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The tumor proliferation marker, Ki-67 index, is a well-established

prognostic marker in gastroenteropancreatic neuroendocrine neo-
plasms (NENs). Noninvasive molecular imaging allows whole-body

metabolic characterization of metastatic disease. We investigated

the prognostic impact of 18F-FDG PET in inoperable multifocal dis-

ease. Methods: Retrospective, dual-center analysis was performed
on 89 patients with histologically confirmed, inoperable metastatic

gastroenteropancreatic NENs undergoing 18F-FDG PET/CT within

the staging routine. Metabolic (PET-based) grading was in accor-

dance with the most prominent 18F-FDG uptake (reference tumor
lesion): mG1, tumor-to-liver ratio of maximum standardized uptake

value # 1.0; mG2, 1.0–2.3; mG3, .2.3. Other potential variables

influencing overall survival, including age, tumor origin, performance

status, tumor burden, plasma chromogranin A ($600 μg/L), neuron-
specific enolase ($25 μg/L), and classic grading (Ki-67–based)

underwent univariate (log-rank test) and multivariate analysis (Cox

proportional hazards model), with a P value of less than 0.05 con-
sidered significant. Results: The median follow-up period was 38

mo (95% confidence interval [CI], 27–49 mo); median overall sur-

vival of the 89 patients left for multivariate analysis was 29 mo (95%

CI, 21–37 mo). According to metabolic grading, 9 patients (10.2%)
had mG1 tumors, 22 (25.0%) mG2, and 57 (64.8%) mG3. On mul-

tivariate analysis, markedly elevated plasma neuron-specific eno-

lase (P 5 0.016; hazard ratio, 2.9; 95% CI, 1.2–7.0) and high met-

abolic grade (P 5 0.015; hazard ratio, 4.7; 95% CI, 1.2–7.0) were
independent predictors of survival. Conclusion: This study demon-

strated the feasibility of prognostic 3-grade stratification of meta-

static gastroenteropancreatic NENs by whole-body molecular
imaging using 18F-FDG PET.
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Prognostication of gastroenteropancreatic neuroendocrine tu-
mors (NETs) is a relevant topic for patient management; tumor
proliferation–derived grading is now implemented into the classi-
fication system of neuroendocrine neoplasms (NENs) according to
the current European Neuroendocrine Tumor Society guidelines
(1–3). This classification divides tumors into 3 grades, G1–G3,
according to the proliferation index, also termed Ki-67 index, with
G1 being defined as a Ki-67 index of less than 3%, G2 as 3%–
20%, and G3 as greater than 20%. Although the differentiation of
G1 from G2 helps to predict the tendency of the tumor to metas-
tasize, the differentiation of G1–G2 from G3 profoundly guides
treatment of metastatic patients—for example, implementation of
first-line chemotherapy versus less aggressive treatment such as
somatostatin analogs (4–6). Response to treatment may be homoge-
neous within the entire G1–G2 range (7), but outcome of uniformly
treated metastatic NENs is still influenced by the proliferation index,
even within the G1–G2 range (8,9).
The invasive nature of the biopsy procedure limits the pro-

liferation evaluation (Ki-67 index determination) and makes
assessments from multiple sites and recurrent time points difficult
to implement in practice. A heterogeneous or changing pro-
liferation status may thus yield different proliferation indices
depending on the site or timing of the biopsy during the disease. In
light of these potential inaccuracies, molecular imaging–derived
grading tools could possibly supplement histopathologic grading
in metastatic disease; moreover, the site of biopsy might be guided
by such an imaging tool if proven to be of prognostic relevance. It
is conceivable that tumor grading in multifocal metastatic disease
may be significantly improved by such a whole-body imaging
approach; it would facilitate individualized treatment and allow
personalized medicine (10).

