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Abstract
Background Peptide receptor radionuclide therapy (PRRT) utilizes somatostatin receptor (SSR) overexpression on neuroendo-
crine tumors (NET) to deliver targeted radiotherapy. Intensity of uptake at imaging is considered related to efficacy but has low
sensitivity. A pretreatment strategy to determine individual PRRT response remains a key unmet need. NET transcript expression
in blood integrated with tumor grade provides a PRRT predictive quotient (PPQ) which stratifies PRRT Bresponders^ from Bnon-
responders^. This study clinically validates the utility of the PPQ in NETs.
Methods The development and validation of the PPQ was undertaken in three independent 177Lu-PRRT treated cohorts.
Specificity was tested in two separate somatostatin analog-treated cohorts. Prognostic value of the marker was defined in a
cohort of untreated patients. The developmental cohort included lung and gastroenteropancreatic [GEP] NETs (n = 72) from
IRST Meldola, Italy. The majority were GEP (71%) and low grade (86% G1-G2). Prospective validation cohorts were from
Zentralklinik Bad Berka, Germany (n = 44), and Erasmus Medical Center, Rotterdam, Netherlands (n = 42). Each cohort includ-
ed predominantly well differentiated, low grade (86–95%) lung and GEP-NETs. The non-PRRT comparator cohorts included
SSA cohort I, n = 28 (100% low grade, 100% GEP-NET); SSA cohort II, n = 51 (98% low grade; 76% GEP-NET); and an
untreated cohort, n = 44 (64% low grade; 91% GEP-NET). Baseline evaluations included clinical information (disease status,
grade, SSR) and biomarker (CgA). NET blood gene transcripts (n = 8: growth factor signaling and metabolism) were measured
pre-therapy and integrated with tumor Ki67 using a logistic regression model. This provided a binary output: Bpredicted
responder^ (PPQ+); Bpredicted non-responder^ (PPQ-). Treatment response was evaluated using RECIST criteria [Responder
(stable, partial and complete response) vs Non-Responder)]. Sample measurement and analyses were blinded to study outcome.
Statistical evaluation included Kaplan-Meier survival and standard test evaluation analyses.
Results In the developmental cohort, 56% responded to PRRT. The PPQ predicted 100% of responders and 84% of non-
responders (accuracy: 93%). In the two validation cohorts (response: 64–79%), the PPQ was 95% accurate (Bad Berka:
PPQ + =97%, PPQ- = 93%; Rotterdam: PPQ + =94%, PPQ- = 100%). Overall, the median PFS was not reached in PPQ+ vs
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PPQ- (10–14 months; HR: 18–77, p < 0.0001). In the comparator cohorts, the predictor (PPQ) was 47–50% accurate for SSA-
treatment and 50% as a prognostic. No differences in PFS were respectively noted (PPQ+: 10–12 months vs. PPQ-: 9–
15 months).
Conclusion The PPQ derived from circulating NET specific genes and tumor grade prior to the initiation of therapy is a highly
specific predictor of the efficacy of PRRTwith an accuracy of 95%.
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Introduction

Management of neuroendocrine tumors (NETs) has proved
problematic since the disease is often diagnosed when meta-
static and therapeutic options are limited [1]. More recently,
however, a number of novel targeted therapies have been in-
troduced [2]. These include somatostatin analogues (SSAs),
everolimus, sunitinib and targeted radionuclide therapies [3].
All therapeutic strategies demonstrate variable outcomes and
adverse events because no scientific tools exist to predict in-
dividual efficacy [4].

Peptide receptor radionuclide therapy (PRRT), which uti-
lizes the octreotide derivative 177Lu-DOTA-Tyr3,Thr8-
octreotide or 177Lu-octreotate [5], is widely used in Europe
and has recently been introduced into the USA [6]. Diverse
non-controlled studies in pancreatic, small bowel and
bronchopulmonary (BP) NETs have demonstrated it is effec-
tive (disease control rates: 50–80%) with objective responses
and a positive impact on survival parameters [7–10]. A recent
phase III, randomized, controlled trial of midgut NETs, pro-
gressive on standard-dose octreotide LAR (NETTER-1) dem-
onstrated 177Lu-octreotate to be more effective than high-dose
octreotide LAR for PFS [11].

A key unmet need is the requirement to identify who
will benefit or fail therapy. This is important since PRRT
is likely to become generally available, and clinically het-
erogeneous patient cohorts will be treated. Local study
protocols may include subjects with stable or progressive
disease, low or high grade tumors, both FDG-negative
and positive tumors as well as disease at different stages
and with different intensities of somatostatin receptor
(SSR) expression. Typically, inclusion is based on detect-
able (≥Krenning 2) SSR expression [13] but intensity of
uptake does not accurately predict an individual’s re-
sponse. Other clinical parameters such as tumor grading
and biomarkers (e.g. CgA) have been investigated [4] but
are disease prognostic and none objectively or accurately
predicts the outcome of therapy [14, 15].

A liquid biopsy that provides real-time assessment of
NET-specific transcripts in circulating blood has generated
predictive indices that can distinguish stable vs progressive
disease or treatment susceptibility of an individual tumor
[16]. Recently, we described a strategy to predict the

efficacy of 177Lu-octreotate PRRT [17] by developing an
algorithm that integrates blood-derived NET-specific gene
transcripts (growth factor signaling and metabolic regula-
tion) with tissue Ki67 values. This generates a PRRT
Predictive Quotient (PPQ) with two prediction outputs:
BPRRT-responder^ or negative: BPRRT-non-responder .̂

Historically, biomarker discovery and usage has generated
confusion because of the lack of criteria/standardization [18].
Development and validation studies undertaken on intended
use samples from multiple independent sites per standardized
approaches, e.g. Standards for Reporting Diagnostic
Accuracy (STARD) [19] and a high accuracy for treatment
stratification (negative predictive value), are fundamental pre-
requisites for predictive marker studies. In this study, we
assessed and confirmed the accuracy of the PPQ, and demon-
strated that it was specific to PRRT treatment and did not
function as a prognostic.

