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Neuroendocrine neoplasm or neuroendocrine tumor (NET) is a 
heterogeneous group of epithelial neoplasms predominantly char-
acterized by neuroendocrine differentiation [1, 2]. These tumors 
are characterized by high expression of somatostatin receptors 
(SSTRs) and specific markers, including chromogranin A, CD53 
protein, and neuron-specific enolase [3]. Currently, NET is classi-
fied based on the grading (Ki67 and mitotic index (MI)) and loca-
tion of the neoplasms. Although NETs can originate from any re-
gion of the body, 60–70% derive from the gastroenteropancreatic 
system (GEP-NET). Approximately 30% of NETs have associated 
symptoms; therefore, they are considered as functioning tumors. 
These symptoms are often related to the hormonal hypersecretion, 
which frequently include diarrhea, flushing, hyperglycemia, or hy-
poglycemia. NETs of the lungs are also known as pulmonary carci-
noid tumors, which account for 1–2% of all lung tumors and ap-
proximately 30% of all NETs. Pulmonary NETs are classified ac-
cording to their mitotic count rate and the presence of necrosis [2].

The new NET classification guidelines for GEP-NET (4th edi-
tion) of the World Health Organization (WHO) from 2017 are 
based on the proliferation (Ki67 and MI) and differentiation 
(table 1). Well-differentiated tumors are grade 1 (Ki67 <3% and MI 
<2/10 high power field (HPF)), grade 2 (Ki67 3–20% and MI 
2–20/10 HPF), and grade 3 (Ki67 >20% and MI >20/10 HPF). 
There is a subdivision of tumors with a Ki67 >20% and an MI 
>20/10 HPF into well-differentiated grade 3 NET and poorly dif-
ferentiated neuroendocrine carcinoma (NEC), the latter of which 
are divided into small cell and large cell carcinomas. There is also a 
new category of mixed neuroendocrine and non-neuroendocrine 
neoplasm (MiNET). The rationale for the differentiation of grade 3 
NETs is that some grade 3 tumors which are classified into this cat-
egory according to the Ki67 index have been recognized to behave 
more like grade 2 NETs rather than aggressive carcinomas. The 
NORDIC NEC study showed that although patients with a Ki67 
<55% were less responsive to platinum-based chemotherapy, they 
had a longer survival, and therefore not all NEC should be consid-
ered as one single disease entity.
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Summary
Somatostatin receptor positron emission tomography/
computed tomography using 68Ga-labeled somatostatin 
analogs is the mainstay for the evaluation of receptor 
status in neuroendocrine tumors (NETs). This translates 
towards better therapy options, with increasing evidence 
of peptide receptor radionuclide therapy (PRRT) as the 
treatment of choice for advanced or progressive NETs. 
There are benefits in progression-free and overall sur-
vival as well as a significant improvement in clinical con-
dition. In patients with progressive NETs, fractionated, 
personalized PRRT results in good therapeutic responses 
with no significant severe hematological and/or renal 
toxicity, thus improving quality of life.

© 2017 S. Karger GmbH, Freiburg

Introduction

The term ‘theranostics’ is derived from the combination of two 
words, i.e. therapy and diagnostics, which are integral in the cur-
rent era of personalized medicine. In nuclear medicine, this has 
been utilized in the treatment of thyroid carcinoma with radioio-
dine ablation for decades, where the radioiodine diagnostic scan is 
used to determine the treatment dose of radioiodine. In the more 
contemporary practice of nuclear medicine, the use of molecular 
targets (e.g. antibodies or peptides) labeled with diagnostic or ther-
apeutic radionuclides can be used for the diagnosis and therapy of 
a particular disease at a molecular level.
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Theranostics of NETs includes diagnosis of the disease with 
positron emission tomography/computed tomography (PET/CT) 
using Ga-68-labeled somatostatin analogs, which bind specifically 
to different SSTR subtypes and allow the molecular imaging and 
characterization of NETs, with a very high diagnostic sensitivity 
and specificity for the early identification of metastases [4, 5]. This 
has also been shown to have a high impact on patient management 
[6]. In pulmonary NETs, SSTR PET/CT has been shown to have a 
significant impact on treatment strategy in up to 18% of patients 
[7]. This subsequently allows the best management approach for 
each patient [8] as well as the evaluation of treatment response 
post-therapy [9]. Following the determination of SSTR expression 
using PET/CT, peptide receptor radionuclide therapy (PRRT) can 
be instituted using therapeutic radionuclides (e.g. beta- or alpha-
emitting radioisotopes) labeled with the same tracer for personal-
ized treatment. This is accompanied by the ability to assess the pa-
tient dosimetry with pre- as well as post-therapy imaging and the 
assessment of therapy response using imaging by means of further 
Ga-68 SSTR PET/CT.

