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Abstract
Background: There are no effective biomarkers for the management of bronchopulmonary carcinoids (BPC). We examined the utility of a neuroendocrine multigene transcript
“liquid biopsy” (NETest) in BPC for diagnosis and monitoring
of the disease status. Aim: To independently validate the
utility of the NETest in diagnosis and management of BPC in
a multicenter, multinational, blinded study. Material and
Methods: The study cohorts assessed were BPC (n = 99),
healthy controls (n = 102), other lung neoplasia (n = 101) including adenocarcinomas (ACC) (n = 41), squamous cell carcinomas (SCC) (n = 37), small-cell lung cancer (SCLC) (n = 16),
large-cell neuroendocrine carcinoma (LCNEC) (n = 7), and idiopathic pulmonary fibrosis (IPF) (n = 50). BPC were histologically classified as typical (TC) (n = 62) and atypical carci-
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noids (AC) (n = 37). BPC disease status determination was
based on imaging and RECIST 1.1. NETest diagnostic metrics
and disease status accuracy were evaluated. The upper limit
of normal (NETest) was 20. Twenty matched tissue-blood
pairs were also evaluated. Data are means ± SD. Results:
NETest levels were significantly increased in BPC (45 ± 25)
versus controls (9 ± 8; p < 0.0001). The area under the ROC
curve was 0.96 ± 0.01. Accuracy, sensitivity, and specificity
were: 92, 84, and 100%. NETest was also elevated in SCLC
(42 ± 32) and LCNEC (28 ± 7). NETest accurately distinguished
progressive (61 ± 26) from stable disease (35.5 ± 18; p <
0.0001). In BPC, NETest levels were elevated in metastatic
disease irrespective of histology (AC: p < 0.02; TC: p = 0.0006).
In nonendocrine lung cancers, ACC (18 ± 21) and SCC (12 ±
11) and benign disease (IPF) (18 ± 25) levels were significantly lower compared to BPC level (p < 0.001). Significant correlations were evident between paired tumor and blood
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samples for BPC (R: 0.83, p < 0.0001) and SCLC (R: 0.68) but not
for SCC and ACC (R: 0.25–0.31). Conclusions: Elevated NETest
levels are indicative of lung neuroendocrine neoplasia. NETest
levels correlate with tumor tissue and imaging and accurately
define clinical progression.
© 2019 S. Karger AG, Basel

Introduction

Bronchopulmonary neuroendocrine neoplasia comprises a spectrum of tumors that arise from pulmonary
neuroendocrine cells and represent ∼25% of primary
lung neoplasia. Pulmonary carcinoids comprise ∼2% of
primary lung tumors and ∼30% of neuroendocrine tumors (NET) [1, 2]. The majority of lung carcinoids are
identified serendipitously on chest radiology (coin lesions) [2], and even anatomical imaging rarely identifies
a mass lesion as a NET [2]. Functional imaging (68Galabeled somatostatin analog, SSA, PET/CT) is effective,
but its resolution is limited by size and somatostatin receptor expression while accuracy is affected by inflammatory cell uptake [2]. A definitive diagnosis can only be
established histologically by biopsy or surgery [3]. This
reflects that there is no effective diagnostic blood biomarker. Similarly, disease status cannot be adequately assessed since the sensitivity of imaging has limitations in
the identification of early progression [4]. Currently, no
blood biomarker exists to monitor disease status other
than chromogranin A, which is regarded as inadequate
for accuracy and methodological reasons [2, 5]. A key unmet clinical need is a circulating biomarker for diagnosis
and to monitor disease status [6].
Bronchopulmonary neuroendocrine neoplasias are
histologically separated into well-differentiated carcinoids and poorly differentiated cancers (small-cell lung
cancer, SCLC, and large-cell neuroendocrine carcinoma,
LCNEC) [2]. The carcinoid group (BPC) is divided into
2 histological subtypes: typical carcinoids (TC) and atypical carcinoids (AC). Histological differentiation between
both types is sometimes difficult in a surgical specimen,
and TC and AC cannot accurately be distinguished in a
biopsy and cytology [2]. Proliferative index measured by
Ki67 labeling is not currently utilized for lung NET grading; however, it affords some prognostic value [7]. The
updated 2015 WHO classification for lung NETs proposed Ki67 proliferation rates for TC and AC. Therefore,
the use of Ki67 appears to differentiate broadly TC (Ki67
<5%) from AC (<20%) [7]. However, the significant overlap in Ki67 distribution between TC and AC renders it
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difficult to differentiate between these subtypes. Repeated
assessment is clinically challenging since sampling is invasive and cannot be performed frequently [3, 8]. In a
significant number of instances, TC determined by histology subsequently behaves as AC clinically [2, 9]. Since
the clinical course of these 2 tumor types is significantly
different, identification and monitoring by imaging, e.g.,
CT, has limitations both in terms of accuracy and the potential for cumulative exposure to radiation [2, 3]. Ideally,
a circulating biomarker for “liquid biopsy,” which could
be assessed repeatedly, would provide an optimal strategy
for follow-up management [6].
Recent developments in technology have facilitated
the delineation of tumor molecular biology and resulted
in the development of sensitive and sophisticated strategies, e.g., circulating tumor DNA measurements, to evaluate tumor molecular information in blood [10–12].
These “liquid biopsies” are effective as diagnostic and
prognostic markers in diverse neoplasias of the breast,
colon, and prostate, for example [13]. They also provide
a strategy that decreases invasive biopsies, defines potential therapeutic targets, and provides real-time monitoring to evaluate disease stability/progress [4]. In addition,
they capture numerous aspects of tumor biology on a real-time basis and provide the basis for better delineation
of individual tumor biology.
BPC have few mutations [14], and examining the transcriptome of the tumor provides an alternative biomarker identification strategy [15]. The evaluation of gastrointestinal NET transcriptomes enabled the development of
a liquid biopsy for small-bowel and pancreatic tumors
[16]. A comparison of these transcriptomes with BPC
confirmed the similarity of matched tumors and lung
neuroendocrine neoplasia cell cultures [16]. A correlation of these tumor transcripts in matched circulating
blood accurately (R2 > 0.8) represented those identified in
BPCs [16].
In order to determine whether a circulating molecular
signature is effective in clinical practice, a sample-blinded
validation in an independent and well-defined cohort of
lung NETs, nonneoplastic and poorly differentiated neoplastic lung disease, and controls requires assessment. In
the current investigation, we undertook an external assessment of the value of the NETest for discriminating
between individuals with BPC, a variety of lung diseases,
and healthy volunteers. Sensitivity, specificity, and accuracy (area under the receiver-operating characteristic
curve, AUROC) of the NETest were determined in BPC
with reference to healthy individuals, or individuals with
neoplastic and nonneoplastic lung disease at centers in
Malczewska et al.