Materials and methods

Study design

We developed and validated the PPQ as a predictor of
PRRT response in three separate cohorts. To determine
the PPQ specificity (i.e., whether it only predicted PRRT
treatment), we evaluated biomarker predictions in two so-
matostatin analog-treated cohorts. To examine whether it
functioned as a prognostic marker (measured disease pro-
gression), we determined whether it predicted mPFS in
untreated patients included in a separate watch-and-wait
cohort (Fig. 1).

The initial (Meldola) cohort [17] provided the
BDevelopment^ cohort. To validate the PPQ, samples were
prospectively collected from two independent sites
(Validation cohorts) prior to PRRT. Differences in median
progression free survival (mPFS) were compared between
PPQ Bresponder^ and Bnon-responder^ patients to assess util-
ity of prediction. To test PPQ specificity and if it was prog-
nostic, pre-treatment samples from three different
Bcomparator cohorts^ including non-radiolabeled SSA treat-
ment and a watch-and-wait program were evaluated.
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Patients

PRRT Subjects included individuals with GEP and BP-NETs
(n = 178) enrolled for 177Lu-octreotate-based PRRT on the
basis of SSR expression at imaging. Patients were en-
rolled between July 2012 and June 2016 at three sites:
Nuclear Medicine and Radiometabolic Units, Istituto
Scientifico Romagnolo per lo Studio e la Cura dei
Tumori IRST IRCCS, Meldola, Italy; Theranostics
Center for Molecular Radiotherapy and Imaging,
Zentralklinik Bad Berka, Bad Berka, Germany; and the
Radiology and Nuclear Medicine Department, Erasmus
Medical Center, Rotterdam, The Netherlands. The
Meldola group provided the initial 54 patients used for
PPQ development [17]. The current study is the summat-
ed analysis of the evaluable patients in the Meldola group
(n = 72), Bad Berka (n = 44) and Rotterdam (n = 42).

Non-PRRT These included three different cohorts. Cohort I
(previously published [20]) included GEP-NET patients
(n = 28) prospectively collected at the University of
Warmia and Masuria, Olztyn, Poland between January
2014 and July 2015 (Supplemental Table 1). These were
treated with SSAs and pre-treatment blood was available

to assess the PPQ. Cohort II (Supplemental Table 2)
comprised 51 SSA-treated GEP- and BP-NETs prospec-
tively collected in the United States for a Registry
(www.clinicaltrials.gov #NCT02270567). Cohort III
(Supplemental Table 2) included a separate cohort of
untreated 44 GEP- and BP-NETs in a watch-and-wait
program from the Registry.

Study design and procedures

All participants provided informed consent for PRRT and
molecular genomic translational analysis, authorized by
their respective ethics committees (PRRT: IRST 100.06,
EudraCT: 2011–002891-18, 04/08/2011; transcripts: IRST
B007 [70/12], 10/10//2012; WIRB: 20,150,174; MEC-
2014-309, 24/07/2014, NL48623.078.14). Inclusion
criteria were: histological confirmation of a NET, SRS pos-
itive lesions, all with Krenning≥2; all with preserved renal
and hematological function. Patients with all grades
(GEPNET, G1-G3; lung: TC/AC/SCLC/NEC) were in-
cluded in the study. Treatment was undertaken pursuant
to pertinent clinical criteria including previous treat-
ments and risk factors for delayed toxicity [7, 17, 21]
(Table 1).

Fig. 1 STARD diagram outlining
the study. PPQ =PRRT predictive
quotient; R =responder, These are
biomarker Bpositive^ patients.
NR= non-responder, These are
biomarker Bnegative^ patients
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Assessment of therapeutic response

PRRT Response was assessed per RECIST 1.1 criteria. CT (or
MRI) was performed at baseline (within 3 months of PRRT)
and ~2–3 and ~6–9 months after PRRT per protocol. 68Ga-
SSA-PET or OctreoScan® was performed at baseline as an
inclusion criterion. Response was defined as either disease
control (partial or complete response or stabilization-
censored B0^) or progression (treatment failure-censored as
B1^). The latter included all patients who completed at least
one PRRT cycle. Patients who progressed or died during
PRRT treatment or follow-up were included. Follow-up and
PFS were assessed from cycle 1.

No PRRT For the SSA cohorts, RECIST (1.0) criteria were
used to determine response (stable disease or treatment failure
defined by progression). For the watch-and-wait cohort,
RECIST (1.0) criteria were used to determine whether sub-
jects were stable or had progressed during the follow-up
period.

Blood collection

A sample of 10 ml whole blood were collected in 2 × 5 ml
EDTA-K2 tubes and snap-frozen at baseline. Plasma CgA
samples were collected at the same time point in PPT plasma
preparations tubes.

Proliferation index

Ki67 was assessed by counting Mib-1 antibody positivity in
hot-spot zones in either a primary or metastasis. The highest
Ki67 value was considered to define the grade [22]. Tumors
with Ki67 ≤ 20% (Grade 1 or 2) were categorized as BLow .̂
Tumors with Ki67 > 20% (Grade 3 or poorly differentiated)
were categorized as BHigh^. For lung NETs, typical, atypical

and NOS carcinoids, per histological evaluation, were
grouped as BLow^ [23], SCLC and NECs were categorized
as BHigh^.

