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1Introduction and outline

Already in the 1940’s, nuclear medicine therapies were carried out to treat differentiated 

thyroid cancer with [131I]Iodine (131I)1. The advantage of this technique was that a diagnostic 

scan with [123I]Iodine (123I) could be performed to verify uptake in the remaining thyroid2,3. 

Likewise, a post-therapy scan after 131I therapy enabled uptake verification after 

treatment2. The 123I/131I combination is the first example of the so-called theranostics 

approach in nuclear medicine, where a diagnostic and therapeutic radiotracer are used 

to diagnose and treat disease accordingly with imaging verification3. In the late 1990’s, a 

theranostics strategy was developed to treat neuroendocrine tumours (NETs), using a 

small peptide coupled to a radionuclide to target the tumour’s overexpressed receptor4. 

This theranostics approach for NETs has been further developed and evaluated and is 

at this moment known as peptide receptor radionuclide therapy (PRRT). In this chapter a 

general introduction on NETs and nuclear medicine techniques for imaging and therapy 

are elaborated on.

Epidemiology 

Neuroendocrine neoplasms (NEN) are rare tumours originating from neuroendocrine 

epithelial cells, which were first discovered in 18705. The incidence of NEN in the 

Netherlands is low, with 4.9 per 100,000 new patients diagnosed in 20106. The term 

NEN covers both NET (well-differentiated) and neuroendocrine carcinomas (NECs, 

poorly differentiated)7. Low-grade NETs can develop towards high grade NETs with 

an increased mitotic rate and Ki-67 index, which are in general more aggressive and 

associated with a short survival compared to NETs7. This thesis focuses on NETs only 

and NECs will be further omitted. 

Most NETs arise in the gastroenteropancreatic tract (62-67%, GEP-NETs), but these 

tumours may also develop in the lungs (22-27%) and other sites8. However, in 13% of 

patients the location of the primary tumour remains unknown9. The median overall 

survival is best for patients with localised disease (>30 years). Patients with regional 

(10.2 years) or distant metastatic disease (12 months) have significantly worse survival 

compared to patients with local disease10. Survival is dependent on the primary tumour 

site; with local disease only, patients with rectum and appendix NETs have the highest 

survival, whereas pancreas and bronchial NETs are associated with worse survival10,11. In 

addition, patients with lower grade tumours (see section Diagnosis and characterisation) 

are likely to have a longer survival compared to patients with high grade tumours6,10. 
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Clinical presentation

Many NETs are discovered by accident, or after a long search for the cause of patients’ 

symptoms. Patients without carcinoid syndrome primarily suffer from abdominal pain 

and weight loss10,12, whilst patients with carcinoid syndrome and a primary tumour in 

the intestine often present with complaints of flushing and diarrhoea, regularly multiple 

episodes per day12–15. As these symptoms are also frequently observed in women with 

menopausal complaints and the symptoms can also be associated with irritable bowel 

syndrome, it might take a while before the presence of a NET is suggested. These 

symptoms are caused by hormonal secretion of the tumour, often hypersecretion of 

serotonin. 

High blood levels of serotonin could also lead to fibrosis of the tricuspid and pulmonary 

valve (carcinoid heart disease), which sometimes requires valve-replacement16. In 

addition to serotonin, high levels of the tumour marker Chromogranin-A (CgA) are often 

observed in blood assessments of patients with NETs17–19. 

Although less common, carcinoid syndrome may also occur in patients with a primary 

pancreas NET. In 10-30% of patients with a pancreas NET, different symptoms related 

to increased excretion of hormones by the tumour can be observed, for example 

gastrin secretion could result in the Zollinger-Ellison syndrome and insulin secretion in 

hypoglycaemia15. The majority of patients with pancreas NETs present with abdominal 

pain and weight loss. Bronchial NETs are asymptomatic in 25% of patients, whilst other 

patients have symptoms including wheezing, bronchitis and cough20. 

Diagnosis and characterisation

The diagnosis of a NET is based on the combination of the clinical observations as 

described in the previous section, laboratory assessments to evaluate the tumour 

markers CgA and serotonin, imaging (see next section), and histopathological analysis of 

the primary tumour or a metastasis. Histopathology is the golden standard and is required 

to confirm NET diagnosis. Haematoxylin-eosin staining is used to evaluate endocrine 

features and immunohistochemistry often shows expression of the neuroendocrine 

markers synaptophysin, chromogranin, and overexpression of the somatostatin receptor 

(SSTR)9,12. Classification of well-differentiated NETs is based on the Ki-67 index (a protein 

required for cellular proliferation) and the number of mitoses per 2 mm2 (mitotic rate)2. 