Italy, Poland, and the USA. We evaluated whether the
NETest results could differentiate BPC from controls and
distinguish neoplastic and benign disease as well as identify disease status.
Materials and Methods
Strategy
We compared circulating NETest levels from BPC to healthy
controls as well as patients with idiopathic pulmonary fibrosis
(IPF), SCLC, and LCNEC, squamous cell carcinoma (SCC), and
adenocarcinomas (ACC). This is a separate patient cohort than the
one previously reported [16, 17]. We calculated diagnostic accuracy and metrics (AUROC, sensitivity, and specificity) for the
NETest in each group. We also evaluated the concordance in
NETest gene expression in paired blood and tumor tissue samples
from BPC, SCLC, SCC, and ACC.
Subjects
All patients provided informed consent for the blood translational analysis authorized by local ethics committees. This multicenter prospective cohort was studied between June 2017 and
March 2018. It included patients and nonaffected family members
attending oncology, endocrinology, and pulmonology outpatient
clinics. BPC patients with histological confirmation of the disease
met the criteria for inclusion. No exclusion criteria were applied.
Patient cohorts included healthy controls (n = 102) and patients
with BPC (n = 99) of various grade, histology, disease status, and
therapies, including those with no evidence of disease (NED) on
imaging, as well as other neuroendocrine and nonneuroendocrine
lung diseases (Table 1). This included IPF (n = 50); 23 lung neuroendocrine carcinomas (LCNEC: n = 7; SCLC: n = 16); SCC (n =
37), and ACC (n = 41). Patients with no evidence of residual disease by imaging were included. Control subjects were included if
there was no known malignancy present at the time of blood sampling, and they identified themselves as asymptomatic in good
health.
BPC (n = 99) were histologically classified into TC (n = 62,
63%) and AC (n = 37, 37%) by the institute per standard ENETS
(European Neuroendocrine Tumor Society) criteria from which
the patients were recruited. Central review was not undertaken.
Radiological status – stable (SD) or progressive disease (PD) –
was assessed by RECIST 1.1 criteria. SD was noted in 78 (including 20 NED). Twenty NED (surgical “cures” [disease free]) confirmed by imaging (20 had CT, 6 had 68Ga-SSA PET/CT) were
histologically classified as TC (n = 15) and AC (n = 5). The time
between surgery and postoperative imaging was 1.8 ± 2.6 years
(0.75: 0.27–2.12). The majority (∼90%) were T1 (TC: 75%; AC:
55%) and T2 (TC: 11%; AC: 32%). TC (with disease: n = 53) were
N0M0 (n = 21), N+M0 (n = 15), and N±M1 (n = 17). For AC
(with disease: n = 32), the distribution was: N0M0 (n = 6), N+M0
(n = 11), and N±M1 (n = 15). M1 included hepatic and other
distant metastases (n = 29, 29%). Of the 21 with PD, 12 (52%)
exhibited M1 disease. At the time of blood sampling, 23% BPC
were being treated with capecitabine and temozolomide (n = 2,
2%), peptide receptor radionuclide therapy (n = 2, 2%), or SSA
(n = 19, 19%).