Different Radionuclides for Peptide Receptor  
Radionuclide Therapy

Initially, PRRT in NETs was performed with 111In-pentetreo-
tide, which had a short tissue penetration of the emitted Auger 
electrons (ranging between nanometers and micrometers). Initial 
study of 50 patients had shown that there was a clinical benefit and 
safety with regards to renal function; however, leukemia or myelo-
dysplastic syndrome (MDS) was reported in 3 patients who re-
ceived >100 GBq of 111In-pentetreotide [10]. This treatment is still 
used at some centers in the USA mainly due to the lack of accessi-
bility to beta-emitting radiotracers.

Subsequently, beta-emitters such as Y-90 (maximum energy 
(Emax) 2.27 mega-electronvolts (MeV), half-life 64 h, tissue pene-
tration 2.5–11 mm) and Lu-177 (Emax 0.49 MeV, half-life 6.7 days, 
tissue penetration 2 mm) were used to link to octreotide. The ini-
tial studies on Y-90-DOTA-Tyr3-octreotide (Y-90 DOTATOC) 
had reported objective response rates in 6–37% of patients, and re-
sponse to Y-90 DOTATOC was associated with a longer survival. 
SSTR imaging was predictive for both survival after Y-90 DOTA-
TOC therapy and the occurrence of renal toxicity [3, 11]. Whilst 
Lu-177-DOTA-Tyr3-octreotate (Lu-177 DOTATATE) utilized the 
lower tissue penetration of Lu-177 coupled with the longer half-life 
of the radionuclide, DOTATATE has up to 9-fold higher peptide 
receptor affinity for SSTR2 compared to DOTATOC [12], the lat-
ter having higher affinity to SSTR 3 and SSTR5 [13]. The high 
gamma-emission from Lu-177 allows for high-quality post-treat-
ment images which would be an accurate representation of the dis-
tribution of the radionuclide therapy in all the lesions, and can be 
used to monitor the uptake in between treatments. Clinical trials 
using Lu-177 DOTATATE have shown a high efficacy and tolera-
bility, especially with regard to the kidneys. Although the uptake, 
residence time, and mean absorbed renal dose per unit of adminis-

tered activity is higher for DOTATATE, both peptides were found 
to be safe in terms of potential for renal toxicity [14]. Lu-177 DO-
TATATE might have more favorable characteristics for PRRT due 
to a lower whole-body dose, resulting in potentially lower bone 
marrow toxicity [15]. Dosimetry studies have also confirmed the 
high specificity of PRRT against tumors, whilst being able to spare 
healthy tissue [3]. Current administration schedules comprise the 
most appropriate number of cycles (generally four or five) and the 
best delivery frequency (10 ± 2 weeks apart). This treatment perio-
dicity allows the patient to recover from the mild side effects of the 
therapy and increases its effectiveness in terms of the radiobiologi-
cal activity [16].

Patient Selection

The most common first-line treatment of NETs would usually 
include complete surgical resection of the primary tumor ± re-
gional lymph node metastases, followed by cold somatostatin ana-
logs. The last two decades have seen the establishment of PRRT as 
an effective treatment option for patients with inoperable or meta-
static well-differentiated NETs who have progressed with cold so-
matostatin therapy.

The WHO grade of the tumor determined by the Ki67 tumor 
proliferation index is essential for patient selection [17], with G1 
and G2 tumors known to respond well to PRRT. High SSTR ex-
pression of tumors must also be ascertained before PRRT to ensure 
therapeutic efficacy; this is assessed by using Tc-99m-labeled so-
matostatin analog (TektrotydTM; ROTOP Pharmaka GmbH, Dres-
den, Germany) or, much better, with SSTR PET/CT using Ga-68 
DOTA peptides. On the SSTR PET/CT, the standardized uptake 
value (SUV) of the tumors on PET/CT is another excellent, quanti-
tative measure of the degree of SSTR expression, and could poten-
tially assist in predicting the response to PRRT [4], thus leading to 
better patient selection for PRRT (table 2).

