
177Lu-DOTATATE was 31 GBq (range 6–39 GBq), with a
median of 4 cycles (range 3–4). Eleven patients (69%) had
also radiosensitising chemotherapy (infusional 5FU,
etoposide or capecitabine with or without temozolomide).

At 3 months post-PRRT, of 14/16 patients with RECIST-
measurable disease, the disease control rate (DCR) was 11/14
(79%), 43% partial response (PR) and 36% stable disease
(SD). Excluding the patient with inter-patient score 4, who
had PD on RECIST at 3 months post PRRT, the remaining
patients with suitability for PRRT based on MI phenotype
achieved a DCR of 85%, 46% PR and 39% SD. Median OS
of the patients received PRRT was 54.6 months (95% CI 44–
70) (Fig. 2b). The number of patients who received PRRT

Fig. 3 Molecular imaging (MI)
phenotypic score 1 in a patient
with typical carcinoid. No focal
lesions are identified on FDG (a)
or GaTATE (b) maximum
intensity projection (MIP)
images, while fused FDG PET/
CT (c), GaTATE PET/CT (d) and
CT (e) show FDG negative/
GaTATE negative liver lesions
(arrows), which were
subsequently biopsied as typical
carcinoid
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with inter-patient score 2 (3 patients) was low compared with
those with score 3 (12 patients), likely related to a higher
likelihood of progressive disease in the latter, but OS appeared
similar.

Discussion

MI using sequential GaTATE-PET and FDG-PET/CT can
characterise patients with well- and poorly differentiated
GEP NEN. Limited studies have reported on the detection rate
of GaTATE-PET and FDG-PET/CT in the pre-operative set-
ting in pulmonary NEN, but there is a paucity of data on its
impact on the selection of patients for PRRT [32].
Furthermore, intra-patient disease heterogeneity is of clinical
relevance and may explain the non-uniform therapeutic

response in NET [20]. Patients who lack sufficient SSTR-
ligand uptake or demonstrate spatially discordant FDG-posi-
tive/SSTR imaging negative disease are usually deemed un-
suitable for PRRT. In this study, contemporaneous GaTATE-
PET and FDG-PET show substantial inter- and intra-patient
phenotype heterogeneity in both TC and AC groups. Almost
half of the patients were unsuitable for PRRT regardless of the
subtype of pulmonary NET. However, in the subgroup who
had suitable dual-isotope MI phenotype (15/56 patients), fol-
lowing administration of PRRT a high DCR (85%) and rela-
tively long OS (54 months) was observed. Our findings were
consistent with prior studies that demonstrated DCR and OS
of 60–68% and 40–52 months, respectively [33–36].

The additional value of FDG-PET to GaTATE-PET has
been described previously in guiding management choice
and suitability of PRRT for GEP NET patients, where FDG-

Fig. 4 Molecular imaging (MI)
phenotypic score 2 in a patient
with atypical carcinoid. FDG (a)
and GaTATE (b) maximum
intensity projection (MIP) images
and fused FDG PET/CT (c) and
GaTATE PET/CT (d) show FDG
negative/GaTATE positive
pulmonary (arrow on theMIP and
fused images) and hepatic (arrow
only on MIP images) lesions
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PET found to play a crucial role in poorly differentiated NET
but more limited impact on well-differentiated NET [37]. In a
more recent study, the incremental value of FDG-PET for
well-differentiated GEP NET based on Ki-67 score has been
demonstrated with increased sensitivity of FDG-PET from 50
to 67% in the group with Ki67 > 10% [38]. A limited number
of studies involving patients with pulmonary NET have indi-
cated that AC usually shows high FDG uptake and low or
moderate SSTR imaging avidity, in contrast to TC, which
demonstrates high SSTR imaging avidity and low or absent
FDG avidity [7, 32, 39]. Consistent with prior reports, 82% of
AC patients in this study had FDG positive disease, including
50% who had spatially discordant FDG-positive/GaTATE-
negative disease. However, 59% of TC patients in this study
were also found to have FDG-positive disease, including 23%
with the spatially discordant disease. Our findings suggest that
marked disease heterogeneity exists in well-differentiated

pulmonary NET, highlighting the importance of dual-tracer
imaging regardless of the subtype.

Our assessment included single-tracer and dual-tracer
analysis that differs from the NETPET score [40] in de-
fining the positive lesions and the grading scheme. In
NETPET scoring, the background physiological uptake
was used as the threshold to define positive lesions.
NETPET grade uses a 6-categorical scale (P0–P5) as fol-
lows: P0, both negative; P1, SSTR-positive/FDG nega-
tive; P2–4, both positive and P5, FDG-positive/SSTR-
negative. Chan et al. in a study included 62 GEP NET
patients highlighted the prognostic significance of
NETPET scoring system [41]. However, in this study,
liver threshold was used to define positive lesions with
the emphasis to guide therapeutic management in
selecting the patients which may benefit from PRRT. By
this simplified 4-point dual-tracer classification, we have

Fig. 5 Molecular imaging (MI)
phenotypic score 3 in a patient
with atypical carcinoid. FDG (a)
and GaTATE (b) maximum
intensity projection (MIP) images
show concordant multifocal FDG
positive/GaTATE positive liver
lesions and bone lesions, with a
concordant liver lesion (arrows)
on fused FDG PET/CT (c) and
GaTATE PET/CT (d)
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shown almost half of the patients with pulmonary NET
may not be suitable for PRRT regardless of the subtype
(46% in TC and 53% in AC).