18F-FDG is a radiochemically modified, positron-emitting glu-
cose analog that allows metabolic PET imaging depicting the
glycolytic activity of tumors, thus characterizing viability and
malignant potential. 18F-FDG PET imaging has been shown to
prognosticate survival in various tumor entities (11,12). Especially
in tumors with variable 18F-FDG uptake, such as hepatocellular
carcinoma (13,14), prostate cancer (15,16), and gastrointestinal
stroma tumors (17,18), a correlation between 18F-FDG avidity
and biologic behavior of the tumor (indicated by patient survival)
has been shown to facilitate outcome prediction or metabolic
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grading by noninvasive measures. Recent studies have also shown
such value for NENs (19,20).
With the growing diversity of treatment options and various

aggressive approaches in NENs, especially in advanced metastatic
disease, predictors of outcome become more important for patient
management and selection of adequate therapeutic options. We
aimed to assess the prognostic power of patient stratification in
inoperable metastatic disease by 18F-FDG PET and to compare it
with other conventional prognostic variables, including the Ki-67
index; the outcome variable was overall survival in a consecutive
patient population with inoperable metastatic disease for which
18F-FDG PET/CT was implemented in the diagnostic work-up.

MATERIALS AND METHODS

We retrospectively analyzed a consecutive patient cohort with
histologically confirmed gastroenteropancreatic TNM stage IV NENs

and inoperable metastatic disease undergoing 18F-FDG PET/CT as
part of the staging routine. The institutional review boards of both

University Bonn and University Duisburg-Essen approved this retro-

spective study, and the requirement to obtain informed consent was
waived.

Patients

The patient cohort consisted of 89 consecutive patients (mean age,

65 y; range, 31–83 y; 47 men and 42 women) with TNM stage IV
NENs of the gastrointestinal and pulmonary tracts, formerly named

gastroenteropancreatic NET, according to the current World Health
Organization classification. Inclusion criteria for retrospective evalu-

ation were histologically confirmed gastroenteropancreatic NENs,
verified metastatic disease (TNM stage IV) with inoperable spread

and a completed 18F-FDG PET/CT examination, and available histo-
pathology and follow-up data. The patients’ characteristics are listed

in Table 1. Thirty-one patients had pancreatic NENs, and 57 patients
had nonpancreatic gastrointestinal NENs, of which 15 were foregut (11

with pulmonary primary), 16 midgut, 4 hindgut, and 22 gastroentero-
pancreatic with an unknown primary. Metastatic sites included the liver in

74 patients (83%), bone in 38 (42%), and other organs in 49 (55%).

Previous treatments comprised surgery (n 5 33 [38%]), biotherapy
(n 5 18 [21%]), chemotherapy (n 5 21 [24%]), locoregional treatment

(n5 2 [2%]), and peptide receptor radionuclide therapy (n5 32 [37%]).
Hepatic tumor load at the time of imaging was categorized according to

the CT scan: no hepatic tumor, less than 25% liver involvement, 25%–
50% involvement, and more than 50% involvement. There were no sig-

nificant differences in these parameters between the 2 cohorts (P . 0.2).

Histopathology and Tumor Grading

Patients were classified according to the current TNM staging and
grading system for NENs (1,2,21). All tumors were NENs with distant

metastases (TNM stage IV). Histopathology and immunohistochemi-
cal analyses, including determination of the Ki-67 proliferation index,

were performed on resection specimens or biopsy material. According
to consensus recommendations, the Ki-67 index was expressed as the

percentage of MIB1 antibody–stained tumor cells in the areas of high-
est nuclear labeling (1,2). The current definition of NEN grading was

used, with a Ki-67 index of less than 3%, 3%–20%, and more than
20% for G1, G2, and G3, respectively. These categories were also

termed pG1, pG2, and pG3 to differentiate them from the metabolic

grading classes (mG1, mG2, mG3) derived from PET imaging. The
interval between the latest Ki-67 index determination and PET imag-

ing was 8.4 6 6.5 mo.

18F-FDG PET/CT and Tracer Uptake Quantification

In both participating institutions, PET/CT was performed with the
same integrated scanner (Biograph 2; Siemens Medical Solutions) and

the same acquisition protocol. There were no significant differences in

time to acquisition or amount of injected 18F-FDG activity. The scan-
ners were calibrated according to national quality control standards,

and the same image reconstruction algorithms were used, providing
comparable interinstitutional standardized uptake values (SUVs). The

patients fasted for at least 6 h before 18F-FDG administration, and
blood glucose levels were less than 200 mg/dL at the time of injection.