NETest Validation for BPC

Blood Sampling
Blood samples (6 mL; peripheral blood) were collected in EDTA
tubes, mixed, and immediately stored on ice. Tubes were coded and
stored at –80 ° C within 2 h of collection per standard molecular
diagnostics protocols for PCR-based studies [18]. Randomly selected coded blood samples were sent in mixed batches, blinded, and
deidentified to Wren Laboratories, Connecticut, USA. All samples
were anonymized and coded, and all investigators were blinded to
the blood source, clinical diagnosis, and disease status.
Tumor Tissue Sample Collection
Tumor tissue (n = 20; Table 1) was collected at the time of surgery as previously described [16]. Samples were snap frozen in liquid nitrogen. Deidentified samples were sent to Wren Laboratories
for RNA isolation and NETest PCR.
NETest
Details of the PCR methodology, mathematical analysis, and
validation have been published in detail, comprising a 2-step protocol (RNA isolation/cDNA production and q-PCR) from EDTAcollected whole blood [16–19]. The assay is undertaken in a US
clinically certified laboratory (Wren Laboratories CL-0704, CLIA
07D2081388). Transcripts (mRNA) were isolated from EDTAcollected whole blood samples (mini blood kit; Qiagen, Valencia,
CA, USA), and real-time PCR was performed [20] (Fast Universal
PCR Master Mix, Life Technologies). Target transcript levels are
normalized and quantified versus a population control [17–19].
Final results are expressed as an activity index (NETest score) from
0 to 100% [17–19]. The upper limit of normal is 20.
Statistical Analysis
The required total sample size (NETs and controls, power 0.8
and α = 0.05) to attain significant differences in NETest scores was
calculated to be a minimum of 46 patients/subjects in each group.
Intergroup analyses were undertaken using 2-tailed non
parametric tests (Mann-Whitney U test or Wilcoxon signed rank
test for paired samples). Receiver-operating characteristic curve
(ROC) analysis was used to determine the diagnostic accuracy of
the NETest [21–23]. Metrics calculated included sensitivity, specificity, likelihood ratios, the z-score (values >1.96 are significant),
and calculation of the Youden J index (performance of a diagnostic). Prism 6.0 for Windows (GraphPad Software, La Jolla, CA,
USA; www.graphpad.com) and MedCalc statistical software version 16.2.1 (MedCalc Software bvba, Ostend, Belgium; http://
www.medcalc.org; 2017) were utilized. Post hoc correction
(Dunn’s multiple comparison test) for multiple testing was utilized
where appropriate.
For tumor:blood pairs, we undertook Pearson regression analysis following log transformation of normalized expression levels.
Statistical significance was defined at a value of p ≤ 0.05. Data are
presented as means ± SD (median: [interquartile ranges]).

Results

BPC and Controls
We first evaluated blood gene expression scores in the
BPC-control set. The NETest was significantly increased
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40:10

66
43–87

IPF
(n = 50)

(62%)a

SD: 21 (57%)
PD: 15 (30%)
No data: 1 (3%)
Chemotherapya
10 (27%)
Before surgery: 10 (27%)
Currently not treated:
16 (43%)
No data: 1 (3%)

SD: 10 (24%)
PD: 23 (56%)
No data: 8 (20%)
Chemotherapya
13 (32%)
Before surgery: 16 (39%)
Currently not treated:
9 (22%)
No data: 3 (7%)

SDd: 78 (78%)
PDe: 21 (21%)
CapTEM: 2 (2%)
PRRT: 2 (2%)
SSA: 19 (19%)f
Currently not treated:
76 (76%)

Advanced metastatic
disease
(distant metastases):
29 (78%)

Advanced metastatic
disease
(distant metastases):
20 (49%)

Metastases: 52 (53%)
Advanced metastases
(distant metastases):
9 (29%)
TC: 62 (62%)a
N0M0: 21
N+M0: 12
N±M1: 14
AC: 37 (37%)b
N0M0: 6
N+M0: 11
N±M1: 15

15:22

62
20–85

SCC
(n = 37)

T1: 1 (3%)
T2: 10 (27%)
T3: 6 (16%)
T4: 11 (30%)
No data: 9 (24%)

21:20

65
37–81

ACC
(n = 41)

T1: 9 (22%)
T2: 16 (39%)
T3: 2 (5%)
T4: 8 (19%)
No data: 6 (15%)

TC: 62
T1: 46 (75%)
T2: 7 (11%)
T3: 1 (2%)
T4: 4 (6%)
No data: 4 (6%)
AC: 37 (37%)b
T1: 20 (55%)
T2: 12 (32%)
T3: 3 (8%)
T4: 2 (5%)

37:62

59
22–83

BPC
(n = 99)

CapTEM: 2 (28%)
Currently not treated:
5 (72%)

SD: 1 (14%)
PD: 6 (86%)

Advanced metastatic
disease
(distant metastases):
5 (71%)

T1: 3 (43%)
T2: 3 (43%)
T3: 0 (0%)
T4: 0 (0%)
No data: 1 (14%)

3:4

62.7
22–85

LCNEC
(n = 7)

Chemotherapy:
11 (69%)c
Currently not treated:
5 (31%)

SD: 6 (37%)
PD: 10 (63%)

Advanced metastatic
disease
(distant metastases):
15 (94%)

T1: 0 (0%)
T2: 0 (0%)
T3: 5 (31%)
T4: 10 (63%)
No data: 1 (6%)

12:4

63.4
31–81

SCLC
(n = 16)

Matched tumor tissue was available from 6 bronchopulmonary carcinoids (BPC) (3 atypical carcinoids [AC]/3 typical carcinoids [TC]), 5 adenocarcinomas (ACC), 5 squamous cell carcinomas
(SCC), and 4 small-cell lung cancers (SCLC). All had progressive disease (PD) at the time of surgery. CapTEM, capecitabine and temozolomide; IPF, idiopathic pulmonary fibrosis; LCNEC,
large-cell neuroendocrine carcinoma; N/A, not applicable; ND, no data; NED, no evidence of disease; PRRT, peptide receptor radionuclide therapy; SD, stable disease; SSA, somatostatin analog.
a This includes 15 with NED. The total number included for staging is 47. Twelve TC exhibited DIPNECH (1 NED, 8 SD, and 3 PD).b This includes 5 with NED. The total number included
for staging is 32. One AC exhibited DIPNECH (1 SD). c Cisplatinum-based therapy (with or without vinorelbine or etoposide). d This includes 20 with NED. e Of the patients with PD, 11 were
TC and 10 were AC. T1 (no local or distant metastases: n = 4); T2 (local but not distant metastases: n = 4); T2 (local and distant metastases: n = 3); T3 (n = 0); T4 (local metastases only: n = 1);
T4 (local and distant metastases: n = 1). f By imaging, 10 were defined as SD on SSAs, and PD was noted in 9. g For ACC and SCC, this is the T classification for lung tumors.
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tumors)g

Controls
(n = 102)
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Table 1. Patient demographics

100

80
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Sensitivity

NETest score
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Fig. 1. a NETest in controls and BPC: Mea-

40
20

surements of the NETest identified elevated levels in BPC (red) versus controls (blue)
(p < 0.0001). b AUROC for BPC and controls: the AUROC for differentiating BPC
from controls was 0.96 (95% CI: 0.92–0.98,
p < 0.0001). Mean ± SEM.