The prognostic value of 18F-fluorodeoxyglucose (FDG) PET in 
the selection of patients for PRRT has also been assessed in 52 pa-
tients with progressive advanced well-differentiated grade 1/2 
NETs treated with Lu-177 DOTATATE. It was found that none of 
the PET-negative patients had progressed at the first follow-up ex-

Table 1. Classification of neuroendocrine neoplasms of the gastroenteropan-
creatic system (WHO 2017)a

Grade Description Ki-67, % Mitotic index (HPF)

G1 well-differentiated NEN <2 <2/10
G2 well-differentiated NEN 3–20 2–20/10
G3 well-differentiated NEN >20 >20/10
G3b poorly differentiated NEN  

or NEC
>20 bdifferentiated into 

small and large cell

aNew category: mixed NEN/non-NEN (MiNEN), hyperplastic and preneo-
plastic lesions.
NEN = Neuroendocrine neoplasm (also called NET = neuroendocrine tumor); 
NEC = neuroendocrine carcinoma; HPF = high power field.
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amination after Lu-PRRT, whereas grade 2 NET and FDG PET 
positivity (arbitrary SUV cutoff >2.5) were frequently associated 
with more aggressive disease, suggesting perhaps a more intensive 
treatment regimen for the latter group [18]. A further study of 69 
NET patients treated with Y-90 or Lu-177-DOTATOC/DOTA-
TATE showed a partial response (PR) in 27.5% of patients, while 
50.7 and 23.2% had stable disease (SD) and progressive disease 
(PD), respectively. Low tumor burden and a low proliferation 
index represent independent prognostic factors for better progres-
sion-free survival (PFS), while stage IV, NET G2, and previous 
transarterial chemoembolization (TACE) were found to be signifi-
cant factors for tumor progression at multivariate analysis [19]. 
There is also evidence that FDG avidity and higher grade tumors 
with extensive liver involvement are important aspects to be evalu-
ated before administering PRRT. In some situations, the efficacy of 
PRRT in high-risk patients can be raised by increasing the total ad-
ministered activity or the number or frequency of PRRT cycles, or 
by administering radiosensitizer agents such as capecitabine or 
capecitabine plus temozolomide [20]. These new therapeutic op-
tions may provide a further personalization of treatment by in-
creasing the dose intensity only when required [3].

There are quite a few treatment options when it comes to the 
treatment of NETs. These include surgical resection of the primary 
and localized metastases, locoregional approaches to liver metasta-
ses (including TACE and selective internal radiation therapy), 
chemotherapy for highly proliferating NETs, and medical treat-
ment with SSTR agonists such as octreotide and lanreotide. The 
choice of the most appropriate treatment requires knowledge of 
the anatomical location, local disease extension, tumor functional-
ity, SSTR status, histological grading, and staging [21]. However, 
PRRT is highly recommended in patients with metastatic or inop-
erable NETs and positive expression of SSTR2 [11, 22–25]. Al-
though PRRT with radiolabeled somatostatin analogs is most com-
monly used for patients with WHO grade 1 and grade 2 gastroin-
testinal and bronchial NETs, patients with pheochromocytoma, 
paraganglioma, neuroblastoma, and medullary thyroid carcinoma 
may also benefit from the treatment [26–29].

Types and Efficacy of Peptide Receptor Radionuclide 
Therapy

PRRT in NETs has been used since 1994, where the first case 
report was published by the Rotterdam group, using In-111 octreo-
tide [30]. Since then, a number of studies, mostly retrospective and 
monocentric, have demonstrated the efficacy of PRRT in thou-
sands of patients.

One of the earliest retrospective studies by the Rotterdam group 
using Lu-177 DOTATATE in 310 GEP-NET patients showed a 
complete response (CR) in 3% of cases, PR in 28%, and minor re-
sponse (MR) in 16%. The mean time to progression was 40 months 
and the median overall survival (OS) from diagnosis was 128 
months [24]. A recent evaluation of the multi-institutional registry 
of patients in Germany consisting of 450 patients showed that the 

median OS of all patients was 59 months, with a median PFS of 41 
months. Both OS and PFS were significantly worse in patients 
treated with Y-90 alone compared to Lu-177, and also in patients 
with grade 2 and grade 3 tumors compared to grade 1. Complete 
remission was observed in 5.6% of patients, whilst 22.4% of pa-
tients had partial remissions, 47.3% of patients were stable, and 4% 
of patients had PD [31].

A smaller study of 74 patients showed a PR in 36.3%, MR in 
17.6%, SD in 35.1%, and PD in 10.8%. The median PFS was 26 
months and the median OS was 55 months. In a subgroup of 41 
non-pancreatic GEP-NETs, a slightly poorer efficacy was demon-
strated, with a PR of 22%, MR of 17.1%, SD of 48.8%, and PD in 
12.2% [32]. A more recent phase II study in 43 advanced, well-dif-
ferentiated gastrointestinal NET (grade 1 or 2) patients treated 
with Lu-177 DOTATATE showed a CR in 7% of patients and SD in 
77%, and a disease control rate (DCR) of 84%. The median PFS 
was 36 months, while the median OS had not yet been reached. 
Once again, none of the patients showed side effects after any Lu-
PRRT dosages [33].