The scans were acquired from the base of the skull to the upper thighs
(5–7 bed positions) 60–90 min after injection of 300–400 MBq of 18F-

FDG. Small bowel was delineated by administration of 1 L of diluted
ionic oral contrast material 30–60 min before the examination. The

hybrid PET/CT scanner consisted of a dual-detector helical CT scan-

ner and a high-resolution PET scanner with a 16.2-cm axial field of
view and lutetium oxyorthosilicate crystal detectors (6.45 · 6.45 · 25

mm). CT was performed for attenuation correction and anatomic lo-
calization using the following parameters: 60 mAs; 130 kV; 0.8 s/tube

TABLE 1
Patients’ Characteristics at Baseline PET/CT

Variable n %

Total number of patients 89 100
Sex
Male 47 53

Female 42 47

Age (mean, 65 y; range, 31–83 y)
#65 y 51 57
.65 y 38 43

Tumor origin 88 100

Pancreatic NENs 31 35

Gastrointestinal NENs 35 41
Foregut 15 17

Midgut 16 18

Hindgut 4 5

Unknown primary 22 25
Grade (Ki-67 index) 80 100

G1 (#2%) 16 20

G2 (3%–20%) 46 58

G3 (.20%) 18 22
Karnofsky performance status 68 100

.70 48 71

#70 20 29
Tumor burden (liver) 85 100

None 13 15

,25% 50 59

25%–50% 13 15
.50% 9 11

Bone involvement 87 100

Yes 38 44

No 49 56
Chromogranin A 59 100

,600 μg/L 33 56

$600 μg/L 26 44
NSE 59 100

,25 μg/L 35 59

$25 μg/L 24 41

Previous treatment 86 100
None 31 36

Any 55 64

Surgery 33 38

Chemotherapy 21 24
Biotherapy 18 21

Locoregional treatment 2 2

Peptide receptor radionuclide therapy 32 37
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rotation; slice thickness, 5 mm; slice width, 5 mm; and table feed,

8 mm/s. For vascular and parenchymal delineation, 140 mL of iodinated
contrast material (Ultravist 300; Schering) was administered using an

automated injector (XD 5500; Ulrich Medical Systems) with a start delay
of 50 s. Immediately after the CT image acquisition, PET data were

acquired for 5 min per bed position. The coincidence time resolution
was 500 ps, with a coincidence window of 4.5 ns. The sensitivity was

5.7 cps/kBq at 400 keV. The attenuation-corrected PET data underwent
standardized ordered-subset expectation maximization iterative recon-

struction with 2 iterations and 8 subsets and a 5-mm gaussian filter.
The SUV was determined as a measure of 18F-FDG uptake using

a region-of-interest technique. Tumors with the highest SUV (SUVmax)
were selected as target lesions, and the normal liver parenchyma

was selected as background control. To normalize tumor SUV, the
ratio of SUVmax of the tumor lesion to that of normal liver paren-

chyma, or tumor-to-liver (T/L) ratio, was calculated. To reduce po-
tential partial-volume effects, the reference region of interest in the

liver was kept consistently at 2 cm in diameter.

Outcome and Statistical Analysis

The baseline characteristics of the study population were analyzed
with regard to survival outcome. The measure of outcome was overall

survival from baseline evaluation, which included the 18F-FDG PET/
CT study. Each factor was dichotomized or scaled within a 3-grade

stratification system; overall survival was analyzed using the Kaplan–
Meier method (log-rank test with P , 0.05). Multivariate analysis

(Cox proportional hazards) with the stepwise model by backward
elimination was performed with those variables that had proven sig-

nificant on univariate analysis (log-rank test). All tests were performed
with a 2-sided P value of less than 0.05 considered significant. The

statistical software package SPSS (version 18.0; SPSS Inc.) was used
to analyze the data.

RESULTS

The median follow-up period was 38 mo (95% confidence
interval [CI], 27–49 mo). The median overall survival of the entire
cohort (n 5 89) was 29 mo (95% CI, 21–37). Forty-six patients
(51.7%) had died by the end of the study. Metabolic grading of
tumor lesions via 18F-FDG PET (T/L ratio of SUVmax # 1.0, 1.0–
2.3, or .2.3) identified 9 patients (10.2%) with mG1 tumors, 22
(25.0%) with mG2, and 57 (64.8%) with mG3. Patient examples
from different metabolic grading classes, with outcomes and re-
spective imaging results, are illustrated in Figure 1.
The analysis of various baseline factors for potential contribu-

tion to overall survival is shown in Table 2. The factors associated
with overall survival on univariate analysis were plasma levels of
chromogranin-A (cutoff, 600 mg/L) and neuron-specific enolase