Transcript analysis and PRRT predictive quotient

Samples were deidentified prior to send-out from participating
institutions. All samples were blinded to treatment and out-
come prior to transcript analysis. The PPQ, a blood-based
classifier [24, 25], is described in detail in the Supplemental
Methods [17]. In brief, circulating expression of genes in-
volved in growth factor expression and metabolism are ampli-
fied by PCR (Fig. 2). Expression levels are summated and
scored as Blow^ or Bhigh^. Using a logistic regression model
[24, 26], the gene expression data is integrated with tumor
grade to generate a prediction classifier. Samples are scored
as either biomarker Bpositive^ or Bnegative^. PPQ-positive
identifies individuals predicted to respond (disease stabiliza-
tion or partial/complete response). PPQ-negative are predicted
not to respond to PRRT.

CgA assay

CgA was measured using NEOLISA™ Chromogranin A kit
(Euro Diagnostica AB, Malmö, Sweden). The upper limit of
normal was 108 ng/ml [20].

Clinical parameters

Other factors analyzed included: age, gender, tumor site (lung,
pancreas, gastrointestinal tract, carcinoid of unknown prima-
ry), time since diagnosis, grading (low grade [G1/G2, well-
differentiated, or bronchial typical or atypical carcinoid] ver-
sus or high grade [G3, poorly differentiated]), the baseline
status (progressive or stable disease at start of PRRT),
ECOG status, syndromic presence or absence, the extent of

Table 1 PRRT protocols
Location Treatment Number of

patients

Meldola 177Lu-DOTATATE PRRT naïve, no risk factors 27.8 GBq in 4 cycles of
6.5 each

23

PRRT naïve, risk factors 18.5 GBq in 4 cycles of
4.6 each

29

PRRT pre-treated 14.8 GBq in 4 cycles of
3.7 each

20

Bad Berka 177Lu-DOTATATE/-
TOC ± 90Y–DOT-
ATOC

PRRT naïve, high risk for
progression

3–4 cycles 34

PRRT naïve, low risk of
progression

2 cycles 10

Rotterdam 177Lu-DOTATATE PRRT naïve 29.6 GBq in 4 cycles of
7.4 GBq each

42

The rationale for selection of a particular protocol was based on the presence of Brisk factors^ for delayed toxicity
or progression and previous exposure to PRRT. Cycles were administered at intervals of ~2 months
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disease based on imaging (localized and moderate versus ex-
tensive), SRS intensity of uptake (Krenning grade 2 versus 3-
4), 18FDG-positivity, and use of SSA therapy.

Statistical analyses

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 [17].
The efficacy of PRRT was defined by RECIST 1.1 as either
disease control (PR + CR + SD) or progressive. The accuracy
of the PPQ was directly assessed at each of two time-points,
initial follow-up (~2–3 months) and final follow-up (~6–
9 months) after culmination of PRRT. Kaplan-Meier survival
curves (PFS) were generated and analyzed. Log-rank
(Mantel–Cox) and hazard ratios (Mantel–Haenszel) were cal-
culated. The utility of PPQ as a predictor of PRRT treatment
were evaluated by comparing mPFS between PPQ-positive
and negative groups in each of the cohorts. Sensitivity, spec-
ificity, PPV and NPV were calculated. Logistic and multiple
regression analyses were undertaken to identify clinical pa-
rameters that could be used as predictors of PRRT. The pre-
dictive accuracy of PPQ and the biomarker CgA (elevated
versus normal) as well as each of the clinical parameters were
compared. Decision curve analysis [27] was used to compare
clinical benefits of PPQ versus CgA and grade. A metric ac-
curacy of 80% is the acceptable cut-off [28] for the clinical
utility of a biomarker.

Results

PRRT-patient demographics

One hundred seventy-eight patients were enrolled of which
158 (88.8%) were evaluable for response (Fig. 1). Among
the 20 excluded, eight withdrew consent; in five a pre-
treatment blood was not collected; five were excluded for
medical reasons and two were lost to follow-up. Patient de-
mographics for each cohort are included in Table 2.

Developmental cohort: Meldola (n = 72)

The PPQ was initially developed in 54 patients enrolled at
IRST-Meldola [17]. The overall accuracy was 94% (97% re-
sponders and 91% non-responders) for PRRT response pre-
diction. In the present study, we evaluated the PPQ in the
entire cohort of 76 Meldola patients (four drop-outs). The
median time from PRRT cycle I to post-treatment assessment
was 14 months (range: 1–33). The mPFS for the cohort (re-
sponders/non-responders) was 18 months (95%CI: 16–18)
(Fig. 3). PRRT response occurred in 42 (56%) at the second
follow-up time point. The mPFS for this cohort was not-
reached. In those with progressive disease, the mPFS was
8 months (95%CI: 7–10). Regression analysis identified no
clinical parameters were associated with treatment response
(odds ratios: 0.67 [SSA use, p = 0.53] – 3.13 [grading, p =
0.13]) except for ECOG status (OR = 3.7, p = 0.009)
(Table 3). Sub-analysis identified a worse ECOG status was

Fig. 2 Overview of PPQ. PCR measurement of gene expression from
1 ml of blood. Two gene clusters are evaluated: NET growth factor
signaling (n = 4) and NET metabolism regulation (n = 4). Summated
gene expression (n = 8) is normalized to the housekeeping gene
(ALG9). Individual genes exhibit expression values ranging from 0 to
104 [17]. Summated gene PCR values (n = 8) ≥5.9 are scored B1^,
otherwise B0^. Each blood sample therefore has only one possible
binary score. Tissue is evaluated by histology and graded (Ki-67).
Tumors are categorized as either BLow^ or BHigh^. Low include all G1
and G2 tumors (Ki67 ≤ 20%) or typical/atypical lung NETs. Low are
scored B0^, high are scored B1^. Each tumor sample can therefore only

have one possible score. High comprised all grade 3 (Ki67 > 20%) tu-
mors, including NET G3, and PDNECs (e.g. SCLC). The scored (B1 or
0^) blood and tissue scores are incorporated into a logistic regression
model which has two outputs— BR^ (responder) or BNR^ (non-respond-
er). These represent the predictive quotient (PPQ) predicted responses to
PRRT. An BR^ value is expected to respond to therapy and an NR value is
anticipated not to benefit from PRRT. AC =atypical carcinoid
(bronchopulmonary NET), NR= non-responder, PDNEC =poorly differ-
entiated neuroendocrine carcinoma, R =responder, SCLC =small cell lung
cancer, TC= typical carcinoid (bronchopulmonary NET)
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Table 2 Patient demographics
(n = 158) – PRRT treated Evaluable patients Location