0

a

NETest
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40
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ULN

0
Controls
n = 102

BPC

AUC = 0.960
p < 0.001
0

b

n = 99

AC

40
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a

80
NETest score

60

60
40
20

AC

n = 32

TC

n = 47

0

b

p = 0.0007

100

80
NETest score

NETest score

80

0

TC

p = 0.18

100

100

p = 0.01

p < 0.03

p = 0.12

100

20 40 60 80
100 – specificity

60
40
20

N0M0
n=6

Fig. 2. NETest in BPC – relationship to histological assessment.
a NETest in AC and TC with image-detectable disease: measure-

ments of the NETest-identified levels were not significantly elevated in AC (atypical carcinoid) with evidence of disease (red) versus
TC (typical carcinoid) with evidence of disease (orange) (p = 0.12).
b NETest in AC by stage: NETest levels were significantly elevated
in AC with distant metastases (M1) compared to AC with no metastatic disease (N0M0) (p < 0.03). Levels were not significantly elevated compared to those with lymph node disease (N+M0) but

N+M0

n = 11

N±M1

n = 15

0

c

N0M0

n = 21

N+M0

n = 12

N±M1

n = 14

no distant metastases (p = 0.18). Group analysis identified NETest
was significantly different across all 3 groups (p < 0.02). c NETest
in TC by stage: NETest was significantly elevated in TC with
distant metastases (M1) compared to those without metastatic
disease (N0M0) (p = 0.01) and with lymph node disease (N+M0)
but no distant metastases (p < 0.001). Group analysis identified
NETest was significantly different across all 3 groups (p = 0.0006).
Means ± SEM.

in BPC (44.5 ± 25 [33: 27–73]) compared to controls (9 ±
8 [7: 0–20], p < 0.0001) (Fig. 1a). AUROC analysis value
was 0.96 ± 0.01 (Fig. 1b). The z-statistic was 41.6 and the
Youden index J was 82.3%. The accuracy, sensitivity, and
specificity at a NETest cutoff of 20 was: 92, 84, and 100%.
No controls exhibited a score >20%.
Of BPC (n = 20) classified as NED by imaging (20/20
CT-negative, 6/6 68Ga-SSA PET/CT negative), 18 (90%)

exhibited scores ≤20%. Two asymptomatic patients with
negative imaging exhibited scores of 33 and 40, respectively. Subset analysis identified that patients with NED
(n = 20) exhibited significantly lower (p < 0.0001) NETest
scores (24 ± 6 [27: 20–27]) than patients with proven disease (n = 79; 45 ± 23 [40: 20–73]).
Excluding this group (NED) from the AUROC analysis identified a value of 0.98 ± 0.01. The z-statistic was
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p = 0.0003
p < 0.03
p = ns

p ≤ 0.0005
p < 0.003

100

80

80

60

60

NETest score

NETest score

100

40

a

p = ns

40
20

20
0

p = 0.003

NED

n = 20

SD

n = 58

PD

n = 21

0

b

NED

SD-M0 SD-M1 PD-M0 PD-M1

n = 20 n = 41 n = 17 n = 10 n = 11

Fig. 3. NETest in BPC – relationship to clinical status and metastatic disease. a Disease status (RECIST based): measurements of

in SD with no evidence of distant metastases (SD-M0) compared
to NED (p < 0.03). Levels were elevated in SD with distant metastases (SD-M1) versus SD-M0 (p = 0.003). Levels were similarly
elevated in PD with (PD-M1) and without metastases (PD-M0).
Both PD groups were significantly elevated versus SD-M0 (p =
0.03; p < 0.0003, respectively). Means ± SEM.

79.3, and the Youden index J was 90%. The sensitivity for
differentiating BPC with evidence of disease from controls was 90% with a specificity of 100% using a NETest
cutoff of 20.
Utilizing histological classification, NETest levels for
TC with evidence of disease (n = 47) (42 ± 21 [33: 27–47])
and AC (50 ± 26 [40: 27–80]) (n = 32) were overall not
significantly different (p = 0.12) (Fig. 2a). A subset analysis of T stage identified no relationship between size and
the NETest (Kruskal-Wallis test). Analysis of the disease
extent (metastatic status) using TNM staging criteria
identified that AC with M1 disease exhibited a significantly higher score (63 ± 24 [73: 40–80]) than patients
with no metastases (30 ± 8 [27: 25–40]) (p < 0.03, Dunn’s
test) (Fig. 2b). Overall, the scores were significantly different between those with no metastases, those with
lymph node metastases, and those with distant metasta
ses ± lymph node metastases (Kruskal-Wallis test 7.84,
p < 0.02). TC with M1 disease exhibited a significantly
higher score (60 ± 23 [70: 38–80]) than no metastases
(37 ± 18 [33: 27–40]) (p = 0.0007, Dunn’s test) (Fig. 2c).
Overall, the scores were significantly different between
stages (no metastases, lymph node metastases, and dis-