GEP-NETs are divided into three grades according to the criteria12,21 described in Table 

1. The classification for bronchial NETs is shown in Table 28,22. 
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1Table 1 Classification of well-differentiated GEP-NETs21

Grade Classification Ki-67 Mitotic rate

G1 Low grade <3% <2

G2 Intermediate grade 3-20% 2-20

G3 High grade >20% >20

Table 2 Classification of bronchial NETs8,22

Grade Classification Ki-67 Mitotic rate Necrosis

G1 Carcinoid <5% <2 Absent

G2 Atypical carcinoid 2-10% 2-10 Focal necrosis

Imaging of NETs

Anatomical imaging using computed tomography (CT) or magnetic resonance 

imaging (MRI) is at this moment standard of care for detection and follow-up of NETs23. 

Functional imaging using nuclear techniques enables visualisation at the molecular or 

cellular level, which often involves the SSTR overexpression in case of NETs. Currently 

in general oncology, the most widely used tracer for positron emission tomography 

in combination with computed tomography (PET/CT) is the glucose analogue 

[18F]Fluorine-Fluorodeoxyglucose (18F-FDG). This tracer visualises cells with high 

metabolic turnover, and therefore, high glucose consumption, like malignant tumour 

cells and brain cells24. PET imaging can also be used to visualise SSTR density, nowadays 

mainly by labelling [68Ga]Gallium (68Ga) to a somatostatin analogue (SSA). Multiple 
68Ga-SSA tracers are routinely used in clinics, for example DOTATOC and DOTATATE25. 

Nuclear imaging techniques, like 68Ga-SSA PET/CT, can identify lesions undetected by 

anatomical imaging, mainly bone metastases as these lesions often do not have a visible 

substrate19. Most NETs show uptake solely on 68Ga-SSA PET/CT and none to limited 
18F-FDG accumulation (Figure 1), since both the proliferation rate and thereby glucose 

consumption of NETs is low, and secondly NET metabolism is efficient with high energy 

yield. However, NETs could lose SSTR expression and increase (inefficient) metabolism, 

making imaging with 18F-FDG more suitable26. 

Diagnostic imaging quantification and response assessment 

Nuclear imaging is traditionally evaluated using visual assessment; however (semi-) 

quantitative measurements are increasingly performed. A commonly used measure 

in 18F-FDG is the standardised uptake value (SUV), which expresses the radioactivity 

concentration corrected for injected activity and the patient’s body weight. 18F-FDG 

PET/CT SUV-measurements have proven to be associated with disease activity and 
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response to therapy in other tumour types. 68Ga-SSA accumulates in specific cell types 

and the SUV corrected for lean body mass (SUL), based on height and gender, might 

therefore be more appropriate24.

Figure 1 18F-FDG (left) and 68Ga-DOTATATE (right) PET/CT scan of the same patient. Physiological 

high uptake of 18F-FDG can be observed in the brain, whereas 68Ga-DOTATATE accumulates in 

the spleen and liver. Both radiotracers are excreted via the urinary tract. 

Current therapy response assessment in patients with NETs is based on changes in size 

measured by anatomical imaging, traditionally evaluated using the Response Evaluation 

Criteria in Solid Tumours (RECIST)27. The change in diameters of target lesions is the input 

to classify patients into progressive disease (>20% increase), stable disease (between 

20% increase and 30% decrease), partial (>30% decrease) or complete response (no 

visible tumour)28. Several studies suggest that RECIST is probably not suitable for early 

response assessment in NET, since these tumours are generally slow progressive and 

also slowly respond to treatment29–31. Functional imaging techniques like 68Ga-DOTATATE 

PET/CT could be able to show early changes in expression profiles due to therapy, thus 

indicating a clinical response. 
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1Treatment options for NETs

NETs are a very heterogeneous group of tumours, originating from different organs, with 

different SSTR expression patterns and proliferation rates9. Consequently, the number 

of available treatment options is large and it is difficult to predict which treatment is 

optimal for a specific patient. Surgical resections are performed in case of treatment 

with curative intent12,32, but resection of the primary tumour could still be performed in 

the metastatic setting to improve survival9. 

First-line therapy for metastatic disease in patients with NETs typically includes treatment 

with SSA in case of SSTR-overexpression, aiming to reduce carcinoid symptoms and to 

maintain stable disease. SSAs are either administered in low doses every day or with high 

doses at 3-4 weeks intervals, depending on the patient’s symptoms. Targeted therapies 

are considered second-line options, for example mammalian target of rapamycin 

(mTOR) inhibitors, vascular endothelial growth factor (VEGF) inhibitors (everolimus or 

sunitinib), and interferon-α treatment 33. Next to that, chemotherapy could be beneficial 

in patients with high cell proliferation rates, for example in grade 3 NETs34.