Meldola Bad Berka Rotterdam

Number (N) 72 44 42

Age, median (range) in years 66.5 (31–87) 66 (39–81) 64.5 (40–81)

Gender (M:F) 42:26 25:19 29:13

Time since diagnosis (range in months)

Mean (SD) 63.3 (71.2) 41.8 (53.6) 50.7 (61.4)

Median (range) 44 (3–446) 17.5 (2–197) 30 (0–317)

Length of follow upa, median (range), months 15 (1–33) 14 (2–23) 13.7 (5–20)

NET origin, n (%)

Broncho-pulmonary [23] 15 (21%) 4 (9%) 7 (17%)

Typical carcinoids 1 0 2

Atypical carcinoids 8 4 4

NOS carcinoids 2 0 1

High-grade 4 0 0

GEP 51 (71%) 33 (75%) 26 (62%)

Stomach 1 0 0

Pancreas 20 15 9

Small intestine 27 14 10

Colon 1 1 3

Rectum 2 3 4

Unknown/Other 5/1b (8%) 3/4c (16%) 8/1d (21%)

GEP NETs, Tumor grade (WHO 2010 [22]), n (%)

G1 (Ki-67 0–2%) 11 12 13

G2 (Ki-67 3–20%) 36 19 21

G3 (Ki-67 > 20%) 4 3 2

Non-specified (well-differentiated) 6 6 0

Clinical stage at enrolment, n (%)

Stage IV 64 (89%) 36 (82%) 36 (86%)

Liver 62 39 35

Lymph nodes 42 25 28

Bone 23 14 4

Peritoneum 15 7 2

Lung 6 4 1

Other sites (e.g. adrenal, pleura, pericardium) 9 4 2

Baseline tumor status, n (%)

Progressive disease 54 (75%) 44 (100%) 27 (67%)

Stable disease 14 (19%) 0 (0%) 15 (33%)

Response to previous chemotherapy 2 (3%) 0 (0%) 0 (0%)

Not assessed 2 (3%) 0 (0%) 0 (0%)

Intensity of uptake at SRI, n (%)

Grade 1 1 (1%) 0 (0%) 0 (0%)

Grade 2 5 (7%) 2 (4%) 5 (12%)

Grade 3 20 (28%) 17 (39%) 37 (88%)

Grade 4 46 (64%) 25 (47%) 0 (0%)
18FDG PET/CT ND

Negative 25 (43%) 18 (41%)

Positive 42 (59%) 22 (50%)

Not tested 5 (7%) 4 (9%)
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associated with a significantly earlier PFS (10 months vs.
undefined, chi2 = 8.9, p = 0.0029).

The PPQ accurately predicted responders at initial (100%)
and final (100%) follow-up (Fig. 4). Non-responders were
predicted in 65% (initial) and 84% (final) (Fishers, p = NS
between initial and final). At the final follow-up, PRRT re-
sponse was correctly predicted in 67/72 (93%); PRRT-
responders in 100% and non-responders in 84% (Fig. 4).
Assessment of mPFS identified that this was not reached in
PPQ+ subjects. In the PPQ-negative group, the mPFS was
8 months. This difference was highly significant (HR 36.4,
p < 0.0001) (Fig. 5A). The PPQ sensitivity was 100%, the
NPV was 100%.

Validation cohort I: Bad Berka (n = 44)

The median time from PRRT cycle I to final treatment assess-
ment was 14 months (range: 2–23). The mPFS for the entire
cohort was 18 months (95%CI: 17–23) (Fig. 3). PRRT re-
sponse occurred in 28 (64%). The mPFS for this cohort was
not reached. In those with progressive disease, the median
PFS was 14 months (95%CI: 8–17). No baseline clinical

parameters were associated with treatment response (odds ra-
tios 0.57 [SSA, p = 0.42] – 3.68 [disease extent, p = 0.07])
except for gender (OR = 0.25, p = 0.04) (Table 3). No
gender-related differences in mPFS were, however, identified.

Table 2 (continued)
Evaluable patients Location

Meldola Bad Berka Rotterdam

CgA

Normal 28 (39%) 16 (36%) 6 (14%)

Elevatede 44 (61%) 28 (64%) 36 (86%)

Current therapy, n (%)

Somatostatin Analogs 60 (86%) 16 (36%) 32 (76%)

Previous therapy, n (%)

Surgery 43 (60%) 25 (58%) 18 (43%)

Primary tumor surgery 42 23 18

Liver surgery – 7 2

Non resective surgery 1 (bypass) – –

Somatostatin analogs 1 (1%) 0 (0%) 0 (0%)

Pharmacotherapy 8 (11%) 15 (34%) 9 (21%)

Chemotherapy 6 10 4

Everolimus 1 3 4

Sunitinib 1 2 1

Interferon alpha 0 0 0

Other therapies 36 (50%) 10 (23%) 7 (17%)

PRRT 20 0 0

Radiotherapy 7 5 3

TAE/TACE/RFA/SIRT 9 5 4

SRI =somatostatin receptor imaging, ND= not done
a Time from start of PRRT cycle I to final assessment
b Gallbladder cMediastinum (n = 1), thymus (n = 1), kidney (n = 1), pelvis (n = 1)dMesentery
e Elevated: levels >108 ng/ml

Fig. 3 Evaluation of progression free survival in each of the three
cohorts. Median progression free survival (mPFS) for Bad Berka and
Meldola cohorts was 18 months. It was not reached in the Rotterdam
cohort. FUP1 = initial follow-up (FUP) evaluation ~2–3 months after
the last PRRTcycle. FUP2 = 2nd follow-up evaluation ~6–9 months after
the last PRRT cycle
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The PPQ accurately predicted responders at initial (97%)
and final (97%) follow-up. Non-responders were predicted in
47% (initial) and 93% (final) (Fishers, p = 0.01) (Fig. 4). At
final follow-up, 42/44 (95%) were correctly predicted: PRRT-
responders in 97% and non-responders in 93% (Fig. 4).
Survival analysis identified the mPFS was not reached in
PPQ+. For Bnon-responders^, the mPFS was 14 months
(HR 17.7, p < 0.0001) (Fig. 5B). The sensitivity of PPQ was
97%, the NPV was 93%.