tant metastases ± lymph node metastases) (Kruskal-Wallis test 14.78, p = 0.0006). An evaluation of M1 versus locoregional metastases or no metastases, irrespective of
histological classification, identified that scores were significantly elevated (p < 0.0001, Dunn’s test) in M1 (62 ±
23 [73: 40–80]) compared to M0 (36 ± 18 [30: 27–40]).
In 13 BPC, there was evidence of diffuse idiopathic
pulmonary neuroendocrine cell hyperplasia (DIPNECH),
AC: n = 1 and TC: n = 12. Scores were not significantly
different between those with DIPNECH (39 ± 22 [47: 27–
40]) and those without (37 ± 18 [33: 27–40]) (p = 0.10).
An evaluation of disease status (radiologically documented at the time of blood sampling) identified those
with PD (61 ± 26 [73: 33–80]) to exhibit significantly
higher levels (p = 0.0026, Dunn’s test) than those with SD
(35.5 ± 18 [27: 27–40]) (Fig. 3a). Levels for both PD and
SD were significantly elevated versus NED (p < 0.0005,
Dunn’s test).
Stratifying NETest scores by disease status and presence of distant metastases identified that individuals with
NED or imaging-documented SD but without distant
metastases exhibited the lowest scores (31 ± 10 [27: 27–
33]) (Fig. 3b). Levels in SD-M0 patients were, however,

the NETest-identified levels were significantly elevated (p < 0.0005)
in stable disease (SD – orange) and progressive disease (PD – red)
compared to no evidence of disease (NED) “surgical cures” (white).
Levels were significantly elevated (p = 0.0026) in PD compared to
SD. b Metastatic disease: NETest levels were significantly elevated
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p < 0.0001

100

controls, IPF, and BPC: NETest levels were
not significantly elevated in IPF versus
controls (p = 0.23). Levels were signifi
cantly (p < 0.0001) lower than in BPC.
b AUROC for IPF and BPC: the AUROC
value differentiating BPC from IPF was
0.81 (95% CI: 0.74–0.87, p < 0.0001).
Means ± SEM.
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0

a

b

AUC = 0.813
p < 0.001
0
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100 – specificity

100

p = ns

p < 0.0001
p < 0.01

NETest

100
80

40

60
40
20

20

a

40

0

Controls IPF
BPC
n = 102 n = 50 n = 99

60

0

60

20

ULN

Sensitivity

NETest score

60

20

100
80

80
Sensitivity

NETest score

80

Fig. 4. NETest in IPF and BPC. a NETest in

NETest

100

ULN

Controls
n = 102

ACC

n = 41

SCC

n = 37

LCNEC
n=7

SCLC

n = 16

BPC

n = 99

0

AUC = 0.843
p < 0.001
0

20

40

60

80

100 – specificity

100

b

Fig. 5. NETest in other malignant lung diseases (non-BPC).
a NETest in controls and different lung neoplasias: NETest levels

were elevated in SCLC (p < 0.0001), LCNEC (p < 0.0001), and ACC
(p = 0.0067). SCC levels were not elevated versus controls (p = 0.09).
Both ACC and SCC had significantly lower expression than BPC
(p < 0.0001). No differences were noted between BPC and either

SCLC (p = 0.80) or LCNEC (p = 0.12). b AUROC for BPC and
ACC/SCC: the AUROC value for differentiating BPC from ACC/
SCC (as a group) was 0.84 (95% CI: 0.78–0.90, p < 0.0001). No difference was noted for SCLC and LCNEC versus BPC (AUROC:
0.56, p = 0.31). The difference between SCLC/LCNEC versus ACC/
SCC (AUROC: 0.74, p = 0.0002) was significant. Means ± SEM.

higher than in patients with NED (p < 0.03, Dunn’s test).
SD patients with M1 disease exhibited significantly higher scores (58 ± 23 [67: 40–80]) than those without metastases (p = 0.003, Dunn’s test). Levels in individuals with
PD were similarly elevated (PD-M0: 53 ± 28 [40: 27–83];
PD-M1: 70 ± 21 [80: 40–87]). Scores did not significantly
differ between SD-M1 and PD-M0 or PD-M1. Scores
were, however, significantly elevated in PD-M0 (p < 0.05,
Dunn’s test) and PD-M1 (p = 0.0003, Dunn’s test) compared to SD-M0.

Stratifying the scores by histology identified no significant relationship between AC or TC and disease progression. While the proportion of patients who had PD
was higher in the AC group (10 of 32, 31%), this did not
reach statistical significance (TC: 11 of 47, 23%) (Fisher’s
exact test: p = 0.45). Patients with SD-M1 or PD-M0 also
had similar proportions of AC (40–47%) and TC (53–
60%).
Stratifying the scores by SSA therapy, the predominant
therapy used in this study, identified a significant rela-
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Fig. 6. NETest gene expression in matched tumor tissue:blood
samples from malignant lung diseases. Linear regression (Pearson)
analysis of log-transformed normalized values of each of the individual tumor-blood pairs identified R to range from 0.82 (BPC;
n = 6, p < 0.0001) to 0.68 (SCLC; n = 4, p < 0.0001) to 0.25 (ACC;

n = 5, p = 0.12) to 0.31 (SCC; n = 5, p = 0.06). In the graph plots,
the pairs (blood-tissue) were averaged, and error bars indicate
standard errors of the mean. The dashed line represents the best
linear fit to each dataset.

tionship between therapy use and disease status. PD patients treated with SSA (n = 9) exhibited significantly
higher scores (76 ± 20 [80: 73–87]) than those who had
SD (n = 10: 38 ± 21 [33: 26–43]) (p = 0.0035).

score since this pathobiology has been identified in BPC
and is often a related sequela of carcinoid disease.
IPF NETest levels were not significantly increased
(18 ± 25 [7: 0–27]) (p = 0.23) versus controls (Fig. 4a).
Levels were less than noted in BPC (p < 0.0001). The
AUROC (vs. BPC) was 0.81 ± 0.04 (p < 0.001) (Fig. 4b).
Elevated IPF scores occurred in 18 individuals, of whom
5 (10%) exhibited levels >70%.

