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Abstract
A critical requirement in neuroendocrine tumor (NET) management is a sensitive, specific
and reproducible blood biomarker test. We evaluated a PCR-based 51 transcript signature
(NETest) and compared it to chromogranin A (CgA), pancreastatin (PST) and neurokinin A
(NKA). The multigene signature was evaluated in two groups: i) a validation set of 40 NETs
and controls and ii) a prospectively collected group of NETs (nZ41, 61% small intestinal,
50% metastatic, 44% currently treated and 41 age-sex matched controls). Samples
were analyzed by a two-step PCR (51 marker genes) protocol and ELISAs for CgA, PST and
NKA. Sensitivity comparisons included c2, non-parametric measurements, ROC curves and
predictive feature importance (PFAI) analyses. NETest identified 38 of 41 NETs. Performance
metrics were: sensitivity 92.8%, specificity 92.8%, positive predictive value 92.8% and
negative predictive value 92.8%. Single analyte ELISA metrics were: CgA 76, 59, 65, and 71%;
PST 63, 56, 59, and 61% and NKA 39, 93, 84, and 60%. The AUCs (ROC analysis) were: NETest:
0.96G0.025, CgA: 0.67G0.06, PST 0.56G0.06, NKA: 0.66G0.06. NETest significantly outperformed single analyte tests (area differences: 0.284–0.403, Z-statistic 4.85–5.9, P!0.0001).
PFAI analysis determined NETest had most value (69%) in diagnosis (CgA (13%), PST (9%),
and NKA (9%)). Test data were consistent with the validation set (NETest O95% sensitivity
and specificity, AUC Z0.98 vs single analytes: 59–67% sensitivity, AUCs: 0.58–0.63).
The NETest is significantly more sensitive and efficient (O93%) than single analyte assays
(CgA, PST or NKA) in NET diagnosis. Blood-based multigene analytic measurement will
facilitate early detection of disease recurrence and can predict therapeutic efficacy.
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Introduction
Critical requirements for the management of gastroenteropancreatic neuroendocrine tumors (GEP-NETs)
include methods that efficiently detect and monitor
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tumor behavior (Modlin et al. 2008a). NETs are, however,
a heterogeneous group of cancers both in terms of
tumor biology and the variety of bioactive products they
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synthesize and secrete (Modlin et al. 2008b). Some tumors
exhibit extended survival, even with disseminated disease
while others are rapidly metastatic with poor prognosis
(Yao et al. 2008). These different behaviors reflects the
diverse cells (and sites) of origin. Thus, tumor types range
from histamine-secreting gastric ‘carcinoids’ (stomach) to
pancreatic lesions (secreting glucagon, insulin, somatostatin or vasoactive polypeptide – ‘islet cell tumors’), as
well as small intestinal ‘carcinoids’ (secretin, serotonin
and a variety of tachykinins) and colorectal lesions
(enteroglucagon, GLP1, and pancreatic polypeptide).
NETs may therefore be considered ‘functional’ or ‘nonfunctional’, though such terminology is archaic and of
little scientific value except as a clinical descriptor of
utility in diagnosis (Modlin et al. 2011). The advantages
of developing multianalyte assays with algorithmic
analytic (MAAA) methodology to accurately assess a
tumor group arising from many different cells and
with numerous biological profiles has been described
by a number of authors (Engels et al. 2013, Grimm
et al. 2013). Coupling the integral aspects of disease
represented by individual markers referable to a specific
disease produces a significantly greater degree of
quantification (Engels et al. 2013). Thus for example,
examining two deeply conserved process of malignancy
such as apoptosis and anaerobic glucose metabolism
represented respectively by Apo10 and TKTL1 (key
proteins facilitating invasion and metastasis), provides
key information about tumor cell behavior not available
through measurement of a single marker (Grimm et al.
2013). It is therefore clear that a MAAA strategy, if
appropriately configured to interrogate a specific neoplastic process, will mathematically encompass numerous different biological integers inaccessible to a
monoanalyte approach.
Two critical unmet needs were identified by the NCI
NET Summit conference of 2008. The first is the inability
to establish an early and accurate diagnosis and secondly
the evaluation of NET therapeutic responses (Modlin et al.
2008a). The latter is mainly based on radiological
Response Evaluation Criteria In Solid Tumors v1.1
(RECIST) criteria which are difficult in ‘indolent’ lesions
(Eisenhauer et al. 2009). NET responses to therapies are
rarely associated with early measurable changes in tumor
size and represent a well-documented problem in NET
disease management (Denecke et al. 2013, Neperud et al.
2013). Overall, the current criteria for the assessment of
NET progression and therapeutic responses are suboptimal
(Faivre et al. 2012, Castano et al. 2014). As a result,
alternative imaging criteria, combining morphological
http://erc.endocrinology-journals.org
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and functional techniques, are under consideration
(de Mestier et al. 2013). Imaging therefore has limitations
in the early identification of NET disease progress and
the timely establishment of therapeutic efficacy. Thus
alternative approaches, radiological, nuclear medicine
or co-value biomarker strategies are required to provide
information of recurrent disease or therapeutic efficacy.
Alternative or complementary evaluation methods
such as circulating biomarkers have been investigated.
The best known is chromogranin A (CgA) which is
widely used as the default biomarker for NET disease
(Stridsberg et al. 1995). The protein is produced and
processed as a component of the neuroendocrine cellular
secretory apparatus (Taupenot et al. 2003) and exists in
the blood stream as a heterogeneous antigen composition ranging from a complete protein to a series of
cleavage products (Lawrence et al. 2011, Kanakis &
Kaltsas 2012). Increased CgA is ‘generally considered’ to
be sensitive, w60–90% and accurate once a NET has
been identified (Modlin et al. 2010), it is, however, an
ineffective first line diagnostic (Marotta et al. 2012).
Measurements are usually non-specific (10–35% specificity) since CgA is elevated in other conditions including
neoplasia (Wu et al. 2000), cardiac and inflammatory
diseases (Sciarra et al. 2005), renal failure (Hsiao et al.
1990) and proton pump inhibitor (PPI) administration
(Lawrence et al. 2011).
Pancreastatin (PST) is a derivative of CgA that inhibits
both pancreatic insulin and exocrine secretion, and may
stimulate gastric acid secretion (Udupi et al. 1999). It is
elevated in 58–81% of NETs (Stridsberg et al. 1995,
Calhoun et al. 2003) and does not appear to be elevated
by PPI use (Raines et al. 2012). Despite recent interest in
PST as a biomarker (Ito et al. 2012), its utility remains
unclear as levels do not correlate with tumor location,
are not associated with tumor functionality and may
not correlate with tumor aggressiveness or survival
(Calhoun et al. 2003). It has been proposed that rapid
alterations may be prognostic for somatostatin analogbased therapy (Stronge et al. 2008). Medications or food
ingestion, e.g. glucose (alters insulin levels) influences
results (Siegel et al. 1998). In addition, this disglycemic
peptide is elevated in diabetics (Valicherla et al. 2013) as
well as in hyperparathyroidism (Bergenfelz et al. 2000).
Different conformations of the peptide may also be
masked and are unavailable for assessment rendering
assay interpretation complex and controversial (O’Dorisio
et al. 2010).
Neurokinin A (NKA, substance K) is a ten amino acid
peptide translated from the pre-protachykinin gene with
Published by Bioscientifica Ltd.
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broncho-constrictive properties, in asthma (Joos et al.
2004). NKA levels are considered to have utility in
evaluating carcinoid heart disease and treatment responses
(Dobson et al. 2013). It has been suggested that levels may
be an independent indicator of NET prognosis; O
50 pmol/l associated with decreased 3 year survival rates
(Turner et al. 2006). Medications for hypertension,
intestinal motility and acid suppression (PPIs), as well as
opiates all affect NKA levels (Lecci et al. 2006).
Given the limited accuracy of the currently available
biomarkers and the known limitations of single analyte
measurements in clinical science (Hood & Tian 2012,
Curtis et al. 2013), we have developed a blood-based
multianalyte neuroendocrine tumor specific gene transcript analysis. This is an alternative to the measurement
of single analytes, e.g. CgA, PST, or NKA and is a robust,
reproducible PCR-based multianalyte test for the detection
of NETs. The multianalyte algorithm is based on the
simultaneous measurement of 51 neuroendocrine specific
marker genes in peripheral blood. It has a high sensitivity
(85–98%) and specificity (93–97%) for the detection of gut
NETs or ‘carcinoids’ (Modlin et al. 2013a, 2014). Based
upon the scientific assessment of multianalyte methodology, this technique is superior to single analyte assays in
the detection of NETs (Lewis & Yao 2013). The current
study examines both an independent validation set and a
prospective patient set. We investigated the multianalyte
Table 1