Validation cohort II: Rotterdam (n = 42)

The median time from PRRT cycle I to the final treatment
assessment was 13.7 months (range: 5–20). The mPFS for
the entire cohort was not reached (Fig. 3). PRRT response
was 33 (79%) at the final follow-up (mPFS not-reached).
For progressive disease, the median PFS was 9.7 months
(95%CI: 9.1–10.9). No baseline clinical parameters predicted
treatment response (odds ratios 0.65 [SSA, p = 0.60] – 2.1

[gender, p = 0.40]) except for age (OR = 0.9, p = 0.035)
(Table 3). Individuals >62 years had significantly longer
mPFS Chi2 = 9.0, p = 0.0029).

The PPQ accurately predicted responders at initial (94%)
and final (94%) follow-up (Fig. 4). Non-responders were pre-
dicted in 70% (initial) and 100% (final) (Fishers, p =NS). At
final follow-up, 40/42 (95%) were correctly predicted: PRRT-
responders in 95% and non-responders in 100% (Fig. 4). An
evaluation of survival in PPQ+ identified the mPFS was not
reached. For Bnon-responders^, the mPFS was 9.7 months
(HR 92, p < 0.0001) (Fig. 5C). The sensitivity of the test
was 94%, the NPV was 95%.

Specificity of the PPQ as a predictive marker

In SSA cohort I (n = 28), PPQ+ was associated with disease
stabilization in 8 (53%) and progressive disease in 6 (47%,
p = NS). No differences in mPFS (10 [95%CI: 9–10] vs.
11 months [95%CI: 10–11], p =NS) were noted (Fig. 5D).

Table 3 Analysis of clinical parameters and PRRT response

Variable MELDOLA (n = 72) BAD BERKA (n = 44) ROTTERDAM (n = 42)

Logistic Regression MRA Logistic Regression MRA Logistic Regression MRA

OR (95% CI) p-value OR (95% CI) p-value OR (95% CI) p-value

Age 1.05 (1–1.11) 0.058 R2 = 0.05
F-ratio: 3.89
P = 0.052

0.97 (0.92–1.02) 0.28 0.9 (0.82–0.99) 0.035 R2 = 0.12
F-ratio: 5.48
P = 0.024

Gender 0.96 (0.36–2.54) 0.93 0.25 (0.06–0.96) 0.04 R2 = 0.1
F-ratio: 4.54
P = 0.039

2.1 (0.38–11.6) 0.4

Site: lung 1.29 (0.41–4.06) 0.66 2.25 (0.28–17.9) 0.44 1.35 (0.22–8.3) 0.75

Site: pancreas 0.91 (0.32–2.6) 0.86 0.76 (0.19–3.1) 0.70 1.86 (0.36–9.4) 0.45

Site: GI 0.81 (0.31–2.1) 0.66 1.23 (0.34–4.5) 0.76 0.97 (0.23–4.2) 0.97

Site: CUP/Othera 1.44 (0.27–7.7) 0.67 0.8 (0.13–4.75) 0.81 0.33 (0.04–3.1) 0.33

Time since diagnosis 1 (1–1.01) 0.18 1.0 (0.99–1.01) 0.63 1 (0.98–1.01) 0.51

Grading 3.13 (0.71–13.8) 0.13 1.48 (0.47–4.72) 0.51 – –

Baseline Status 2.5 (0.89–7.9) 0.12 – – 7.9 (0.9–70.1) 0.06

ECOG 3.7 (1.39–10) 0.009 R2 = 0.11
F-ratio: 8.53
P = 0.0047

1.75 (0.62–4.97) 0.29 0.81 (0.28–2.3) 0.7

Syndrome 1.6 (0.63–4.2) 0.32 1.23 (0.32–4.7) 0.76 1.93 (0.45–8.2) 0.37

Disease Extent 1.58 (0.61–4.1) 0.35 3.68 (0.9–15.0) 0.07 R2 = 0.08
F-ratio: 3.59
P = 0.066

No data

Uptake Intensityb 1.07 (0.22–5.9) 0.93 # 0.98 # 0.99

FDG 2.13 (0.75–6) 0.15 1.3 (0.33–5.13) 0.71 No data

SSA use 0.67 (0.19–2.3) 0.52 0.57 (0.14–2.24) 0.42 0.65 (0.13–3.2) 0.6

MRAmultiple regression analysis
a Other. These included: Gallbladder (n = 1), tumors identified in the mesentery (n = 3), thymic NET (n = 1) and a tumor identified in the pelvic area with
SRS uptake in the left seminal vesicle, bladder, prostate and sacrum
b Intensity of uptake compares Krenning 2 with Krenning 3/4

#: OR impossible to calculate (value ~1.0)
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The sensitivity and NPV were 53% and 46%, respectively. In
the second SSA cohort (n = 51), PPQ+ was associated with
disease stabilization in 15 (50%) and progressive disease in 9
(43%, p =NS). No differences in mPFS (10 [95%CI: 6–12]
vs. 15 months [95%CI: 8–15], p =NS) were noted (Fig. 5E).
The sensitivity and NPV were 50% and 47%. In the watch-
and-wait cohort (n = 44), PPQ+ was associated with stable
disease in 15 (44%) and progressive disease in 7 (64%, p =
NS). No differences in mPFS (12 [95%CI: 6–13] vs. 9
[95%CI: 6–9] months, p =NS) were noted (Fig. 5F). The sen-
sitivity and NPV were 44% and 27%, respectively.