Lu-177-DOTATOC has also been used with a promising effi-
cacy and toxicity profile. A recent phase II study in 56 patients with 
metastatic and progressive NETs reported efficacy and safety data 
of Lu-177-DOTATOC. The overall median DCR was 93.8% for pa-
tients who received more than one cycle, while the median PFS and 
OS were 17.4 and 34.2 months, respectively, assessed over a follow-
up time (mean ± standard deviation) of 16.1 ± 12.4 months [34]. In 
the largest reported study to date of 1,200 patients with metastatic 
bronchial NETs and GEP-NETs that express SSTRs, PRRT with 
Lu-177-DOTATATE was demonstrated to be a favorable therapeu-
tic option which is safe, with few side effects, and shows good re-
sponse rates, with a PFS of 29 months and an OS of 63 months 
[35].

The most prominent results to date in a phase III study of 230 
patients with progressive midgut NET treated with somatostatin 
analogs showed that the median PFS in those patients treated with 
Lu-177 DOTATATE and 30 mg Sandostatin-LAR every 4 weeks 
was not reached compared to 8.4 months in patients with the high-
dose Sandostatin treatment alone [36]. This indicates that PRRT is 
very effective in this subgroup of patients (hazard ratio 0.209; 95% 
confidence interval 0.129–0.33).

There is also evidence that the use of both radioisotopes (Y-90 
and Lu-177) can exploit the individual properties of the radiotrac-
ers to allow a better crossfire effect to treat this tumor group, which 

Table 2. Prerequisites for peptide receptor radionuclide therapy

Histologically proven neuroendocrine tumor (immunohistochemistry)
High somatostatin receptor (SSTR) expression determined by immunohisto-

chemistry or functional imaging of SSTR (using Tc-99m-labeled somato-
statin analogs, or better with positron emission tomography/computed  
tomography using Ga-68-labeled somatostatin analogs)

Karnofsky/Lansky performance status > 60% or ECOG < 2
Tumor differentiation: well-differentiated, preferably G1 or G2
Proliferation rate (Ki67/mitotic index) of the tumor preferably ≤20%
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demonstrates heterogeneous receptor densities. Y-90 is considered 
to be more suitable for larger tumors due to the higher energy and 
penetrating capacity of its beta particles. In this regard, Lu-177 has 
a lower energy and smaller particle range, resulting in better ab-
sorption in smaller tumors and therefore being less likely to be ef-
fective in large tumors, particularly given the heterogeneous distri-
bution of SSTRs over larger tumors. The lower dose rate due to the 
longer half-life is also a limiting factor. Therefore, the presence of 
different sizes of tumors with heterogeneous distribution of SSTRs 
in a patient should be taken into consideration to ensure that most 
of the beta energy from the radioisotope is absorbed and the radia-
tion dose to the tumor is optimized [37]. The combination of Y-90- 
and Lu-177-labeled somatostatin analogs in an animal model has 

demonstrated a better tumor response than the use of each radiola-
beled analog alone [38]. Therefore, DUO-PRRT, which involves 
sequential administration of Y-90- and Lu-177-labeled analogs, is 
helpful for the treatment of larger tumors, followed by subsequent 
treatment of smaller metastases in further treatment cycles, i.e. in 
two different settings 3–6 months apart. Tandem PRRT has also 
been performed, which specifically refers to the concurrent use of 
these radioisotopes in the same setting.

The results of a study of 50 patients with disseminated NETs 
indicated that tandem PRRT (with Y-90/Lu-177 DOTATATE) re-
sulted in a longer OS than with a single radioisotope (Y-90 DOTA-
TATE), and the safety of both methods were comparable [39]. 
Meanwhile, a more recent study of 486 patients with metastatic 