Gene Expression in Benign Lung Disease
Gene expression scores were determined in IPF patients to investigate whether lung fibrosis altered the
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Gene Expression in Other Malignant Lung Diseases
Gene expression scores were also determined in other
malignant diseases. We assessed both neuroendocrine
lung neoplasia (SCLC and LCNEC) and nonneuroendocrine neoplasia (ACC and SCC) to examine the specificity of the BPC signature.
NET gene expression levels were elevated in SCLC
(42 ± 32 [37: 12–77]) (p < 0.001) and LCNEC (28 ± 7 [27:
20–47]) (p < 0.001) versus controls. Both of these tumor
types exhibited neuroendocrine neoplastic phenotypes
(Fig. 5a). NETest levels were elevated (>20%) in 75% of
SCLC and 62.5% of LCNEC. No difference in NETest
levels was noted for SCLC and LCNEC versus BPC

(AUROC: 0.56, p = 0.31). A subanalysis comparing AC
and either SCLC or LCNEC identified AUROC of 0.52
(p = 0.83) and 0.65 (p = 0.14), respectively.
SCC NETest levels (12 ± 11 [7: 7–27]) were not significantly elevated versus controls (p = 0.09). Levels were,
however, increased in ACC (18 ± 21 [7: 7–27]) (p =
0.0067) versus controls. The NETest was, however, significantly higher (p < 0.0001) in BPC than in SCC and
ACC. AUROC (vs. BPC) was 0.84 ± 0.03 (p < 0.001)
(Fig. 5b). Using a NETest cutoff of 13, the sensitivity for
differentiating BPC from ACC/SCC was 100%, but the
specificity was 67%. Increasing the cutoff to 27 resulted in
a sensitivity and specificity of 75%. Twenty-six to 29% of
SCC and ACC exhibited NETest levels >20%. Overall, the
difference between tumors with a neuroendocrine (SCLC/
LCNEC) versus nonneuroendocrine phenotype (ACC/
SCC) was significant (AUROC: 0.74, p = 0.0002).
Gene Expression in Matched Blood and Tumor Tissue
Finally, we evaluated the concordance between gene
expression in matched tumor tissue and blood sample
pairs (n = 20). We evaluated BPC (n = 6), SCLC (n = 4),
SCC (n = 5), and ACC (n = 5). The Pearson correlation
(R) for normalized gene expression in each of the tumorblood pair groups ranged from 0.82 (BPC) and 0.68
(SCLC) to 0.31 (SCC) and 0.25 (ACC) (Fig. 6). Significant
correlations between tumor and blood were only demonstrable for BPC (p < 0.0001) and SCLC (p < 0.0001). Correlations were not significant for SCC (p = 0.06) and ACC
(p = 0.12).
Discussion

The expression of a NET multigene signature has been
demonstrated to be consistently detectable in the blood
of BPC patients [16, 17]. The current study was designed
NETest Validation for BPC