gene transcript analysis for NETs against the currently
used standard biomarkers: CgA, PST and NKA using an age
and sex matched sample set of NETs and controls.

Methods
Validation set (Set 1)
A validation set including 20 age-matched NETs and
controls (1:1) was assessed (Table 1). Samples were not
sex-matched but ages were not different between the
two groups (NETs: 59.6G2.2 years vs controls: 58.7G3.4,
PZNS). The ethnicity was exclusively Caucasian. The
demographics of each group are included in Table 1.
The majority of NETs were small intestinal (nZ13, 65%),
14 (w70%) had metastases and 13 (65%) were being treated
(Sandostatin: nZ11, SandostatinCAffinitor: nZ2; Novartis
Pharmaceuticals). Six (30%) of the control group were
taking PPIs. The diseases were: GERD: nZ7, asymptomatic
controls: nZ5, pancreatic cysts: nZ4 and inflammatory
bowel disease (IBD): nZ4.

Matched cases and controls (Set 2)
This included prospectively collected NET patients
(September–December 2013) and controls, matching the
41 cases with a control (1:1) by sex and age to within

Demographics (Set 1)
Neuroendocrine tumors (nZ20)

Sample

N1
N2
N3
N4
N5
N6
N7
N8
N9
N10
N11
N12
N13
N14
N15
N16
N17
N18
N19
N20

Gender

Age

Site

F
F
F
M
F
M
F
F
M
F
F
F
F
F
F
F
M
F
F
M

68
54
44
60
46
68
59
46
71
72
53
69
53
58
47
66
60
65
78
54

BP
CUP
CUP
D
P
P
P
SI
SI
SI
SI
SI
SI
SI
SI
SI
SI
SI
SI
SI

Mets

LIV
Local
LIV
LIV
Local
LIV
LIV
LIV
Local
Local
LIV
LIV
LIV
LIV

Controls (nZ20)
Treatment

Sandostatin
Affinitor/Sandostatin
Affinitor/Sandostatin
Sandostatin
Sandostatin

Sandostatin
Sandostatin
Sandostatin
Sandostatin
Sandostatin
Sandostatin
Sandostatin
Sandostatin
SIRT

Sample

Gender

Age

Pathology

C1
C2
C3
C4
C5
C6
C7
C8
C9
C10
C11
C12
C13
C14
C15
C16
C17
C18
C19
C20

M
M
M
F
F
M
M
M
M
F
M
M
M
M
F
M
M
F
F
M

68
52
27
59
37
75
56
44
80
80
47
76
48
53
45
67
67
63
64
52

None
IBD
None
GERD
IBD
Cyst
GERD
None
IBD
GERD
IBD
Cyst
GERD
Cyst
None
GERD
GERD
GERD
GERD
IBD