(NSE) (cutoff, 25 mg/L; Fig. 2), hepatic tumor burden, Ki-67 in-
dex (pG1–pG3), and 18F-FDG uptake (mG1–mG3) at baseline. On
multivariate analysis, only the baseline NSE plasma level (P 5
0.016) and 18F-FDG uptake (P 5 0.015) remained as independent
factors of overall survival. A plasma NSE level of at least 25 mg/L
at baseline was associated with a hazard ratio (HR) of 2.9 (95%
CI, 1.2–7.0). For metabolic grading (mG1–mG3), the mG1 group
had to be withheld from multivariate analysis because of missing
events, but even when only mG2 and mG3 were considered, the
metabolic stratification system remained significant for survival:
mG3 status (T/L SUV ratio . 2.3) was an independent predictor,
with an HR of 4.7 (95% CI, 1.2–7.0). An alternative cutoff for
hepatic tumor burden, 50% of liver volume instead of 25%, again
yielded nonsignificant results (P . 0.3) on multivariate analysis
despite its univariate significance (log-rank, P , 0.001).
The well-established G1–G3 stratification system by Ki-67

immunostaining (1,3)—here termed pG1–G3 for pathologic grading—
and the corresponding metabolic grading into mG1–mG3 (Table 3)
both significantly correlated with overall survival in the suggested
strata (Table 2; Figs. 3 and 4). The correlation of Ki-67–based and
metabolic grading is shown in Figure 5. The presented data should
not be confused with a lesion-based comparison of proliferation
index and glucometabolic activity; the pathologic grading was
performed punctually on a single, sometimes resected, lesion
whereas metabolic grading was derived from the actual whole-
body imaging, on which the glucose-avid target lesion was the
relevant one for classification.
The additional analysis of the G1–G2 cohort with gastrointes-

tinal NET in the strict (i.e., nonpulmonary) sense was performed after
exclusion of patients with G3 NENs or with a pulmonary primary
tumor. In this analysis, metabolic grading remained the only signif-
icant risk factor (P 5 0.042); none of the other variables, including
Ki-67 grading (G1 vs. G2), had a significant prognostic impact (he-
patic tumor burden . 25%, P 5 0.088; plasma chromogranin-A $

600 mg/L, P 5 0.355; Ki-67–based G2 grading, P 5 0.306). The
same analysis for SUVmax (instead of the T/L SUV ratio) yielded
nonsignificant results on multivariate analysis, with P being 0.408
(SUVas a continuous variable) or 0.501 (categoric implementation as
mG1–mG3 for SUVmax of ,2.5, 2.5–6.0, or .6.0).

DISCUSSION

This retrospective dual-center study on 89 stage IV gastro-
enteropancreatic NEN patients demonstrated the prognostic value
of 18F-FDG PET and—for the first time, to our knowledge—the
feasibility of noninvasive metabolic grading into 3 risk categories

using the proposed methodology. We were
able to show that these molecular imaging–
derived grades (mG1, mG2, and mG3) cor-
related inversely with survival and that
stratification was the strongest independent
separator for overall survival in the pallia-
tive setting. Although the only existing
studies indicating 18F-FDG PET to have
prognostic value were both performed on
mixed cohorts consisting of 38 (20) and 85
(19) patients with metastasized disease,
our study investigated only gastroentero-
pancreatic NEN stage IV with inoperable
metastatic disease, as this condition repre-
sents the largest therapeutic challenge and

FIGURE 1. Examples of different metabolic grading classes with maximum-intensity-projection

whole-body 18F-FDG PET (left), transaxial CT (top), and transaxial PET/CT (bottom). (A) G2

gastroenteropancreatic NET of unknown origin (Ki-67 index, 10%; mG1) in patient who was alive

after 29 mo (end of study, 29 mo1). (B) G1 NET with bronchial primary (Ki-67 index, 1%; mG2; T/L

SUV ratio, 2.3) in patient who was alive at 26 mo (end of study, 26 mo1). (C) G2 NET with

pancreatic primary (Ki-67 index, 20%; mG3; T/L SUV ratio, 4.0) in patient who died after 3 mo.
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probably benefits most from whole-body metabolic imaging with
regard to individualized treatment.