Predictive utility of elevated CgA

Meldola cohort Elevated CgA (>108 ng/ml) was evident in
55% that responded and in 69% that failed PRRT (p = NS)
(Table 4). The concordance correlation co-efficient for CgA
was 0.13 (95%CI: –0.09 to 0.34].

Bad Berka cohort Elevated levels were present in 61% of
responders and 69% that failed PRRT (p = NS). The CgA
concordance correlation was 0.067 (95%CI: –0.19 to 0.32].

Rotterdam cohort Elevated CgA were present in 90% that
failed PRRT and 81% of responders (p = NS). The concor-
dance correlation was 0.10 (95%CI: –0.04 to 0.23].

Comparison between PRRT prediction quotient
and grade/SRS/FDG

PPQ correctly predicted 149 (94.3%) of 158 patients at final
follow-up (Table 4, Fig. 6A). This was significantly better
than CgA (49%), grade assessment (73%), status at time of
PRRT (63%), FDG-positivity (55%), intensity of uptake
(63%) or disease extent (34%) (all parameters Fisher’s:
p < 0.0001). The concordance correlations were: PPQ: 0.86
(95%CI: 0.82–0.9); CgA: 0.07 (95%CI: -0.06-0.19); grade:
0.15 (95%CI: 0.04–0.26); status: 0.14 (95%CI: 0.03–0.24);
FDG: 0.10 (95%CI: –0.08 to 0.27); intensity of uptake: 0.04
(95%CI: –0.03 to 0.11); and extent: 0.13 (95%CI: 0.01–0.25).

The PPQ diagnostic metrics for response were sensitivity:
97.1%, specificity: 88.9%, PPV: 94.4% and NPV: 94.1% (Fig.
6B). Multivariate regression analysis retained only PPQ as a
predictive factor (p < 0.0001). The PPQ explained 86 ± 4% of
the variance (R2 = 0.86; F-ratio 165.6, p < 0.0001).

Decision curve analysis of the PPQ as a companion
diagnostic

Decision curve analysis quantified the clinical benefit of PPQ
(Fig. 7), identifying it exhibited >90% standardized predictive
benefit up to a risk threshold of 80%. The benefit of an CgA or
grade was equivalent of not using a biomarker (<10% across
comparable risk thresholds).

Discussion

A key unmet need in using PRRT appropriately is to identify
those who will benefit. Current strategies used to prognosti-
cate efficacy include SSR expression at baseline, tumor load
and characteristics, e.g., grade, baseline glycolytic tumor me-
tabolism (FDG-PET/CT), CgA especially if abnormal, and the
progressive reduction of uptake at interim 177Lu-scan (or
68Ga-SSA-PET/CT) after each therapy cycle. SSR expression
measurement by an OctreoScan or 68Ga-DOTATATE/
DOTATOC PET/CT, is a cardinal pre-therapy requirement
of PRRT, since it provides assessment of disease extent and
the presence of the target. Response prediction for tumors
with111In-pentetreotide uptake greater than kidney/spleen
(Grade 4 of the Krenning scale) is, however, only 60% [12].
Similarly, 68Ga-SSA uptake is non-predictive in an individual

Fig. 4 Evaluation of PPQ at two time-points: Biomarker-positive
Bresponder^ PPQ was overall 97% (range: 94–100%) accurate for
predicting responders at the initial follow-up and 97% (range: 94–
100%) accurate at final follow-up. Biomarker-negative PPQ was 61%
(range: 47–70%) accurate for predicting non-responders at initial
follow-up and 89% accurate (range: 84–100%) at final follow-up.
Overall, the PPQ was 94% accurate (149/158) for predicting responders
and non-responders. Initial evaluation was undertaken ~2–3 months after
the last PRRT cycle. Second evaluation was undertaken ~6–9 months
after the last PRRT cycle. M-Meldola Cohort, B-Bad Berka Cohort, Rt-
Rotterdam Cohort
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patient [29–31]. This reflects the implausibility that SSR ex-
pression is the only determinant of response to radionuclide
therapy [32]; it functions as an inclusion criterion for PRRT.

Grading using morphology or Ki67 has some clinical util-
ity but is limited by tumor heterogeneity, subjective observer
variations and a low kappa value. Furthermore, tissue biopsies
are rarely obtained from more than one location, cannot be
repetitively undertaken and metastases often differ significant-
ly from the primary lesion biopsied for diagnosis [33].

Other Bpredictive^ parameters include: extensive tumor
load and reduced performance status (KPS ≤70), both as-
sociated with significantly shorter mPFS [15]. Tumor ori-
gin may also be relevant. Small intestine tumors are asso-
ciated with a lower response rate compared to pancreatic
NETs [7]. FDG avidity is also associated with a signifi-
cantly shorter PFS after 177Lu-octreotate [34]. A retrospec-
tive analysis of 177Lu-octreotate series reported that base-
line CgA values ≥600 ng/ml constituted a risk factor for
early progression [35, 36]. All are prognostic factors and

none predict response in an individual patient (Fig. 8). The
progressive reduction of uptake at interim 177Lu-scans or a
reduced tumor-to-spleen SUV ratio at 68Ga-DOTATATE
performed after the first PRRT cycle also correlate with
an objective response [12, 37]. This, however, does not
predict responsiveness before therapy induction.