BP, bronchopulmonary; CUP, carcinoid of unknown primary; D, duodenum; P, pancreas; SI, small intestine; Mets, metastases; LIV, liver.
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2 years. The ethnicity was exclusively Caucasian.
The demographics of each group are included in Table 2.
There were no differences in sex distribution: M:FZ10:31,
both groups) or age between the two groups (NETs: mean
56.9, range: 31–76; controls: mean 56.4, range: 33–75)
confirming appropriateness of matching. The majority of
NETs were small intestinal (nZ25, 61%), 20 (w50%) had
metastases (six of which were lymph node or mesenteric
invasion) and 18 (44%) of the NETs were currently treated
(Somatulin: nZ2, Sandostatin: nZ15, SandostatinCAffinitor: nZ1). No NETs were on acid inhibitory therapy.
Table 2

Demographics (Set 2)

Sample

Gender

Age

Site

Mets

F
F
F
F
F
F
F
M
F
M
F
M
F
F
F
F
M
F
F
M
F
F
F
F
M
F
M
F
F
F
F
M
F
F
F
F
F
M
F
F
M

66
52
64
52
63
75
53
33
46
67
59
57
57
65
35
59
68
58
43
56
65
43
70
46
58
48
52
65
33
65
72
65
57
71
39
67
36
74
55
44
61

A
BD
C
D
BP
BP
BP
BP
OV
P
P
P
P
P
R
SI
SI
SI
SI
SI
SI
SI
SI
SI
SI
SI
SI
SI
SI
SI
SI
SI
SI
SI
SI
SI
SI
SI
SI
SI/App
ST

Local

In contrast, 12 (29%) of the control group were taking
PPIs. The majority (nZ27, 66%) had GERD; no symptoms
were noted in 13 patients (one with a past history of
ovarian cancer, one with a past history of pancreatic
cancer), one control had uncontrolled IBD. None were
taking anti-hypertensive medication.

Sample collection
All samples were collected and analyzed according to a
standard IRB protocol (Yale University: June 17, 2013) in

Endocrine-Related Cancer

Neuroendocrine tumors (nZ41)

N1
N2
N3
N4
N5
N6
N7
N8
N9
N10
N11
N12
N13
N14
N15
N16
N17
N18
N19
N20
N21
N22
N23
N24
N25
N26
N27
N28
N29
N30
N31
N32
N33
N34
N35
N36
N37
N38
N39
N40
N41

Treatment

LIV
Local

Sandostatin

LIV

Sandostatin

LIV
LIV

Sandostatin
Affinitor/Sandostatin
Sandostatin

Bo
LIV
LIV
LIV
Local

Distant
LIV
LIV
LIV
LIV
LIV
LIV
LIV
LIV
LIV
LIV
Local
Local
Local

Sandostatin
Sandostatin
Sandostatin
Sandostatin
Sandostatin

Somatulin
Somatulin
Sandostatin
Sandostatin
Sandostatin
Sandostatin

Sandostatin

Sandostatin

LIV

Controls (nZ41)
Sample

Gender

Age

Pathology

PPI

C1
C2
C3
C4
C5
C6
C7
C8
C9
C10
C11
C12
C13
C14
C15
C16
C17
C18
C19
C20
C21
C22
C23
C24
C25
C26
C27
C28
C29
C30
C31
C32
C33
C34
C35
C36
C37
C38
C39
C40
C41

F
F
F
F
F
F
F
M
F
M
F
M
F
F
F
F
M
F
F
M
F
F
F
F
M
F
M
F
F
F
F
M
F
F
F
F
F
M
F
F
M

67
52
64
52
63
76
52
35
48
67
61
56
56
65
34
59
70
58
46
55
65
47
69
48
57
51
52
67
31
64
74
65
56
73
36
68
34
74
56
47
62

None
Cyst
None
None
GERD
Pancreatitis
Serous Cystadenoma
None
None
GERD
None
Cyst
Mucinous Cyst
Cyst
None
Cystadenoma
GERD
GERD
GERD
GERD
GERD
GERD
GERD
Cyst
Cyst
Cyst
None
None
None
None
Cyst
Cystadenoma
GERD
Mucinous Cyst
Crohn’s
NET (confirmed)
Cyst
None
GERD
Cyst
None

N
N
N
N
Y
Y
N
N
N
Y
N
N
N
N
N
Y
Y
Y
Y
y
Y
Y
Y
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
Y
N

A, appendix; BP, bronchopulmonary; BD, bile duct; C, colon; D, duodenum; OV, ovarian; P, pancreas; R, rectum; SI, small intestine; ST, stomach; Mets,
metastases; Bo, bone; LIV, liver.

http://erc.endocrinology-journals.org
DOI: 10.1530/ERC-14-0190

q 2014 Society for Endocrinology
Printed in Great Britain

Published by Bioscientifica Ltd.

Research

I M Modlin et al.

MAAA gene test superior for
NET detection

21:4

619

AUTHOR COPY ONLY

accordance with the World Medical Association Declaration of Helsinki regarding ethical conduct of research
involving human subjects (Modlin et al. 2013a). All
individuals from whom blood was obtained were seen
(June 2012–December 2013) at the School of Medicine
out-patient clinics following informed consent. Blood
samples (5 ml) were collected in 9 mg K2EDTA tubes (BD
Vacutainer Venous Blood Collection Tubes, BD Diagnostics, Franklin, NJ, USA). Aliquots of whole blood were
stored at K80 8C within 2 h of collection (samples
immediately stored on ice/4 8C after sampling) per
standard molecular diagnostics protocols for PCR-based
studies (Raza et al. 2012). A second aliquot (2 ml) was spun
(600 g, 10 min) and the plasma collected for ELISA as
previously described (Modlin et al. 2009, 2013a, 2014).