18F-FDG PET—besides its use for accurate staging and moni-
toring of treatment response—allows biologic tumor characteriza-
tion and investigation of malignant potential and tumor viability
by molecular imaging of the tumor’s glucose metabolism (22).
The prognostic impact has been demonstrated for several tumor
entities in different settings, including lung cancer, melanoma,
colorectal cancer, head and neck cancer, and esophageal cancer
(11,23,24). For NETs, the use of 18F-FDG PET or PET/CT has
been restricted and replaced by somatostatin receptor–mediated
functional imaging because of the frequent presence of 18F-
FDG–negative lesions. However, there are promising initial data
available (19,20) indicating a worse outcome in 18F-FDG–avid
NENs. The attractive feature of this imaging tool is that it provides
noninvasive whole-body information allowing identification of the
most aggressive lesions, on which metabolic grading is then based.
This concept of relying on metabolic target lesions (18F-FDG
metabolic hot spots within the body) for prognostication resem-
bles in a macroscopic way the principle of immunohistochemical
grading (Ki-67 index estimation), in which only the proliferative

hot spots within a tumor are chosen to determine the proliferative
fraction. Including the most aggressive and probably prognosti-
cally relevant lesions in tumor heterogeneity or diverging tumor
populations may become of increasing importance in later stages
of metastatic disease (10), and thus, whole-body molecular imaging–
based surveillance might constitute an advantage over proliferation
assessment based on non–PET-guided biopsy (25–27). The value of
18F-FDG PET in NENs seems of particular interest during the unre-
sectable metastatic stage, as investigated in our study.
In this study cohort, the proposed metabolic grading system

according to tumor 18F-FDG avidity proved highly prognostic and
superior to other parameters, including hepatic tumor burden,
plasma chromogranin-A and NSE level, and standard Ki-67–
derived grading (pG1–pG3). On multivariate analysis (Table 2),
PET-based metabolic grading (Table 3) remained the only inde-
pendent prognostic factor (HR, 4.7; P5 0.015) besides a markedly
elevated plasma NSE level (HR, 2.9; P 5 0.016; Fig. 2). This
finding indicates the strong predictive character for survival asso-
ciated with the degree of 18F-FDG avidity in NENs regardless of
the extent of metastatic disease and other known prognostic varia-
bles. Patients with markedly increased 18F-FDG uptake in the tumor

TABLE 2
Uni- and Multivariate Analyses of Potential Factors Contributing to Overall Survival

Overall survival

(mo)

Multivariate

analysis

Factor n % Median 95% CI Univariate analysis (P) HR 95% CI P

All patients 89 100.0 29 21–37
Age

#65 y 51 57.3 31 19–43 0.193
.65 y 38 42.6 25 5–45

Tumor origin
Pancreatic NEN 31 35.2 21 10–31 0.144
Gastrointestinal NEN 57 64.8 31 13–49
Foregut 46 52.3 30 9–51
Midgut 16 18.2 NR 0.215
Hindgut 4 4.5 8 0–41
Unknown primary 22 25.0 14 6–22

Pathologic grading (Ki-67 index)
pG1 (#2%) 16 20.0 NR
pG2 (3%–20%) 46 57.5 28 0–62 ,0.001 2.2 0.6–8.0 0.252

pG3 (.20%) 18 22.5 10 4–16 2.8 0.7–11.2 0.157

Karnofsky index
.70 20 29.4 31 13–49 0.116
#70 48 70.6 13 10–16

Tumor burden (liver)
#25% 63 74.1 40 7–73 0.002 1.3 0.4–4.0 0.669

.25% 22 25.9 11 0–28
Metabolic grading (T/L SUV ratio)

mG1 (#1) 9 10.2 NR * *

mG2 (.1–2.3) 22 25.0 14 27–83 ,0.001 4.7 1.3–16.1 0.015

mG3 (.2.3) 57 64.8 4 6–20
Chromogranin A

,600 μg/L 33 55.9 NR 0.011 1.5 0.7–3.6 0.336
$600 μg/L 26 44.1 22 1–43

NSE
,25 μg/L 35 59.3 56 11–101 0.003 2.9 1.2–7.0 0.016

$25 μg/L 24 40.7 10 6–14

*Missing events in mG1 group.