to assess this observation and independently validate it in
an independent cohort of European and North American
individuals comprised of subjects from Poland, Italy, and
the USA. All samples were collected using an identical
protocol under “real-world” conditions. Laboratory analysis of deidentified samples was undertaken by personnel
blinded to the source of blood and unaware of any clinical
details. Clinical correlations of control, lung disease, and
BPC groups were undertaken by blinded investigators to
prevent observer bias. Limitations of the study include
the lack of central review for histology, heterogeneity of
some of the groups studied, the relatively small numbers
available for evaluation in some of the subgroups, incomplete functional imaging data on all patients, and the absence of follow-up to address the prognostic significance
of the NETest. In addition, once adequate sample numbers are available, it seems likely that to optimize the
NETest for other lung neuroendocrine neoplasia (e.g.,
SCLC) some remodeling of the algorithmic reconfiguration will be necessary.
This real-world study of the utility of the NETest
in lung neuroendocrine neoplasia confirmed that the
NETest was accurate and specific for bronchopulmonary
neuroendocrine neoplasia. In addition, the NETest could
differentiate BPC with residual disease from those who
were surgically “cured.” Furthermore, the NETest could
discriminate both AC and TC with metastatic disease
from those with localized disease. The NETest was significantly higher in BPC with PD, especially if metastatic.
Finally, gene expression was highly correlated (tissue to
blood) in lung tumors with a neuroendocrine phenotype.
In lung cancers without a neuroendocrine profile, there
was no correlation. The use of this “liquid biopsy” may
provide an appropriate method to diagnose BPC and facilitate the assessment of disease status.
In our study, the mean NETest level in 99 BPC was
45%, while it was 9% in controls. This is consistent with
previously reported data where the mean NETest was
48% in BPC and 6% in controls [17]. The AUROC for differentiating BPC from controls of 0.96 is comparable to
the 0.98 previously reported [17]. Thus, the multigene assay is accurate at distinguishing neuroendocrine disease
from controls. In the current study, sensitivity of the
NETest was 84%, which is lower than the previously identified sensitivity of 93%. This may reflect the high proportion (20%) of surgically cured patients in the current cohort.
The evaluation of the surgically treated patients is of
interest since the low NETest values in this group may
have contributed to the overall decrease in diagnostic senNeuroendocrinology 2019;108:219–231
DOI: 10.1159/000497037
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sitivity of the NETest. In this group (15 TC, 5 AC), 18 had
normal NETest values, of whom 15 were TC and 3 were
AC. Excluding this group (NED) from the analysis provided a sensitivity for differentiating BPC from controls
of 98%. The high proportion (90%) of these patients who
had undergone an R0 resection (and had normal values
postoperatively; mean 1.8 years after surgery) suggests
that the NETest may have value as a biomarker of “complete” surgical resection. The 2 AC patients with elevated
levels who currently have no imaging-based evidence of
disease suggest that the NETest may have identified nonimage-detectable disease. It has previously been reported
that initial image-negative NETest scores have subsequently been identified to have been “true positives”
when image-positive conversion was noted during the 2
years after surgery [17, 24]. It has been suggested that
measurement of transcript levels before and after BPC
surgery will facilitate early identification of residual or
recurrent disease prior to imaging. This has been demonstrated to be the case in gastroenteropancreatic NET disease [18].
NETest levels were not related to BPC histology. We
were unable to identify significant differences (p = 0.12)
in those with AC (mean 50) compared with TC (mean
42). This suggests that the NETest levels do not correlate
with the reported tumor tissue pathology. It is well recognized that a percentage of histologically classified TC subsequently present with recurrent or metastatic disease [2,
5]. Furthermore, the classification of endocrine tumor
disease as benign or malignant is recognized as difficult
even amongst experts although ∼70% of cases are properly identified [25]. However, both AC and TC with metastatic disease exhibited significantly higher scores than
those with localized disease. This suggests that the elevated NETest scores may reflect either evidence of altered
proliferation rates or increased tumor burden. A possible
explanation might be the high percentage (AC: 41% and
TC: 23%) of M1 patients in each of the 2 histological categories (Fisher’s 2-tailed test: p = 0.07). The overall lack
of difference between AC and TC probably reflects more
complex issues which may be better evaluated in the future by an in depth “omic” analysis of individual tumors.
In 13 individuals with BPC, the coexistence of
DIPNECH was identified. NETest levels were similar in
this cohort (mean 39) compared to those with no
DIPNECH (mean 37). Separate studies of DIPNECH are
needed to define the role of the NETest in the delineation
of this ill-understood pathobiological condition. This
lack of difference may reflect the current understanding
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of DIPNECH as a subset of peripheral carcinoid tumors
with low malignant potential [26].
NETest levels have been reported to be of value in defining SD and PD [18, 19]. In this study, we identified
significantly (p < 0.0001) higher levels in PD (mean: 61)
than SD (mean: 35). The AUROC value for differentiating both clinical groups was 0.79 (p < 0.0001). The mean
NETest levels are similar to previous publications in BPC
with PD: 73–85 [16, 17]; SD: 32–36 [16, 17]; and AUROC:
0.91 [17]. We also noted that effective therapy, e.g., SSA,
was associated with lower scores. Patients on SSA who
were “responding” i.e., exhibited SD by imaging, exhibited a significantly (p < 0.005) lower score (mean: 38) than
those with image-demonstrable progression (mean score:
76). This is consistent with a recent study demonstrating
that the NETest effectively identified SSA-treated patients who are responding to therapy [27].
In the current study, we also examined whether disease
stage (evidence of distant metastases) was related to higher scores in the PD cohort. Levels in PD with distant metastases (70 ± 21) were not significantly different to those
without (53 ± 28). This observation is partially supported
by our observations that “stable” patients with M1 disease
had a significantly higher level (58 ± 23) than patients
who were stable and had no metastatic disease (31 ± 10).
It is possible that specific omic analysis of individual tumors and their metastases may allow a better delineation
of what constitutes PD in a metastatic setting. Such alterations in the molecular status and their relationship to
disease status have been identified by Alvarez et al. [28].
The NETest may, therefore, provide information useful
in defining the malignant potential of a particular tumor,
especially once the specific omic clusters delineating the
hallmarks of malignancy are identified. Thus, the current
study supports previous reports that the NETest can
function as a marker or index of clinical disease activity.
In order to assess specificity of the test, we examined
whether the NETest identified other lung neuroendocrine neoplasia. Levels of the gene signature were positive
in ∼75% of SCLC and LCNEC. The mean levels ranged
between 28 (LCNEC) and 42 (SCLC). Although there was
no significant difference in the AUROC between BPC
and LCNEC/SCLC, “omic” analyses [10] identified significantly elevated expression of genes involved in secretion and somatostatin receptors in BPC compared to
LCNEC/SCLC. For example, the secretion-associated
gene PNMA2 was > 2-fold higher in BPC than SCLC/
LCNEC; this is consistent with an earlier observation
identifying elevated serum PNMA2 expression in TC/AC
[29]. SSTR5 was also highly expressed in BPC; this is conMalczewska et al.