We previously noted that PRRT-responders exhibited dif-
ferent patterns of gene expression to non-responders in pre-
treatment blood [17]. Further investigation allowed us to iden-
tify a subset of eight genes involved in the regulation of
growth factor signaling and metabolism. Integration of data
from these two regulatory pathways had an AUC of 0.74 for
predicting response. ROC analyses determined a cut-off of 5.9
in gene expression had an >85% specificity for PRRT re-
sponse prediction [17]. In a separate analysis, we noted that
low grade tumors (G1/G2, typical/atypical carcinoids)
responded more frequently (77%) than high grade tumors
(50%) [17]. The combination of the two variables, namely,
gene expression and grading (PPQ) produced an AUC of

Fig. 5 PRRT Prediction Quotient for PFS prediction in PRRT-treated and
non-treated cohorts. PRRT cohorts: A Development Cohort: Meldola:
Positive PPQ (biomarker positive) prediction pre-therapy was associated
with mPFS which was not reached. A negative PPQ prediction (biomark-
er negative) was associated with a mPFS of 8months. This difference was
significant (HR 36.4, p < 0.0001). B Validation Cohort I: Bad Berka:
Positive PPQ prediction was associated with mPFS which was not
reached. A negative PPQ prediction was associated with a mPFS of
14 months (HR 17.7, p < 0.0001). C Validation Cohort II: Rotterdam:
Positive PPQ prediction was associated with mPFS which was not
reached. A negative PPQ prediction was associated with an mPFS
9.7 months. This was significantly different (HR 92, p < 0.0001). No-

PRRT cohorts: D Comparator Cohort I: SSA treatment: In prediction-
responders, the mPFS was 10 months. For those predicted not to respond,
the mPFS was 11 months. This was not significantly different (HR 0.75,
p = NS). E Comparator Cohort II: SSA treatment II: In prediction-re-
sponders, the mPFS was 10 months. For those predicted not to respond,
the mPFS was 15 months. This was not significantly different (HR 2.2,
p = NS). F Comparator Cohort III: Watch-and-wait: In prediction-re-
sponders, the mPFS was 12 months. For those predicted not to respond,
the mPFS was 9 months. This was not significantly different (HR 1.36,
p =NS). PPQ-positive = biomarker-positive (responder), PPQ-negative =
biomarker-negative (non-responder)
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0.90 for extrapolation of response. The predictive accuracy in
this developmental cohort of 54 subjects was 94% [17].

In the present study, this cohort was expanded to 72 pa-
tients. Analysis of the augmented dataset produced a similar
result. The PPQ was 93% accurate in predicting responders
versus non-responders. A significant treatment effect was
therefore evident for biomarker Bpositive^ patients.
Predicted non-responders (biomarker negative) exhibited an
mPFS of 8 months versus undefined for predicted responders
(HR 36.4, p < 0.0001). The sensitivity of the PPQ was 100%
(PPV) i.e., identification of 100% therapy responders with an
NPV of 100%, and identification of those who would not
respond. We conclude that the PPQ was highly effective and

exhibited clinical benefit for the determination of PRRT
efficacy.

We then prospectively evaluated the PPQ in intended use
patients enrolled at two independent sites. The data from each
of these separate locations demonstrated the PPQ was effec-
tive in 95%. Responders were correctly predicted in 94–97%
and non-responders in 93–100%. Particularly interesting was
that the PPQ predicted the outcome observed in the follow-up
more accurately at the later rather than the earlier follow-up
point; this emphasizes its predictive role. Overall, 23 of 124
(19%) identified as exhibiting disease control at initial follow-
up were subsequently determined to demonstrate progressive
disease at final evaluation. This likely reflects a Blag-time^

Table 4 Predictive accuracy of biomarkers and clinical parameters at the second follow-up

Cohort PRRT predictive quotient Grade Clinical statusa SRS intensityb CgA FDG SRS
Disease extent

R NR G1/2
TC/AC

G3/Poorly Diff SD PD 2 3/4 Nml >ULN Neg Pos Local/mod Extensive

Meldola 98% 87% 95% 35% 72% 50% 57% 55% 45% 69% 45% 72% 36% 47%

Overall 93% 71% 56% 56% 56% 57% 40%

Bad Berka 97% 93% 96% 14% 0 64% 100% 62% 39% 69% 50% 58% 27% 58%

Overall 95% 68% 64% 64% 50% 53% 36%

Rotterdam 94% 100% 100% 20% 94% 69% 100% 76% 18% 100% ND ND ND ND

Overall 95% 81% 79% 78% 36% ND ND

TOTAL 158 (94.8%) 115 (72.8%) 101 (63.9%) 101 (63.9%) 77 (49%) 64 (55%)c 40 (34%)c

ND= no data, Nml =normal, ULN =upper limit of normal
a Clinical status at start of PRRT-study
b Intensity of uptake (SRS) compares Krenning 2 with Krenning 3/4
c Total = 116 (no data available from Validation Cohort II: Rotterdam)

Fig. 6 PRRT predictive quotient
(PPQ) in the three PRRT cohorts
for PFS prediction.AAccuracy of
prediction for the PPQ and each
clinical criterion. The PPQ was
significantly more accurate
(p < 0.0001) than any other vari-
able measured. B The metrics of
the PPQ for response were sensi-
tivity: 97.1%, specificity: 88.9%,
PPV: 94.4% and NPV: 94.1%.
Dotted line represents the 80%
cut-off for biomarker accuracy.
PPV =positive predictive value,
NPV =negative predictive value
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between Bbest response^ as assessed by CT/MRI and actual
tumor molecular dynamics. The PPQ, which captures the un-
derlying cellular biology of a tumor, correctly predicted that
18/23 (78%) would not respond to therapy.

At the second time point, the mPFS for responders was not
reached; for non-responders mPFS ranged between 9.7 and
14 months. The Hazard ratio (HR) for the PPQ was 18–92
(p < 0.0001). The sensitivity and NPV were 94–97% and 83–
93%, respectively. This identifies the PPQwas highly accurate
for determining PRRT efficacy in intended use patients pro-
spectively recruited from two independent sites (Bad Berka,
Rotterdam). The high NPVaccurately identified individuals in
whom PRRT would not be effective; the high sensitivity ac-
curately identified patients in whom PRRTwould be effective
(Supplemental Table 3).