Another type of systemic treatment is the administration of SSA coupled to a radioisotope, 

also called peptide receptor radionuclide therapy (PRRT), indicated for patients with 

metastatic or unresectable NETs35. The most widely used isotope for this treatment is 

[177Lu]Lutetium (177Lu), which emits beta particles (mean energy 134 keV, max 498 keV) 

to cause cell death due to unrepairable DNA damage. This radionuclide also emits 

gamma photons with energy photopeaks at 208 keV (10.4%) and 113 keV (6.2%), enabling 

post-therapy imaging with a gamma camera36. The first PRRT treatments were already 

performed in the early ’00s, but the clinical benefit of 177Lu-DOTATATE therapy compared 

to high dose octreotate was shown in 2017 by the phase III NETTER-1 trial37. This study 

showed a significant difference in progression free survival (PFS) at 20 months between 

patients treated with PRRT (65.2%) and patients treated with high dose octreotate (10.8%). 

At the time of interim analysis, 14 (12.6%) patients died in the PRRT group compared to 26 

(26%) patients in the high dose octreotate group. The PRRT schema in this trial consists 

of four cycles of 7.4 GBq 177Lu-DOTATATE, administered in 6-12 weeks intervals. 

After intravenous infusion, 177Lu-DOTATATE will circulate for several days in the blood 

while irradiating the radiosensitive red bone marrow, which is an organ at risk during 

this treatment. During this circulation time it will bind to SST receptors throughout the 

body, thus targeting tumour lesions and normal organs, such as the red bone marrow. 

The kidneys are the other important organs at risk, since 177Lu-DOTATATE is excreted via 

the kidneys into urine and partly reabsorbed in the tubuli38. The co-administration of an 

amino acid solution during 177Lu-DOTATATE infusion is performed for renal protection 
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as it inhibits reabsorption in the tubuli, thereby stimulating fast renal excretion38,39. 

Laboratory parameters and renal function should be sufficient to ensure safe treatment. 

Subacute severe (Common Terminology Criteria for Adverse Events (CTCAE) grade 3 and 

4) haematotoxicity after PRRT is observed in 11%40, whereas long-term toxicity by 177Lu-

DOTATATE treatment includes haematopoietic neoplasms (2.9%). Severe nephrotoxicity 

after PRRT is rare due to the co-administration of amino acids41,42. 

Post-therapy imaging and dosimetry in PRRT

At this moment, a debate is on-going as to whether PRRT should be individualised or 

whether all patients should be treated with the same amount of radioactivity (e.g. fixed 

dosage). Personalised approaches could be in line with current practice in chemotherapy 

(dosing using the body surface area) or according to EBRT practices (estimation of the 

absorbed dose for each target)43–45. Post-therapy 177Lu-DOTATATE planar gamma and 

single photon emission computed tomography in combination with CT (SPECT/CT) 

enables visualisation and uptake quantification in tumour lesions and organs at risk, see 

Figure 236. Post-therapy dosimetry comprises the calculation of the absorbed dose in 

Gray (Gy, or Joule/kg) and provides an estimation of the delivered energy to a certain 

tissue of interest. Input for dosimetric analysis includes the time-integrated activity in 

specific tissue and a dose factor to convert from radioactivity (MBq) to Gy. Imaging at 

multiple time points is required to evaluate the time-integrated activity, since the SSTR 

binding of 177Lu-DOTATATE can occur during a couple of days46. 

Figure 2 Planar post-therapy gamma imaging at 0.5 h (A), 4 h (B), 24 h (C) and 72 h (D) post-

injection to evaluate the kinetics of organs at risk and tumour lesions. The SPECT/CT (E) is 

performed after 24 hours to quantify the uptake in all volumes-of-interest. From: Chapter 5.
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1Current limitations in PRRT

PRRT is currently considered a ‘one-size-fits-all’ approach, as applied in the registration 

study27,37. However, due to the lack of toxicity prediction and the unknown minimal dose 

to achieve tumour response, the PRRT effect is probably limited in some patients42. 

Imaging and post-therapy dosimetry are potentially useful to move PRRT towards a 

personalised treatment approach, where quantitative SPECT/CT and PET/CT imaging 

are essential for patient selection, voxel-based dosimetric analysis and response 

assessment27,47. In addition, harmonisation of optimal imaging and dosimetry protocols 

is essential to generalise standardised data which enables comparison and pooling 

of data. Since NETs are rare, slow growing tumours, it may take a relative long time 

before therapy response can be assessed in comparison to other – rapidly proliferating 

– tumour types. Multicentre approaches are therefore of great value in NETs, provided 

that quantitative imaging is exchangeable and dosimetry software is validated48. Also 

the relevance of clinical factors for outcome after PRRT can be optimised to contribute 

to optimal patient selection42. 