sistent with the elevated circulating expression noted in
the peripheral blood [30] and the known decreased expression in both SCLC and LCNEC [31]. These data suggest that there are individual differences in gene expression between BPC and SCLC/LCNEC [unpubl. Data:
Drozdov et al., 2018]. The NETest algorithms were originally trained to differentiate NETs from controls [20]. Retraining the algorithms on gene expression patterns from
BPC and SCLC/LCNEC will likely result in a lung-specific test that can differentiate between these different histological types [32].
The evaluation of gene expression in tumor tissue:blood
pairs supports the NETest signature is neuroendocrine in
origin. The significant correlation between tumor and
blood levels of the 6 BPC and 4 SCLC (neuroendocrine
phenotype)-matched tissue-blood sample pairs confirmed parallel expression of all genes in tissue and blood
compartments. The absence of a significant correlation
for ACC and SCC demonstrates the NETest is specific for
genes expressed by lung neuroendocrine neoplasia. As
such, a blood-based gene expression test can function as
surrogate marker of tumor tissue expression, i.e., as a “liquid biopsy.” A previous report of BPC demonstrated that
NETest gene expression levels were highly correlatable
between tumor tissue and matched blood (R: 0.63–0.91,
p < 0.001) [16]. This current study confirms the significant correlation between blood marker expression and
transcript levels in BPC (R: 0.82, p < 0.0001) and extends
the observation to SCLC which also exhibited a significant correlation (R: 0.68, p < 0.0001). We interpret this to
reflect the known neuroendocrine tissue phenotype of
these tumors which is evident in blood. In contrast, in
SCC and ACC, gene expression in tissue and blood was
not significantly correlated. This is consistent with information in merged lung cancer transcriptome data sets
(n = 1,118 individual ACC/SCC tumor transcriptomes)
that are currently used for clinical predictive modeling.
These transcriptome data sets failed to identify significant
expression of NETest genes [33]. Furthermore, an audit
of the 42 different tissue-based lung gene expression assays used as prognostic signatures for ACC/SCC [34]
failed to identify any NETest genes. These data would appear to confirm that NETest genes are neuroendocrine
related. These observations have recently been confirmed
by a large NIH-funded study (including gene expression
data from 10,224 samples from 32 different tumor types).
This categorically demonstrated that the NETest genes
captured a neuroendocrine neoplasia phenotype [35].
Overall, gene expression in tumor tissue, irrespective of
histology, is recapitulated in time-matched blood sam-

ples from BPC and SCLC. Levels of gene expression in
blood, therefore, provide accurate and correlatable measurements of lung NET tissue (BPC and SCLC) expression.
Gene expression levels were, however, detectable in
blood from nonneuroendocrine neoplastic lung disease,
and ∼25% of SCC and ACC exhibited detectable NETest
scores. Levels were increased in ACC compared to controls but not in SCC. This is similar to previously reported data [17]. A minority (10%) of ACC exhibited NETest
levels >40%. This may reflect the well-described phenomenon of neuroendocrine differentiation in highly aggressive lung tumors [36, 37] and likely detects a tissue-
derived neuroendocrine phenotype. Recent publications
have identified significant cellular heterogeneity in lung
neoplasia including NE differentiation in ∼10% of ACC
and reclassification of 5% of SCCs as LCNEC [36, 38, 39].
A mixed neuroendocrine phenotype is associated with a
poor prognosis in these tumors [40]. The identification of
elevated circulating gene levels in such tumors might consequently be of adjunctive value in more precise disease
stratification. In terms of specificity, an AUROC of 0.84
was calculated for BPC versus ACC/SCC suggesting that
the test, as currently configured, can discriminate between nonneuroendocrine- and neuroendocrine-derived
tumors. Specifically, using an adjusted cutoff of 27 for the
NETest was associated with a sensitivity and specificity of
75% for differentiating BPC from either ACC or SCC.
In addition to malignant lung disease, we evaluated the
NETest in IPF patients. A previous report noted that
chronic obstructive pulmonary disease had low-level increases in circulating NETest gene expression [17]. We
postulate that this increase in gene expression reflects the
well-described increase in histological foci of pulmonary
neuroendocrine cell proliferation and tumorlets that occur
in this disease [41]. A similar process has been described in
chronic gastritis with increased ECL cell proliferation and
concomitant increases in neuroendocrine gene expression
[42]. Since inflammation is a common correlative phenomenon associated with both chronic obstructive pulmonary disease and IPF [43, 44], we evaluated whether idiopathic fibrotic changes in the lung might also elevate the
NETest. The NETest was positive in 36% of IPF patients,
but levels were not significantly increased (p = 0.23) versus
controls. These data are of interest since they suggest a role
for inflammation as an activator of NETest gene expression. It should be noted that 5 IPF patients exhibited a
NETest >70%. The high level in a “nonneuroendocrine”
disease is consistent with neuroendocrine cell activation
but may also reflect occult neuroendocrine disease. This
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possibility is supported by a number of case studies linking
BPC to lung fibrosis [45, 46].
The measurement of gene expression levels in blood
accurately discriminated BPC from controls in this large
independent validation study and could also distinguish
other bronchopulmonary neoplasias as well as benign
lung disease (IPF). The high accuracy and sensitivity are
consistent with the effective diagnosis of lung neuroendocrine neoplasia. Gene level measurements were also effective in differentiating between metastatic and localized
disease as well as between progressive and stable BPC disease. Overall, the multigene signature test meets minimum biometric performance criteria in terms of sensitivity and specificity [47]. As importantly, the test detects
neuroendocrine-derived genes expressed by lung neuroendocrine neoplasia. Any lung nodule that has a positive
NETest would likely have a neuroendocrine phenotype
and should be considered as a BPC or SCLC. Therefore,
the NETest could provide adjunctive information to facilitate histological interpretation. We envisage that the
NETest could be used either as a screening tool for lung
nodules to help direct follow-up (e.g., subsequent imaging, surgery, or genetic studies of neuroendocrine vs.
nonneuroendocrine neoplasia) and for disease monitoring, once the diagnosis has been confirmed. Decreases in
scores after surgery could confirm complete tumor removal and, thereafter, be used to monitor residual disease, and, conversely, increasing scores would identify re-

currence prior to identification on imaging [17]. Changes
in the score could also be used to provide adjunctive information in evaluating responses to therapy, e.g., SSA, as
has been reported in gastroenteropancreatic NET [18,
19].
To conclude, this study validates the NETest as a biomarker for BPC. It also provides information that supports the clinical utility of the NETest in the management
of lung carcinoids. The data suggest that the NETest may
be useful in the differential diagnosis of different lung
neoplasias, especially once further algorithmic refinements are further investigated.
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