Endocrine-Related Cancer

Multianalyte algorithm analysis (MAAA)
PCR-based test (NETest)
We used a two-step manual technique protocol (RNA
isolation with cDNA production and qPCR). Transcripts
(mRNA) were isolated from 1 ml EDTA-collected blood
samples using the mini blood kit (Qiagen). The RNA
quantity was 50 ml, the quality was O1.8 (A260:280 ratio);
analysis of the RNA pattern on electrophoresis (Agilent
Technologies, Santa Clara, CA, USA) RINO5.0 (Fleige
et al. 2006). The standard Qiagen isolation protocol
(heme/gDNA contamination not detected) with no
modifications was used. cDNA was produced from 50 ml
RNA using a High Capacity Reverse transcriptase kit (Life
Technologies: cDNA production 2000–2500 ng/ml) and
stored at K80 8C. qPCR was performed (384-well plate,
HT-7900) with the cDNA (200 ng/ml) and 16 ml of
reagents/well (Universal Master Mix II with UNG, Life
Technologies, triplicate wells) (50 8C 2 min, 95 8C 10 min,
then 95 8C 15 s, 60 8C, 60 s for 40 cycles) as described
(Modlin et al. 2013a, 2014). A NET score (0–8) is derived
from the PCR data using MATLAB (R2011a, Mathworks,
Natick, MA, USA) (Modlin et al. 2013b); a value R2 is a
positive tumor score (Modlin et al. 2013a,b, 2014).

Single analyte ELISA-based tests
i) Chromogranin A ELISA: CgA was measured using the
DAKO ELISA kit (K0025, DAKO North America, Inc.,
Carpinteria, CA, USA) (Modlin et al. 2009, 2013a,
2014). A cut-off of 14 Units/l (DAKO) was used as the
upper limit of normal as preliminary studies based
upon published papers that identified the majority
http://erc.endocrinology-journals.org
DOI: 10.1530/ERC-14-0190
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(O75% of control samples, nZ36) exhibit these
levels (Modlin et al. 2013a).
ii) Pancreastatin ELISA (#CSB-E09209h, CUSABIO,
Atlanta, GA, USA) has an assay range of 31.25–
2000 pg/ml with a sensitivity of 7.8 pg/ml. The intraand interassay CV values are !8 and !10%,
respectively. Final values calculated as pmol/l to
facilitate comparisons with other assays (Stronge
et al. 2008).
iii) Neurokinin ELISA (#EIA-NEA1, Raybiotech, Norcross,
GA, USA) has an assay range of 0.8–1000 pg/ml with
a published sensitivity of 0.8 pg/ml (Dornan et al.
1993). The intra- and interassay CV values are !10
and !15%, respectively. In the current studies, we
used a limit of detection of 0.8 pg/ml. Final values
calculated as pmol/l to facilitate comparisons with
other assays (Turner et al. 2006).

Prior to undertaking the prospective study, we
examined patient samples (nZ9) with known levels
(normal or elevated) of CgA, PST and NKA. We compared
values measured using clinical assays – Quest Diagnostics –
for each of the three analytes to the three ELISAs (DAKO –
CgA, CUSABIO – PST and RayBiotech – NKA, respectively).
Concordant levels (abnormal 3/3 – 100% and not elevated
3/3 – 100%) were identified between the clinical assay
and each of the three assays confirming the utility of the
study assays.

Statistical analyses
Sensitivity comparisons using respectively c2, non-parametric measurements and ROC analysis were made
between the MAAA-PCR test and single analyte plasma
ELISAs for detection of NET. Both Prism 6.0 for Windows
(GraphPad Software, La Jolla, CA, USA, www.graphpad.
com) and MedCalc Statistical Software version 12.7.7
(MedCalc Software bvba, Ostend, Belgium; http://www.
medcalc.org; 2013) were utilized.
The accuracy of each of the single analyte assays was
compared to the NETest using receiver operating characteristic (ROC) curve analyses (continuous variables) and
the sensitivity, specificity, and the area under the curve
(AUC) were calculated (MedCalc) (Hanley & McNeil 1982).
AUCs were compared and the Z-statistic derived (Hanley &
McNeil 1983) (MedCalc). Values are presented as mean
with standard deviation (Set 1) and median with ranges
(Set 2). Predictive feature importance values for each test
were derived using the mean decrease in Gini coefficient,
following construction of a random forest model with
Published by Bioscientifica Ltd.
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i) Validation set analyses (Set 1)
One hundred (20/20) percent of NETs exhibited a PCR
score R2 (Fig. 1A) compared to one (5%) of the 20 controls
(Oc2Z32.4, P!4!10K10). Review of this control which
had been included initially as a chronic pancreatitis
patient revealed suspicious radiological findings and an
elevated CA19-9 (43.7 ng/ml). The patient was therefore
considered to have a possible underlying pancreatic
neoplasm. An FNA was undertaken but interpreted as
negative. It is therefore possible that this control actually
does have a covert NET and that the positive control is
in fact accurate. CgA was elevated in 45% of controls
but was increased in 65% of NETs. Levels were,
however, higher in NETs (mean 325G145 U/l vs 18.5
G12.8, PZ0.04). PST was elevated in 70% of NETs (25
G4.6 pmol/l) but this was not different to controls
(elevated in 45%, 18.5G1.4 pmol/l). NKA was elevated
in 50% of NETs (0.42G0.27 pmol/l) but 25% of controls
also exhibited elevated levels (0.08G0.03 pmol/l).
The MAAA-PCR NETest test had significantly better
(P!0.0001) performance metrics than any of the single
analyte tests (Fig. 1B). ROC analysis confirmed
the superiority of the NETest (AUC: 0.98G0.016 vs
0.58–0.63, Z-statistic Z4.0–4.25, P!0.0001).