Separately, we investigated the specificity of the signature
in two additional cohorts (n = 128 patients): one from Poland,
the second from the United States. The PPQ was measured
before therapy in 28 patients fromOlsztyn, Poland undergoing
SSA treatment. The accuracy of the test was not different in
responders (53%) versus non-responders (47%); the HR was
0.6. This identifies the PPQ was not predictive for targeting
SSR alone, i.e. treatment with a Bcold^ somatostatin analog.
In the second specificity study, we examined whether the PPQ
was prognostic in US patients (n = 100) included in a Registry
study (NCT02270567) which contained no PRRT-treated

patients. The PPQ was not associated with PFS identifying it
and did not function as a prognosticmarker over the 18months
evaluated.

The advantages of this study are we examined the PPQ in a
large development cohort (n = 72) and independently validat-
ed its predictive utility at two different sites in intended use
patients (n = 86). Furthermore, we examined whether the PPQ
was predictive in patients treated with a different targeted
agent (SSA) and if it functioned as a prognostic biomarker.
The PPQ neither predicted SSA response nor was prognostic.
This confirmed the PPQ was specifically predictive for thera-
pies targeting SSR with a radioligand.

As a predictive marker for PRRT, PPQ was effective in all
PRRT protocols which were variable in each of the sites eval-
uated. For example, some patients in validation cohort I (Bad
Berka) were treatedwith only two intended cycles of PRRT; in
the development cohort, some patients were treated with dif-
ferent intended cumulative activities, according to risk factors
for toxicity. Individual patients had different stages of disease,
including very advanced stages and a proportion (develop-
ment cohort) were undergoing re-treatment with PRRT after
being previously treated with Y- or Lu-PRRT.

No single clinical assessment, including cumulative activ-
ity, was consistently associated with the prediction of PRRT
responsiveness. The utility of SRS, FDG, grading alone or an
elevated CgA ranged between 34 and 73% as predictive
markers. Tumor histology (Ki67) predicted response in 73%
of participants. While 95–100% of responders had well-
differentiated tumors, 14–35% of poorly differentiated tumors
also responded to PRRT. Grade alone therefore cannot predict
non-response to therapy. CgA was predictive in 49% but the
efficacy in individual treatment cohorts ranged between 18
and 100%.

A limitation of the study is that tumor grade evaluation
differed between the cohorts. In Meldola, Ki67/grade were
mainly assessed at outside institutions prior to referral. The
same process occurred in Bad Berka. In contrast, grade eval-
uation was centralized in Rotterdam (at the Erasmus Medical
Center) and, in the majority of cases, was reread prior to
PRRT. However, the similar efficacies of the PPQ between
the cohorts suggests a centralized analysis may not be re-
quired. Nevertheless, a uniform evaluation of grade should
be a fundamental requirement for an accurate PPQ and reflects
one of the longstanding issues that has previously been exten-
sively discussed in respect of Ki67 [38].

Another limitation is that we evaluated retrospective sam-
ples from the comparator cohorts. Nevertheless, the discrep-
ancy in prediction with PRRT was substantial and consistent
with the postulate that PPQ is specific for radionuclide thera-
py. An additional limitation is that one of the studies (Bad
Berka) included mixed 177Lu-based protocols. This could be
viewed as a confounding factor. However, the observation that
the PPQ demonstrated high predictive accuracy even in mixed

Fig. 7 Decision curve analysis. The standardized NET benefit line (y-
axis) reflects the predictive usefulness of a biomarker; 1.0 reflects 100%
useful, 0.5 is 50% useful; negative values reflect Bharm^ (negative ben-
efit) related to an intervention based on the results of a biomarker. The x-
axis demonstrates the probability (risk) of disease. When a biomarker is
not used for intervention, the standardized net benefit = 1.0 and the risk
threshold is 0 (none). The gray line (labeled as All), reflects the overall
benefit of introducing an intervention, e.g., PRRT to all individuals irre-
spective of biomarker value. In the treated cohort of 158 patients, the
clinical benefit for the PPQ (red line) is >90% up to a disease risk thresh-
old of 0.80. This indicates that the PPQ has significant predictive benefit
for PRRT in NETs. In contrast, elevated CgA expression levels (blue line)
or grade alone (green line) do not introduce any clinical benefit.
Quantitatively, CgA and grade are the same as no biomarker.
*p < 0.00001 vs. PPQ (Fisher’s 2-tailed exact test)
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protocol patients supports the proposal that this is specific for
PRRT and that radiation response-associated genes captured
in the signature are important factors. Both the growth factor
and the metabolomic genes captured by the signature are spe-
cifically related to oxidative stress, metabolism and hypoxic
signaling [39–41]. We consider that elevated expression of
these genes in blood identifies tumors that are more radiosen-
sitive given the role of hypoxia, oxidative stress and loss of
DNA repair associated with radiation responsiveness [42].

The clinical value of a specific PRRT predictive biomarker
consists in its ability to facilitate management decisions on
whether to start the treatment based on the likelihood of effi-
cacy [43]. When there is a molecular prediction of failure, an
alternative clinical decision could be made to either modulate
the treatment (combine with biologics or chemotherapy), or
consider sequencing of different treatments. Alternative ther-
apy, particularly if the patient is at risk of toxicity, could also
be considered.

We feel that the combination of genetic data (PRRT pre-
diction signature) with sensitive imaging information (68Ga-
DOTATATE/DOTATOC PET/CT) for localization and dis-
ease extent will result in a multifaceted clinical tool that pro-
vides an efficient method to effectively stratify and appropri-
ately treat patients with PRRT.
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