NR 5 not reached.
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as compared with the healthy liver (T/L SUV ratio . 2.3; that
is, mG3) will have a significantly shorter overall survival than
18F-FDG–negative patients, that is, individuals with no increased
tumor uptake (mG1). This fact may have implications for select-
ing an adequate systemic treatment option, for example, aggres-
sive (platinum-based) versus less aggressive regimens.
Looking at the prognostic impact of the investigated variables in

the cohort of strict gastrointestinal NET patients (G1–G2), that is,
after exclusion of NENs with a pulmonary primary tumor and of
G3 NENs, the multivariate analysis reveals metabolic grading as
the only independent factor with a significant impact on survival
(P 5 0.042). This analysis substantiates that the metabolic infor-
mation based on maximum glucose avidity of tumors does in fact
have an important prognostic impact even in well-differentiated
gastrointestinal NETs of a G1–G2 grade; this finding is noteworthy
because these low-grade tumors are believed to be suboptimal can-
didates for imaging with 18F-FDG because of a reduced uptake
propensity and thus poor sensitivity.

The limited correlation of the patients’ Ki-67 index and the
metabolic grading derived from whole-body molecular imaging
(Fig. 5) further illustrates the main point of this study, shown by
the above-mentioned multivariate analysis: the independent prog-
nostic value of 18F-FDG PET in advanced (stage IV) gastrointes-
tinal NENs, in particular independent of the immunohistochemical
(Ki-67–based) grading. However, this investigation clearly cannot
provide any proof of prognostic superiority of PET over the stan-
dard grading method; the retrospectively chosen cutoffs for met-
abolic grading (mG1–mG3), as well as the interval between
immunohistochemical assessment (pG grading) and molecular im-
aging (mG grading), are prohibitive of any conclusions in this
direction. The mentioned time gap (mean, 8.4 mo) will probably
not have markedly distorted the results but certainly presents a bias
in favor of molecular imaging.
There are 2 reports proposing the baseline plasma NSE level as

a potential risk factor for survival in patients with metastatic
NENs (9,28). There is no well-established explanation for this
phenomenon, but an inverse relation between tumor differentiation
and plasma NSE levels in NENs was reported earlier (29) and
substantiated in a recent larger study (30). Because our data confirm
the negative prognostic impact of markedly elevated plasma NSE
levels (.25 mg/L), which were the only other independent predictor
of survival in our cohort of inoperable patients (HR, 2.9; P 5
0.016), studies should be designed to further investigate the poten-
tial role of this baseline biomarker for patient management. Another
generally important predictor, hepatic tumor burden, did not persist
as a major prognostic factor on multivariate analysis. The selected
and common cutoff of 25% liver volume replacement, however,
seemed not to be the reason for its insignificant prognostic pene-
trance. The 50% cutoff performed similarly suboptimally despite

FIGURE 2. Overall survival of metastatic gastroenteropancreatic NEN

patients stratified by baseline NSE plasma level (cutoff, 25 μg/L).
Patients with markedly elevated plasma NSE had significantly shorter

overall survival (median, 2 mo) than remaining patients (median, 23 mo).

TABLE 3
Definition of Pathologic and Metabolic Grading in This Study

Pathologic Metabolic

Grade Ki-67 index Grade T/L SUV ratio*

pG1 #2% mG1 ,1
pG2 3–20% mG2 1–2.3

pG3 .20% mG3 .2.3

*T/L ratio of SUVmax.

Pathologic grading is according to TNM staging and grading

system for NET; metabolic grading is proposal according to 18F-

FDG PET/CT (own data).

FIGURE 3. Impact of metabolic grading on overall survival as illus-

trated by Kaplan–Meier curves after stratification by T/L SUV ratio.

Patients with T/L SUV ratio of 1–2.3 (mG2) and .2.3 (mG3) had median

overall survival of 55 mo (95% CI, 27.2–82.9) and 13 mo (95% CI, 6.1–

19.9), respectively. Median overall survival for patients with T/L SUV

ratio , 1 (mG1) was not reached after 114 mo. Log-rank test was

significant for all comparisons.
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univariate significance, potentially because of the small subgroup of
patients with liver burden greater than 50% (n 5 9).
The large percentage of patients with 18F-FDG–positive NENs

is probably due to the relatively high proportion of high-risk NENs
in this study; the selection bias created by requiring 18F-FDG PET/
CT as an inclusion criterion is mentioned in the next paragraph.
The significant proportion of high-risk NENs in our cohort is also
reflected by the uncommon fraction of G3 NENs in our cohort.
Our study had several limitations. First, the ability to deduce