Fig. 1. 80-year-old 
male patient with 
grade I (Ki67 2%) well-
differentiated, non-
functioning neuroen-
docrine neoplasm at 
the rectosigmoid junc-
tion with extensive bi-
lobar liver metastasis, 
diagnosed 6 years be-
fore, initial tumor 
stage cT3 pNx pM1 
(HEP) stage IV, and 
immunohistochemical 
expression of chro-
mogranin, synapto-
physin, and somatosta-
tin receptor (SSTR) IIa 
(in 60%). The first 
symptom at diagnosis 
was diarrhea with so-
nographic suspicion of 
liver metastases. Liver 
biopsy (performed at 
another hospital) dem-
onstrated poorly dif-
ferentiated adenocarci-
noma; however, the 
primary tumor could 
not be detected by co-
lonoscopy. Ga-68 
SSTR positron emis-
sion tomography/com-
puted tomography 
(PET/CT) identified 
an intensely SSTR-positive tumor at the rectosigmoid junction with multiple receptor-expressing hepatic metastases (maximum size 2 cm). There was no demon-
strable glucose hypermetabolism in any of the tumor masses. Before referral to our center, the patient underwent systemic chemotherapy with FOLFOX and Avas-
tin in addition to therapy with Sandostatin. There was progressive disease with continual increase in size of the liver metastases (to 3 and 3.4 cm 3 and 9 months 
after initiation of chemotherapy, respectively). Three cycles of Lu-177-based peptide receptor radionuclide therapy (PRRT) were administered (also based on a re-
view of the histopathology which revealed neuroendocrine tumors), leading to a very good response with complete remission of the liver metastases and a signifi-
cant decrease in the size (on CT) and SSTR expression (PET/CT) of the primary tumor. The patient was regularly followed up, i.e. every 9–12 months, with Ga-68 
SSTR PET/CT. He had a progression-free interval of 4 years after which there were new SSTR-positive liver metastases. A second phase of PRRT (consisting of the 
4th and 5th cycles) was administered, resulting again in an excellent response to PRRT with complete regression of the hepatic metastases. A–G PET maximum 
intensity projection images of Ga-68 SSTR PET/CT; H–K fused transverse PET/CT images; A, H before PRRT; B, K 4 months after the 3rd PRRT cycle; C–E 12, 
24 and 36 months, respectively, after 3rd cycle of PRRT; F, J 48 months after the 3rd PRRT cycle a new hepatic progression was demonstrated; G, K once again 
complete remission of the liver metastases after a second phase of PRRT (4th and 5th cycles).
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NETs who completed three or more cycles of PRRT compared the 
efficacy of combined Y-90-DOTATOC and Lu-177-DOTATOC 
with Y-90-DOTATOC alone and found that DUO-PRRT was as-
sociated with an improved OS in patients completing three or 
more cycles of treatment [40].

Since the availability of Lu-177 in 2003, the Bad Berka group has 
pioneered the systematic use of DUO-PRRT as well as tandem 
PRRT in a large patient cohort of 416 patients with progressive 
NETs refractory to octreotide/interferon treatment or chemother-
apy and showed a median OS from the time of first diagnosis of 
210 months and a median survival after the first PRRT of 59 
months (fig.  1). In patients with NETs of non-pancreatic origin 
and pancreatic NETs (pNETs) with PD, tumor response after a 
mean follow-up of 2 years showed that after three cycles of PRRT, 
complete remission, partial remission, and MR were seen in 48% of 
patients with non-pancreatic NETs and in 52% of patients with 
pNETs, whilst the disease was stabilized in 45% of patients with 
non-pancreatic NETs and in 39% of patients with pNETs (fig. 2). 
36 patients (8.7%) with advanced disease died of PD. Objective 
tumor responses, including improvement of clinical symptoms, 
were seen in 93% (91% pNETs) of patients [41].

Dosimetry

The basis for radiation therapy is to deliver the highest possible 
dose to tumor tissue while sparing normal organs. Therefore, dose 
estimation for tumor and normal organs is essential for treatment 
planning and is based on the MIRD scheme [42]. Furthermore, there 
are interindividual differences in dose delivery, particularly given 
the variable metabolism or receptor density in organs and tumor le-
sions. This makes individual patient dosimetry absolutely necessary 
in PRRT. The advantage of Lu-177 is the concomitant emission of 
low-energy gamma rays at 208 and 113 kiloelectron volts with the 
therapeutic beta-radiation, which does not only allow assessment of 
biodistribution with post-therapy scans but also enables individual-
ized dosimetry. It is therefore possible to calculate absorbed radia-
tion doses to dose-limiting organs, such as kidneys and bone mar-
row, to better influence the decision for administering further cycles 
of PRRT, taking into account the cumulative administered activity. 
Given the highly variable SSTR densities on tumor cells and other 
factors like tumor size and viability, individualized dosimetry helps 
in patient selection and therapy planning. However, the lack of 
gamma emission by Y-90 results in difficulties for direct dosimetric 