ii) Prospective set analyses (Set 2)
iiA) MAAA-PCR NETest Thirty-eight of the 41 NETs
(93%) exhibited a PCR score R2 (positive test). The three
patients with scores of two had been clinically assessed as
stable disease following previous resection (right hemicolectomy (!1 cm small intestinal NET: nZ1), pancreas
resection (!1 cm insulinomas: nZ2)) and were currently
not receiving any treatment. Three (7%) of the age: sex
matched control group had an elevated score; one was
suspected to have a pancreatic NET, one had a pancreatic
mass, subsequently confirmed to be a cyst with intraductal
papillary mucinous neoplastic (IPMN) features and the last
had uncontrolled IBD. The latter patient was identified
during push-enteroscopy to have terminal ileal ulceration
and the presence of nodules (!0.5 cm in diameter).
http://erc.endocrinology-journals.org
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Figure 1
Validation set accuracy and performance metrics for the MAAA-NETest vs
single analyte ELISAs for CgA, PST and NKA. (A) The NETest correctly
predicted 100% of NETs and 95% of controls. CgA was elevated in 65%
of cases and 45% of controls. PST was elevated in 70% of cases and 45%
of controls, while NKA was elevated in 50% of cases and 25% of
controls. (B) The sensitivity and specificity for the NETest were all O95%.
The metrics for CgA ranged from 59 to 61%, for PST: 61–65% and for
NKA: 60–67%. The AUC for PCR gene analysis was 0.98 and for CgA 0.60.
For PST it was 0.58 and for NKA 0.63. The NETest outperformed the
single analytes (P!0.0001). NETest, multigene test; CgA, chromogranin A;
NKA, neurokinin A; PST, pancreastatin; SENS, sensitivity; SPEC, specificity.
*P!0.0001 vs controls. **P!0.0001 vs CgA, PST and NKA. #P!0.001 vs
single analytes (Z-statistic).

Mucosal neuroendocrine cell hyperplasia and inflammatory infiltration were identified in the biopsies of the
nodules. As expected, the percentage of elevated scores
was significantly higher in the NET group compared to
controls (median 4: 2–7 vs 0: 0–5, P!0.0001) (Mann–
Whitney U test, two-tailed) (Fig. 2A).
Published by Bioscientifica Ltd.
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Figure 2
Differences in NETest score, CgA levels, PST and NKA in age-sex matched
NETs and controls (nZ41 each). The MAAA-NETest was significantly higher
(P!0.0001) in NETs compared to controls (A). CgA levels were also
significantly elevated in NETs than in controls (P!0.01) (B) but PST levels

did not differentiate the two groups (C). NKA levels (D) were, however,
elevated in NETs (P!0.001). CON, control group; NET, neuroendocrine
tumor group.

iiB) Single analyte ELISA tests (Set 2) CgA was
elevated (O14 U/ml) in 31 (76%) of NETs, significantly
more than in the control group (nZ17, 41%) (median
21.6: 9.5–5235 vs 13: 5.7–109, PZ0.006, Fig. 2B). Although
CgA levels were elevated in the NET group with liver
(nZ18) and distant metastases (bone: nZ2) (median:
27.2 U/l, range: 9.5–5235), this was not significantly
different to lymph node/mesenteric metastases (median:
17 U/l, range: 11.4–21.6) or individuals with no documented metastases (median: 23.6 U/l, range: 10.1–137.5).
A comparison of those taking somatostatin-based
therapies (nZ18) and those currently not on treatment
(nZ23) identified CgA tended to be higher in the latter
group (median: 18.8 U/l, range: 9.5–5235 vs 24.6:
10.1–640). This did not achieve statistical significance
(PZ0.21). In the matched control group, CgA was
significantly elevated in controls taking PPIs (median:
26 U/l, range: 11–93.7) compared to those not exposed
to PPIs (median: 12 U/l, range: 5.7–109, PZ0.0009,
Mann–Whitney). Of note was the observation that seven
controls with no documentation of PPIs administration
exhibited elevated CgAs. It is likely that this reflects the
presence of other undocumented pathology, e.g. hypertension (O’Connor 1985) not identified at blood draw.
PST was elevated (O17 pmol/l) in 26 (63%) of NETs,
but this was not significantly more than in the control
group (nZ18) (median 17.7: 13.6–32.8 vs 16.8: 12.8–36.3,
PZNS, Fig. 2C). A sub-analysis of the NET group identified
that PST levels were similar in the NET group with
liver (nZ18) and distant metastases (bone: nZ2) (median:
17.95 pmol/l, range: 13.8–29.9), with lymph node/

mesenteric metastases (median: 16.95 pmol/l, range:
14.5–23.6) as well as those with no documented metastases (median: 17.1 pmol/l, range: 13.6–32.8). A comparison of those receiving somatostatin-based therapies
(nZ18) and those currently not on treatment (nZ23)
identified no differences in PST levels (median:
18.25 pmol/l, range: 13.8–23.4 vs 17.1: 13.6–32.8). In the
matched control group, PST in contrast to CgA, was
not significantly elevated in the PPI group (median:
16.95 pmol/l, range: 14.5–30) compared to those not
receiving PPIs (median: 16.6 pmol/l, range: 12.8–36.3,
PZ0.34, Mann–Whitney).
NKA was elevated (O0.7 pmol/l) in 15 (37%) of NETs;
this was significantly more than in the control group
(nZ4) (median 0.13: range 0–29 vs 0: 0–8.5, PZ0.0003,
Fig. 2D). Although NKA was elevated in the small
intestinal NET group (median 0.63: 0–12.2) this did not
reach statistical significance compared to other NETs
(median 0.13: 0–29, PZ0.055). Of note was the observation that while 11 (44%) of the 25 small intestinal
had detectable NKA, it was also elevated in 31% of the
non-SI NETs (PZNS). This is consistent with previous
studies suggesting over-expression of NKA in ‘mid gut
carcinoids’ (Turner et al. 2006).
A sub-analysis of the NET group identified that NKA
levels were not associated with metastases (liver: nZ18
and distant metastases/bone: nZ2 – median: 0.57 pmol/l,
range: 0–11.4, lymph node/mesenteric metastases (nZ6 –
median: 0.97 pmol/l, range: 0.24–4.8; no documented
metastases (nZ15 – median: 0.44 pmol/l, range: 0–29) and
was not significantly altered by somatostatin-based
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therapies (SSA: median: 0.57 pmol/l, range: 0–5.3 vs 0.47:
0–29). In the matched control group, NKA was not
significantly elevated in individuals receiving PPIs
(median: 0 pmol/l, range: 0–8.5) compared to non-PPIs
users (median: 0 pmol/l, range: 0–1.24, PZ0.51, Mann–
Whitney).
iiC) Performance metrics (Set 2) The NETest test
had significantly better (P!0.0001) performance metrics
than any of the single analyte tests. The differences in
performance metrics for differentiating a NET using the
multigene test vs the single analyte assays in the 82
samples (41 age-sex matched NETs and controls) are
presented in Fig. 3A. For the NETest, the sensitivity was
92.8%, specificity 92.8%, positive predictive value (PPV)
92.8% and negative predictive value (NPV) 92.8%. For the