conclusions from a retrospective analysis is generally limited.
Particularly, the retrospective calculation of threshold values for
18F-FDG is a main limitation. However, because of the lack of
prospective study data in the field of NENs, most insights for
prognostication—including the value of the Ki-67 index—have
been derived from retrospective studies. Another limitation is

the inherent inaccuracy of the Ki-67 index regarding its timing
and location. Although this reflects the clinicians’ reality in the
routine setting and in clinical studies that have demonstrated its
prognostic value, ideally the parameter should be reassessed dur-
ing the course of the disease. Such practice is often not routine,
probably because of the invasiveness of the procedure. Third, the
method of 18F-FDG uptake quantification is subject to many sour-
ces of inaccuracy and inter- and intraindividual variation. Also,
because CT was used to exclude sites of involvement when back-
ground regions of interest were placed, undetected tumor within
the liver may have been included in the healthy liver background.
Our study did not use partial-volume correction in PET image
reconstruction, and the use of such an algorithm would definitely
make SUV estimations more accurate and robust against lesion
size reduction. Many technical improvements in PET should help
improve the concept of metabolic grading in future studies, such
as 4-dimensional acquisitions with respiration-gated algorithms
and dual-time-point or even dynamic PET acquisitions to more
accurately quantify and characterize the glucolytic metabolism
of tumor lesions. The interval between 18F-FDG injection and
imaging may influence tumor uptake and the SUV ratio, thus
resulting in skewed metabolic grading. There were no systematic
differences in this parameter between the 2 institutions and no
statistical divergence (P . 0.2). Use of the T/L SUV ratio instead
of mere SUVmax may have an advantage in comparisons of dif-
ferent institutions but also introduces error via variations in uptake
by healthy liver tissue; however, the robustness of the ratio pa-
rameter proved adequate for prognostic stratification in our study
and performed better than SUVmax on multivariate analysis. We
are aware of the selection bias caused by our inclusion criterion of
an 18F-FDG PET study; the tendency to perform this modality in
cases with a suspected potential for risk will influence the cohort
composition. However, the multivariate analysis after inclusion of
other known risk factors substantiated the prognostic value of the
method irrespective of the bias. It remains unclear when and how
treatment was influenced by the results of PET imaging. This is
another source of bias for the analysis. However, we think that the
decline in outcome with increasing metabolic grade would not
have been caused only by the difference in treatment.

CONCLUSION

This study demonstrated the strong independent prognostic
value of 18F-FDG PET in metastatic NENs. As shown by our

FIGURE 4. Impact of Ki-67–based histopathologic grading on overall

survival as illustrated by Kaplan–Meier curves. Patients with Ki-67 index

. 20% (G3), Ki-67 index of 3%–20% (G2), and Ki-67 index , 3% (G1)

had median overall survival of 10 mo (95% CI, 4.5–15.5), 28 mo (95% CI,

0–61.9), and .114 mo, respectively. For G1 patients, median overall

survival had not been reached after 114 mo.

FIGURE 5. Association of proliferation index and whole-body imaging–derived target metabolic activity. (A) Correlation of patients’ Ki-67 index and

whole-body imaging–derived target SUVmax (P 5 0.007, r 5 0.279). (B) Same analysis with T/L SUV ratio instead of SUV (P 5 0.117, r 5 0.163). (C)

Association of pathologic and metabolic grading. *Proportions of metabolic grading classes (mG grades) within each classic Ki-67–based grading

category (P 5 0.004, r 5 0.294).
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analysis, this modality allows metabolic grading into 3 different
risk categories (mG1–mG3) with high predictive power regarding
overall survival. We propose consideration of whole-body molec-
ular imaging with 18F-FDG PET as a noninvasive, effective grad-
ing method and as a complement to conventional Ki-67–based
grading; the presumed value for guiding biopsy-based prolifera-
tion assessments in metastatic disease should be further investi-
gated. Future studies should eventually define the role of meta-
bolic grading for individualizing treatment and for tailoring the
aggressiveness of systemic therapy, for example, platinum-based
(cytoreductive) chemotherapies versus less aggressive (antiprolif-
erative) systemic treatments such as everolimus.
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