Fig. 2. Well-differen-
tiated, functioning 
neuroendocrine neo-
plasm G2 (Ki67 10%) 
of the pancreatic tail 
(glucagonoma) with 
extensive hepatic me-
tastases (initial tumor 
stage IV) in a 72-year-
old patient. Partial re-
mission of disease after 
4 cycles of DUO pep-
tide receptor radionu-
clide therapy (PRRT) 
(first cycle with Y-90 
and then successively 
using Lu-177) on 
Ga-68 somatostatin re-
ceptor positron emis-
sion tomography/com-
puted tomography 
(PET/CT), according 
to both molecular and 
morphological imag-
ing criteria with a sig-
nificant decrease in 
number, size, and up-
take of the multiple 
liver metastases as well 
as regression of the 
primary tumor in the 
pancreas. A–D Maximum intensity projection images of PET; E–H fused transverse PET/CT images; I–L contrast-enhanced CT images in transverse view; A, E, 
I PET/CT before PRRT; B, F, J PET/CT after 2 cycles of PRRT; C, G, K PET/CT 4 months after the 4th cycle of PRRT; D, H, L PET/CT 1 year after the 4th 
cycle of PRRT. A continuing significant decrease in size and uptake of the target lesion in segment 3 of the liver (marked by arrow in the top row and by a circle in 
the transverse PET/CT images) is demonstrated here after 2 and 4 PRRT cycles, as well as a further reduction in uptake (delayed response) on PET/CT 1 year after 
PRRT (D, H, L).
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analysis post-PRRT with Y-90 agents. The data required as input for 
dosimetry are blood and urine samples as well as whole body scans 
at adequate time intervals up to at least 3 days post PRRT. Regions 
of interest on planar images are useful to obtain the time-activity 
curves. However, a much better organ-specific three-dimensional 
activity distribution is provided by single-photon emission com-
puted tomography (SPECT) or SPECT/CT images, although the ac-
quisition is time-consuming. Using dedicated software like OL-
INDA/EXM, mean absorbed dose estimates can be derived based on 
the calculated residence time of radiopeptide used [43].

Treatment Side Effects

The side effects of greatest concern regarding PRRT are poten-
tial renal and bone marrow toxicity which are described in more 
detail below. However, there are rarely other, relatively minor side 
effects which have been described, including gastrointestinal symp-
toms of nausea, vomiting, abdominal pain, diarrhea, as well as gen-
eral fatigue, mild alopecia (rare), headache, and dizziness.

Fig. 3. 65-year-old 
patient with metastatic 
non-functioning pan-
creatic neuroendocrine 
tumor first diagnosed 
in 2006; status after 
laparotomy, appendec-
tomy, and resection of 
metastases, 6 courses 
of chemotherapy with 
capecitabine, right 
hemihepatectomy, 
cholecystectomy, and 
adhesiolysis. A total of 
9 cycles of DUO pep-
tide receptor radionu-
clide therapy (PRRT) 
(A–I whole-body post-
therapy scans in ante-
rior view after 1–9 cy-
cles, respectively) were 
administered over a 
period of almost 9 
years. The first treat-
ment phase (Septem-
ber 2006 until April 
2008) consisted of 5 
cycles, while the sec-
ond phase (6th cycle) 
took place in Novem-
ber 2009, the third 
phase (7th cycle) in 
September 2011, the 
fourth phase (8th 
cycle) in July 2013, and 
the fifth phase (9th 
cycle) in February 
2015. J There was no 
demonstrable signifi-
cant renal toxicity over 
9 years; i.e., the stable 
tubular extraction rate 
was determined by Tc-
99m MAG3 scintigra-
phy (yellow graphs) and glomerular filtration rate, both given in percent (the dotted line indicates the normal limit, i.e. 70%), and was derived from using Tc-99m 
DTPA (blue graphs) with the single plasma sample method. In A the first and in E the fifth PRRT cycle Y-90 was used (the post-therapy scans appear hazy due to 
the poorer resolution of the Bremsstrahlung imaging), as compared to Lu-177 in the other cycles (B–D, F–I). Complete regression of the brain metastasis (blue 
arrow) and the right supraclavicular lymph node metastasis (green arrow) after the 7th and 8th PRRT cycle, as demonstrated in the post-therapy scan after the 9th 
PRRT cycle (I).
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Nephrotoxicity
The radiopeptides are filtered through glomerular capillaries in 