Performance metrics

Optimal
Biomarker
Metrics

80
60

NETest
CgA
PST
NKA

40
20
0
Sensitivity Specificity

PPV

iiD) Predictive feature importance analyses
(Set 2) Feature importance analysis (see Methods) was
undertaken to compare the NETest with CgA, PST and
NKA measurements in order to evaluate the importance of
each to the detection of NETs. The NETest was seven times
more important (69 vs 9–13%) than the contributions of
any of the other single analytes in the diagnosis of NETs
(Fig. 4A). A visual representation of this data is provided in
the consensus heatmap which demonstrated that the
NETest is most often correct in differentiating between
NETs and controls (Fig. 4B). A number of controls have
abnormally elevated CgA or PST (and are therefore ‘called’
NETs – this is most likely reflective of concomitant PPI use
or hypertension) while NKA was undetectable in the
majority of patients and controls (this due to the limit of
detection of 0.8 pg/ml).

NPV

B 100

Discussion

80
Sensitivity
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A 100

ELISA assays these ranged from sensitivities: 39–75.6%,
specificities: 56.1–93%, PPVs: 59.1–84% and NPVs:
60–70.6%. To formally compare these different tests,
we undertook ROC analysis. The AUCs were: NETest:
0.957G0.025, CgA: 0.67G0.06, PST: 0.56G0.06 and NKA:
0.66G0.06 (Fig. 3B and Table 3). Comparing each of the
AUCs (Hanley & McNeil 1983) identified that the NETest
was significantly better than any of the single analyte tests
(difference between areas: 0.284–0.403, Z-statistic Z4.85–
5.9, P!0.0001, Table 4).

NETest
CgA
PST
NKA

60
40
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0
0

20
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100-Specificity

Figure 3
Performance metrics for the MAAA-NETest vs the single analyte ELISAs for
CgA, PST and NKA in the 41 matched NETs and controls. (A) The sensitivity,
specificity, PPV and NPV for the NETest were all O90%. The metrics for CgA
ranged from 58.5 to 75.6%, for PST it was: 31.7–80.5% and for NKA:
39–93%. (B) Receiver operating characteristic (ROC) curves for PCR gene
analysis compared to CgA, PST and NKA. The AUC for PCR gene analysis was
0.96 and for CgA 0.67. For PST it was 0.51 and for NKA it was 0.66. The
NETest outperformed the single analytes. NETest, multigene test; CgA,
chromogranin A; SENS, sensitivity; SPEC, specificity; PPV, positive predictive
value; NPV, negative predictive value. The dotted line (A) represents 80%
(standard cut-off level for biomarkers).
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Given the awareness that biomarker measurement represent a major advancing area in amplifying disease
management, substantial consideration has been given
to the performance criteria necessary to ensure scientific
and clinical value. Circulating biomarkers must exhibit a
series of attributes to be considered as effective in disease
detection and monitoring (2010). These include
expression in a peripheral compartment, e.g. blood; robust
assays for detection and measurement of the product(s)
must both be associated as specifically as possible with a
particular tumor as well as differentiate normal from this
specific disease. In general, performance metrics, including the AUC, should be O80% (Palmer et al. 2008). The
current study demonstrates that measurement of a single
tumor product (e.g. NKA) or general markers of neuroendocrine cells (CgA, PST) fail to meet these criteria for the
detection of NETs. None of these single analyte measurements can be considered optimally effective in attaining
these goals. Indeed, this is predictable given the fact that a
single analyte produced by a specific cell type is unlikely to
Published by Bioscientifica Ltd.
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Table 3
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AUC

a
S.E.M.

95% CIb

0.957
0.673
0.555
0.664

0.0249
0.0593
0.0643
0.0607

0.888–0.990
0.561–0.773
0.441–0.665
0.551–0.765

AUC, area under the curve.
a
Hanley & McNeil (1982).
b
Binomial exact.
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Performance metrics

NETest
CgA
PST
NKA

be broadly represented in a heterogeneous group of
tumors. In terms of the mathematics of the process, a
monoanalyte cannot predict numerous variables. Nevertheless, such assertions have been made for monoanalyte
assays such as CgA which has been variously suggested to
predict diagnosis, tumor burden, prognosis and likelihood
of response to therapy. In contrast, the NETest, which
measures 51 analytes defining a wide array of neuroendocrine tumor gene clusters, is highly accurate for the
detection of NETs. Based upon preliminary data in 133
patients (Modlin et al. 2013b) it seems likely that further
investigation will demonstrate the feasibility of the NETest
in providing information relevant to assessment of tumor
burden and measurement of treatment efficacy. This
reflects the fact that the 51 different algorithmically
assembled analytes represent numerous gene clusters
specific to the neuroendocrine tumor cell and different
elements of its biological behavior. As might be predicted
from a cell type-specific series of gene transcripts, the test
is neither up-regulated in controls (as occurs for CgA and
PST) nor is it undetectable in tumors (as for NKA).
The NETest conforms to a category of assays known as
MAAAs. These are procedures that utilize multiple results
derived from assays of various types, including molecular
pathology assays, fluorescent in situ hybridization assays
and non-nucleic acid based assays (e.g. proteins, polypeptides, lipids, carbohydrates) (Faltin et al. 2013).
Table 4