Several studies showed that FDG positive disease for met-
astatic GEP NET predicts poor prognosis and short survival
[42]. Ramirez et al. performed a study that included pulmo-
nary NET patients. The majority of 86 patients with available
FDG-PET had FDG-avid disease (85%), while of the 132
patients with SSTR imaging, almost half (53%) had positive
lesions [43]. Although the head-to-head comparison between
the two groups was not performed, both cohorts had similarly
long OS. Our results are in general agreement with this study,
with no significant stratification of the survival by FDG-avid-
ity. In particular, patients with AC had favourable survival
despite a high proportion with FDG-positive and metastatic
disease. In addition, tumour volumes either on FDG-PET or

GaTATE have demonstrated an inverse correlation with the
patient survival in neuroendocrine tumours of the predomi-
nantly small intestine of pancreas origin [44, 45]. In this study,
however, we did not find a significant correlation with the
patients’ survival. It should be noted a firm conclusion cannot
be drawn due to a relatively low number of patients and events
which has limited the statistical power of the study. Further
prospective studies with a larger number of patients are re-
quired to further explore the prognostic utility of dual-tracer
imaging and MI parameters in pulmonary NET.

Interestingly, there was a subset of patients with low or no
GaTATE and/or FDG uptake (11%) in some or all lesions,
even in the TC group. It is important, however, to consider
several pitfalls prior to classifying these lesions as negative.
These pitfalls include partial volume effect in small lesions at,
or below, the spatial resolution of PET cameras or cystic

Fig. 6 Molecular imaging (MI)
phenotypic score 4 in a patient
with atypical carcinoid. FDG (a)
and GaTATE (b) maximum
intensity projection (MIP) images
and fused FDG PET/CT (c) and
GaTATE PET/CT (d) show
multifocal FDG positive/
GaTATE negative liver lesions
(arrows)
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Fig. 7 Intra-patient dual-tracer heterogeneity in atypical pulmonary NET.
a FDG and bGaTATE PET maximum intensity projection (MIP) images
demonstrate discordant disease distribution. Fused FDG (c) and GaTATE
PET/CT (d) of enlarged mediastinal nodes on CT (e) show score FDG

positive/GaTATE positive (molecular imaging [MI] phenotypic score 3),
while FDG PET/CT (f), GaTATE PET/CT (g) and CT (h) reveal FDG
positive/GaTATE negative (MI phenotypic score 4) liver lesions (arrows)
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lesions with a thin rind of viable tumour. We strove to select
only measurable (> 1 cm) and non-cystic lesions for the pur-
pose of this study to minimise this potential confounding fac-
tor. Variable radiotracer kinetic in different lesions may need
to be considered, as the early time-point imaging of 68Gallium
PET tracers (45 min post-injection) may not always translate
to similar intensity uptake at a more delayed time-point imag-
ing by longer half-life tracers such as 111indium or 177lutetium
labelled SSTR imaging. Generally, in most cases due to
higher spatial resolution of PET technology, similar or higher
intensity of uptake has been seen on SSTR PET imaging com-
pared with delayed time-point imaging by 111indium or 177lu-
tetium labelled SSTR imaging [46]. However, in our experi-
ence, we have rarely observed lesions with low-intensity
GaTATE-PET uptake that accumulated higher intensity
177Lu-DOTATATE uptake. Having considered the
abovementioned factors, there appears to be a cohort of pa-
tients who have low expression of SSTR and even GLUT1.
Exploring other targets than SSTR2 would be of interest to
this cohort. Pulmonary NET has been reported to express
other peptide receptors, including VIP (mainly VPAC1), cho-
lecystokinin (CCK2), Bombesin (BB3) and GLP-1 receptors
[9]. Gotthardt et al. in a study included 60 NET patients with
foregut, midgut and hindgut primary has shown gastrin recep-
tor scintigraphy (GRS) is of value in SSTR negative disease as
it detected additional sites of disease in 20% of the patients
[47]. Further studies in this domain would be warranted as
these targets may also be used for radionuclide therapy.

One of the limitations of this study was the lack of
histopathology in more than one metastatic tumour sites.
Although it was not practical to biopsy multiple sites of
disease in each patient, we have tried to collect the
results of all available biopsies. Future studies including
histological assessment based on dual-tracer MI pheno-
type and correlated with immunohistochemistry assess-
ment (including GLUT1, SSTR subtypes and other
emerging targets), and genomics should be considered
to further enhance our understanding of this heteroge-
neous disease. Although the median time between the
histopathological diagnosis and MI studies was
2 months, in a few patients there was a long gap (range
up to 59 months). Despite the best effort to acquire new
biopsy when the MI phenotype was not consistent with
known tumour subtype, it remains possible that the tu-
mour may have evolved in some of these patients dur-
ing this period.

Conclusion

Pulmonary NET demonstrates a wide range of MI inter- and
intra-patient heterogeneity on GaTATE and FDG-PET.
Regardless of the histological type, dual-tracer imaging is

important for optimal treatment selection, as almost half of
the patients have sites of disease which may not be optimally
targeted by PRRT. Selecting suitable patients for PRRT based
on MI phenotype leads to high DCR and long OS.
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