the kidneys due to their small size, and subsequently reabsorbed 
and retained in the proximal tubular cells, resulting in renal irradi-
ation. Therefore, the kidneys are the potential dose-limiting organs 
for PRRT due to their marked radiosensitivity [44, 45]. While the 
crossfire effect is beneficial for overcoming the inhomogeneity of 
receptor expression in cancer cells, allowing irradiation of tumor 
cells which are not directly targeted by the radiopharmaceutical, 
the long range of the Y-90 beta particles appears to further increase 
the potential for kidney toxicity. Cases of severe, end-stage renal 
disease have been reported with high activities of Y-90 at an early 
stage of introduction of PRRT at the beginning of this century [46]. 
However, adequate renal protection can minimize the risk of renal 
damage, and this is commonly achieved with positively charged 
molecules such as L-lysine and/or L-arginine which competitively 
inhibit the proximal tubular reabsorption of the radiopeptide and 
which are co-administered with PRRT. These have been shown to 
reduce the renal dose by 9–53% [47]. There is a further dose reduc-
tion by up to 39% when the infusion is prolonged over 10 h and by 
up to 65% when prolonging it over 2 days after radiopeptide ad-
ministration, thereby providing protection almost throughout the 
entire elimination phase through the kidneys [44]. The patients 
should also be well hydrated. Gelofusine, in addition to the amino 
acids, also inhibits the reabsorption of these peptides and has been 
shown to reduce the renal uptake significantly [48]. The role of ra-
dioprotective drugs, such as amifostine, has also been investigated 
in preclinical studies and has been demonstrated to alleviate the 
radiation-induced renal damage during therapy with Lu-DOTA-
TATE [49].

Despite renal protection, there is a very small risk of renal toxic-
ity, usually months after irradiation, and more likely with Y-90-la-
beled peptides (median 7.3% per year), compared to Lu-177-la-
beled peptides (median 3.8% per year) [45]. The contributing fac-
tors to the risk of renal impairment following PRRT include the 
cumulative and per-cycle renal absorbed dose, age, hypertension, 
and diabetes. The maximum tolerated renal dose in patients treated 
with external beam radiotherapy was considered to be 23–27 Gy 
[50]. For internal radiation therapy, the biologically equivalent 
dose (BED) was found to more accurately predict the renal toxicity, 
where the individual renal volume, dose rate, and fractionation, 
which are taken into account by the BED, were able to predict renal 
function impairment [51]. A much lower threshold of the BED to 
the kidney, i.e. 28 Gy in patients with risk factors (mainly hyper-
tension and diabetes) compared to those without risk factors (40 
Gy), is a predictor of renal toxicity after PRRT [52].

In a large retrospective study of 1,109 patients treated with Y-
90-DOTATOC found a 9% prevalence of permanent renal toxicity 
[11]. However, in this study, there were relatively high doses of Y-90 
administered per cycle (3.7 GBq/m2 body surface area). Fractiona-
tion of PRRT, as in the case of external beam radiotherapy, may be 
safer since internal radiation therapy leads to a continuous radiation 
delivery at a low and decreasing dose rate over time, which may 
allow the normal kidney tissue to repair the radiation damage [53]. 

In a long-term low-dose protocol, administering multiple (up to 10) 
cycles per patient and adequate nephroprotection (co-administering 
gelofusine additionally in case of Y-90), no significant renal toxicity 
(i.e. end-stage renal insufficiency) has been reported by the Bad 
Berka group in more than 1,000 patients treated with Lu-177 and/or 
Y-90 (>1,500 treatment cycles using Y-90) [54]. A more recent re-
port of 1,200 patients treated with Lu-177-DOTATATE also showed 
no evidence of long-term renal insufficiency either (fig.  3) [35]. 
However, PRRT is recommended to be performed at specialized 
centers as NET patients require a highly individualized interdiscipli-
nary treatment and long-term care [55].

Bone Marrow Toxicity
Although the bone marrow has been reported to be susceptible 

to PRRT, it does not appear to be the principal dose-limiting organ. 
Severe (grade 3 and 4) acute bone marrow toxicity has been re-
ported in 10–13% of Y-90-DOTATOC treatment cycles; this is 
much less common with Lu-177-DOTATATE which is reported at 
2–3% of cycles [21]. The risk factors for acute toxicity were patients 
>70 years of age at the beginning of treatment, prior chemother-
apy, creatinine clearance (estimated with Cockcroft’s formula) 60 
ml/min, and the presence of bone metastases [24].