21:4

Algorithmic analyses, using the results of these assays as
well as other patient information (if used), can then be
performed and are typically reported as a numeric score(s)
or as a probability (Eastman et al. 2012) that can provide
additional prognostic and predictive information, further
aiding clinical management (Cornejo et al. 2014). The
strengths of MAAAs are the incorporation of multiple
informative data points as well as these are typically
undertaken by a single dedicated facility (Lee & Hall 2009).
The advent of multiparameter technology has been
driven by the need to understand the complexity in
biological systems and high-content analytical techniques
have rapidly been introduced into both research and
clinical laboratories. This has largely been undertaken in
response to a shift in perspective from the analysis of
individual molecules to the analysis of complex biological
systems (e.g. combinatorial chemistry, genomics, and
proteomics) (Hiraki et al. 2014). The power of MAAA
profiling is in the utilization of technical and informational synergies in parallel systems, often in real time,
revealing information among related analytes that may
not be fully appreciated in conventional iterative assays
(Torres-Chavolla & Alocilja 2009). Beyond the rapid
accumulation of data, these systems have the ability to
integrate qualitative findings with robust analytical
techniques for quantifying complex interactions among
molecules (Salas et al. 2008). The most recognizable area
has been in microarray technology. Recent examples have
demonstrated the utility of transcriptome-based analysis
by the use of gene profiling to identify breast cancers that
will respond to treatment (Miller et al. 2009, Zembutsu
et al. 2009). While such approaches encompass up to
thousands of analytes, it is relevant that analysis of !100
genes in PCR-based tests are informative. Examples
include the recently FDA approved 70 gene MammaPrint
assay test that functions as a specific and crucial aspect of
metastatic and recurrent potential for breast cancer
(Kittaneh et al. 2013) as well as FibroSure (FibroTest)

Pairwise comparison of ROC curves

NETest vs CgA
NETest vs PST
NETest vs NKA
CgA vs PST
CgA vs NKA
PST vs NKA

Difference
between AUCs

a
S.E.M.

0.284
0.403
0.294
0.119
0.00952
0.109

0.0625
0.0682
0.0603
0.0845
0.0819
0.0833

95% CI

0.162 to 0.406
0.269 to 0.536
0.175 to 0.412
K0.0470 to 0.284
K0.151 to 0.170
K0.0541 to 0.272

AUC, area under the curve.
a
Hanley & McNeil (1983).
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Z-statistic

P value

4.548
5.902
4.867
1.404
0.116
1.31

!0.0001
!0.0001
!0.0001
0.1602
0.9075
0.1901
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Figure 4
Feature importance analysis for the MAAA-NETest, and the CgA, PST and
NKA in the 41 matched NETs and controls. (A) Pie chart of the individual test
contribution in the detection of NETs. The importance of the NETest in the
diagnosis of NETs (expressed as a mean decrease in Gini coefficient) was
seven times higher than any of the single analytes. (B) Consensus heatmap
of diagnosis and test. Sample classification by each of the test in
comparison to diagnosis highlights that the NETest is most often correct.
A number of controls have abnormally elevated CgA or PST (and are
therefore called ‘NETs’). NKA is undetectable in the majority of patients or
controls. Controls (blue), NETs (red).