MDS can occur in about 2% of patients, whilst acute leukemia 
may develop in approximately 1% of patients [52], particularly in 
patients receiving high bone marrow doses and if they have been 
previously treated with alkylating chemotherapeutic agents [56]. 
The risk for MDS and acute leukemia was increased in patients 
with previous myelotoxic chemotherapy, other bone marrow risk 
factors (e.g. tumor invasion of bone marrow), and grade of platelet 
toxicity [52]. Although the period of times between the start of 
PRRT and the development of MDS or acute leukemia are similar 
(approximately 1,500 days), these conditions were noted to de-
velop significantly later than persistent nephrotoxicity [52].

An analysis of bone marrow dosimetry with Lu-177-DOTA-
TATE found that the concentration of radioactivity in the bone 
marrow and blood was similar, with no significant binding of the 
radiopeptide to the stem cells, thus negating the hypothesis that 
high bone marrow irradiation was due to the SSTR expression on 
stem cells [57]. A prior study using 111In-octreotide and 86Y-DO-
TATOC has shown that the red marrow uptake may be related to 
transchelation of the radiometal to transferrin [58].

Newer Approaches to Peptide Receptor Radionuclide 
Therapy

The efficacy of locoregional treatment using radiopeptides has 
been investigated, with the most promising approach being the in-
tra-arterial administration of PRRT to selectively target tumor re-
ceptors in specific liver segments and to minimize systemic toxic-
ity. An arbitrary SUVmax cutoff of 16.4 on 68Ga-DOTATOC PET/
CT in liver metastases has been proposed to select patients for in-
tra-arterial PRRT [59]. Intra-arterial administration of a mean cu-
mulative activity of 58 GBq (1,570 millicurie) 111In-octreotide in 16 
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GEP-NET patients with liver metastases showed an objective 
tumor response of CR and PR in 56% of patients, with the median 
survival for patients with CR, PR, or SD being 32 months [60].

The radiosensitizing effect of capecitabine, an orally adminis-
tered prodrug of 5-fluorouracil (5-FU), has also been studied based 
on evidence gained with a combination of external beam radiother-
apy and chemotherapy [61–63]. The principle of using the prodrug 
is that many tumors require a higher amount of thymidine phos-
phorylase (TP) to convert the inactive form (capecitabine) into its 
active form (5-FU), which has led to a higher concentration of the 
active form in tumors than in normal tissue. Synergistically, irradia-
tion can induce an upregulation of TP which may enhance the effect 
of capecitabine [64]. A randomized multicenter study compared Lu-
177-DOTATATE treatment with and without capecitabine in a dose 
of 1,650 mg/m2 for 14 days after each treatment cycle in patients 
with GEP-NETs, showing the safety and feasibility of this approach. 
Recently, another study using Lu-177-DOTATATE in combination 
with capecitabine in 33 patients with GEP-NETs showed PR in 24% 
and SD in 70% of patients [61].

Neoadjuvant PRRT has also been administered to patients with 
inoperable NETs in order to induce radiation necrosis, thus ren-
dering the tumor operable and subsequently resulting in complete 
remission after surgery [65]. Another recent study also validated 
the results of neoadjuvant PRRT [66]. A rationale for the adjuvant 
use of PRRT after surgery of NETs is to prevent metastases due to 
the tumor spill as a result of surgical handling.

Future Perspectives

SSTR antagonists may be superior to agonists due to higher 
receptor affinity and can result in better tumor targeting. They 

are currently being investigated in a clinical trial. Likewise, soma-
tostatin analogs targeting all known SSTR subtypes (except 
SSTR4) – and therefore a wider tumor spectrum – as well as tar-
geting of multiple receptors are under investigation. Future clini-
cal studies will also address the efficacy and safety of combining 
PRRT with TACE, radiofrequency ablation, chemotherapy agents 
(other than capecitabine, e.g. temazolomide or doxorubicin), ki-
nase inhibitors such as everolimus, sunitinib or sorafenib, and 
also antibodies such as bevacizumab [67]. There are also prelimi-
nary results using alpha-emitters such as 213Bi- or 225Ac-labeled 
DOTATOC, where therapeutic effects were observed in several 
patients refractory to treatment with beta-emitters and represent 
promising new treatment options in NET patients refractory to 
the standard therapies [68].

Conclusion

There is increasing evidence that PRRT is the treatment of 
choice for advanced or progressive, SSTR-positive NETs, with ben-
efits in PFS and OS as well as with a significant improvement in 
clinical symptoms. In patients with progressive NETs, fractionated, 
personalized PRRT with lower amounts of radioactivity given over 
a longer period of time results in good therapeutic responses and 
avoids severe hematological and/or renal toxicity, therefore im-
proving quality of life.
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