which is a six-panel blood test for liver damage and
has become widely used for hepatitis C diagnosis and
detection and can replace liver biopsy (Poynard et al.
2004). Interestingly, it is relevant that even as few as two
biomarkers can be more informative than a single analyte.
Overall survival (hazard ratios O2.5 vs 1.3) as well as the
relapse free period are more accurately predicted by
combinations of two biomarkers than single markers (HR
O2.3 vs 1.3) in breast cancer (Engels et al. 2013). The
utility of the biomarkers increased in an additive fashion
but there are numerous examples where accuracy
increases in non-additive fashion. One example is represented by the immunohistochemical classification of
head and neck cancer (HNC) cell lines. An accurate
http://erc.endocrinology-journals.org
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classification of the latter requires a minimum of seven
different immunohistochemical parameters (w80%);
staining for an individual marker is not associated with
a definitive classification (random forest classification
accuracy !20%!) (Hoeben et al. 2014). At a circulating
level, CgA has often been used in the diagnosis of
pheochromocytomas despite the cost- and time-related
issues of false positives and negative results (Sawka et al.
2004). Measurements of three analytes (secretogranin
II-derived EM66, CgA and the CgA-derived WE-14 peptide)
have a better sensitivity than any of the single analytes
(95 vs 84%) (Guillemot et al. 2014) confirming the utility
of MAAA approaches. The authors suggest this could
accompany routine assays of metanephrine levels for the
diagnosis of pheochromocytoma. A further example is
provided by the use of combinations of epitope detection
in monocytes where measures of Apo10 and TKTL1
exhibited significantly better performance metrics than
a single measure alone in oral squamous cell carcinoma,
breast cancer and prostate cancer (average single analyte
sensitivity: 93 vs 95%; specificity: 90 vs 97%) (Grimm et al.
2013). Thus, the combined detection of two independent
fundamental biophysical processes allows for the sensitive
and specific detection of neoplasia in a noninvasive and
cost-effective way. It seems likely that the MAAA-derived
values will similarly allow for a sensitive non-invasive
method for detecting NETs. We consider that while of
utility alone, such an approach may be rendered even
more informative in combination with assessments
provided by integration with objective data obtained
from imaging and nuclear medicine scanning, as has
been shown for HNC (Hoeben et al. 2014).
Up-regulation of CgA is understood to reflect PPImedication (Lawrence et al. 2011) while this class of agent
is not thought to influence PST levels (Raines et al. 2012).
In the current study, the NETest was not elevated in any of
12 individuals receiving PPI. In contrast, plasma CgA was
elevated in 10 (83%) while PST was abnormally elevated in
50% of this group. We could therefore identify no overall
effect of PPIs on PST (no differences in PPI-treated and
non-treated controls), which presumably reflects the
heterogeneity in secretion of this peptide family following
prohormone cleavage (Udupi et al. 1999). While others
have identified correlations between CgA and PST
(Syversen et al. 1994), we could identify no statistically
significant relationship; this is consistent with previous
assays (Stronge et al. 2008, O’Dorisio et al. 2010). CgA is
also elevated in hypertension (Takiyyuddin et al. 1995)
(particularly when not treated (O’Connor 1985)). It is
relevant that under these conditions PST has been
Published by Bioscientifica Ltd.
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reported as increased (Sanchez-Margalet et al. 2010). This
suggests that abnormal measurements of these analytes is
due to a range of factors including medications and
genetic influences, many of which may not be apparent
at the time of blood sampling. Under these conditions,
NETest levels were normal demonstrating that the multianalyte assay is not affected by factors unrelated to
neuroendocrine tumor disease.
Somatostatin-based therapies are often used in the
treatment of NET symptoms and more recently have been
advocated as an antiproliferative agent (Wolin 2012). In
the current study, 18 NETs were undergoing treatment
with either Sandostatin (nZ16) or Somatulin (nZ2).
Plasma CgA and PST levels were elevated in w60–65%,
suggesting an inadequacy of effective dosages for symptom control in about two thirds of patients (Woltering
et al. 2006). It should be noted that the NETest was
elevated in all treated patients (many of whom were
asymptomatic) suggesting that the multianalyte assay
may be more reflective of the tumor activity rather than
a measure of tumor secretion per se. Irrespective, these data
suggest that the NETest may be of use in assessing the
effect of SSA efficacy. Similarly, the effects of PPIs in
providing false elevations of single analyte test results
(CgA) are not evident. This is consistent with data
demonstrating that a PCR (MAAA) multigene test was
unaffected by acid suppressive therapy (Modlin et al.
2014). This discrepancy may well provide some degree of
understanding of the relative lack of efficacy of NETdirected therapy (Bergsland 2013, Oberg et al. 2013, Pavel
et al. 2013).
Using a number of different analytic methods of
performance (performance metrics, ROC curve analysis,
and predictive feature importance analysis), we demonstrated that the multigene test significantly outperformed
single analyte measures in the detection of NETs. The
sensitivities and specificities in this prospective cohort
are similar to those previously reported by us (85–98%
sensitivity and 93–97% specificity) in different sample sets
(Modlin et al. 2013a, 2014). The AUC (from the ROC
curve) in the current study was 0.96, similar to that
previously reported (95–98%) (Modlin et al. 2013a). Each
of the ELISA single analytes, in contrast, had significantly
lower AUCs (ranging from 0.56 to 0.67). In contrast, ROC
AUC curves for commercially available CgA RIAs (CIS-Bio
and EuroDiagnostica, considered more sensitive than
ELISA) generally range from 0.48 to 0.76 (Marotta et al.
2012, de Laat et al. 2013, Tohmola et al. 2013). In
histopathologically confirmed NETs, using a processingindependent analysis method which is also radioimmunehttp://erc.endocrinology-journals.org
DOI: 10.1530/ERC-14-0190
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based but not commercially available, the metrics range
from 73–86% (sensitivity) and 86–91% (specificity)
(Jensen et al. 2013).
We could identify no data in the literature for either
PST or NKA which likely reflects the absence of formal
studies evaluating whether these are biomarkers. Nevertheless, the AUCs were all significantly lower (Z-statistic
O4.5, P!0.0001) for these markers which further raises
the issue as to their utility in NETs (Marotta et al. 2012, de
Laat et al. 2013). The subject is further complicated by the
existence of several commercially available and laboratory-developed assays that have been developed to
measure putative single NET detection analytes. In the
absence of a universally accepted approach, levels of each
analyte can be expected to vary substantially between test
platforms, all of which will have varying sensitivities and
specificities. In the current study, for example, PST levels
were all !40 pmol/l irrespective of tumor or control in
Set 2, while only three of 20 NETs in Set 1 had levels
greater than this. Other studies have determined cut-offs
of 25–50 pmol/l for ‘normal’ depending on the test
platform (Stronge et al. 2008, O’Dorisio et al. 2010). We
identified the same issue with NKA where cut-offs range
from 0.8 pg to 2 ng/ml depending on the kit type used
(Turner et al. 2006).
Irrespective of the use of a specific assay or whether a
single analyte or combinations of single analytes (e.g. CgA
and Neuron-Specific Enolase) are used, the multianalyte
assay performed significantly better (Yao et al. 2011).
Furthermore, the use of combinations of assays is not only
cumbersome and time consuming but adds complex
confounding variables. Our proposal is that a multianalyte
gene transcript analysis for NETs is a logical advance in
increasing the sensitivity and specificity of a biomarker
tool is supported by others who have concluded that
single analyte tests may be supplanted by PCR-based
analysis of NET genes detectable in the blood transcriptome (Lewis & Yao 2013).
We conclude that a 51 panel multigene blood
transcript analysis is significantly more sensitive and
efficient (O93%) than any single analyte assay (CgA, PST
or NKA) for NET detection in a prospectively collected age
and sex matched sample set of NETs and controls. These
data are consistent with data derived from the validation
set and recapitulated the assay performance metrics.
Furthermore, our investigations suggest that a bloodbased multigene analytic measurement, like other MAAAbiomarker tests, will provide additional information that
can be used for the detection of disease recurrence. It may
also provide added value in the prediction of therapeutic
Published by Bioscientifica Ltd.
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efficacy particularly when other biomarkers e.g. CgA,
provide no evidence of disease (Modlin et al. 2013b, 2014).
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