Thesis outline

Selection of the optimal therapeutic option for an individual patient, prediction of toxicity 

and therapy optimisation, and early response assessment are critical elements for 

patients and clinicians involved in the clinical management of NETs. For this purpose 

both imaging derived parameters and general patient and tumour characteristics 

are required. The aim of this thesis is I) to quantify and harmonise nuclear imaging 

techniques for patients with NETs, and II) to identify parameters associated with survival, 

toxicity and response to personalise and optimise PRRT.

The focus in Part I is on quantification of nuclear imaging techniques and post-therapy 

dosimetry in NETs. A multicentre 68Gallium PET/CT performance harmonisation is 

described in Chapter 2, where the quantitative assessment according to EARL protocol 

was performed on thirteen PET/CT systems with both 18F and 68Ga. In Chapter 3, different 

acquisition and reconstruction settings for quantitative 177Lu SPECT/CT imaging are 

investigated. In this chapter, two comparable collimators, two photopeaks, and the 

addition of scatter correction were evaluated for image quality and quantification. A 

state-of-the-art literature review was performed in Chapter 4, where different methods 

for post-therapy dosimetry after PRRT with assumptions and limitations are described. 

In addition, the methods used in clinical studies and the outcomes are provided. In 

Chapter 5 a head-to-head comparison between two dosimetry software packages was 

performed. The dosimetry analysis was accomplished in the same patient population 

while minimising all variables between the two analyses. 
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Toxicity, therapy response and survival after PRRT are described in Part II. A multivariate 

analysis on survival after PRRT in a population of 782 patients with NETs is described in 

Chapter 6. General patient and tumour characteristics, previous therapies, laboratory 

assessments and PRRT parameters were evaluated for association with overall survival 

and progression free survival. In Chapter 7, the differences in clinical and tumour 

characteristics were assessed between patients with none to mild, moderate, and 

severe haematotoxicity during PRRT. In addition, a novel method to determine functional 

liver tumour volume on 68Ga-DOTATATE PET/CT was explored in this chapter. Chapter 8 

compares changes in size on anatomical imaging techniques and conventional 

response assessment metrics with changes on 68Ga-DOTATATE PET/CT uptake within 

one year after PRRT. Next, changes in 68Ga-DOTATATE PET/CT uptake observed three 

months after PRRT are compared with the evaluation scan nine months after PRRT using 

different methodologies. 

This thesis concludes with a general discussion and future perspectives in Chapter 9. 

Overall summaries in English and Dutch are provided in Chapter 10. 
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Abstract

Purpose

Performance standards for quantitative [18F]Fluorine (18F)-FDG PET/CT studies are 

provided by the EANM Research Ltd (EARL) to enable comparability of quantitative PET 

in multicentre studies. Yet such specifications are not available for [68Ga]Gallium (68Ga). 

Therefore our aim was to evaluate 68Ga PET/CT quantification variability in a multicentre 

setting.

Methods

A survey across Dutch hospitals was performed to evaluate differences in clinical 
68Ga PET/CT study protocols. 68Ga and 18F phantom acquisitions were performed by 8 

centres with 13 different PET/CT systems according to EARL protocol. The cylindrical 

phantom and NEMA image quality (IQ) phantom were used to assess image noise and 

to identify recovery coefficients (RCs) for quantitative analysis. Both phantoms were used 

to evaluate cross-calibration between the PET/CT system and local dose calibrator.

Results

The survey across Dutch hospitals showed a large variation in clinical 68Ga PET/CT 

acquisition and reconstruction protocols. 68Ga PET/CT image noise was below 10%. 

Cross-calibration was within 10% deviation, except for one system which overestimated 
18F and two systems which overestimated the 68Ga activity concentration. RC-curves for 
18F and 68Ga were within and on the lower limit of current EARL standards, respectively. 

After correction for local 68Ga/18F cross-calibration, mean 68Ga performance was 5% 

below mean EARL performance specifications.

Conclusions
68Ga PET/CT quantification performs on the lower limits of the current EARL RC 

standards for 18F. Correction for local 68Ga/18F cross-calibration mismatch is advised, 

while maintaining the EARL reconstruction protocol thereby avoiding multiple EARL 

protocols. 
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Introduction

The use of [68Ga]Gallium (68Ga)-labelled peptides for PET imaging has increased in the 

past years with the market authorisation for 68Ga/[68Ge]Germanium-generators. The main 

applications include imaging of neuroendocrine tumours using somatostatin analogues 

and prostate cancer imaging using the prostate specific membrane antigen1,2. Though 

the interpretation of 68Ga PET/CT is mainly based on visual assessment, quantitative 

measures should be used to evaluate or predict therapy response. 

Previous experience with [18F]Fluorine (18F) expressed the need for standardisation of 

acquisition and reconstruction protocols in order to retrieve comparable quantitative 

imaging data. The EANM Research Ltd (EARL) provides an accreditation programme 

to ensure PET/CT system harmonisation in multicentre 18F-FDG PET/CT studies3. This 

approach is based on standardising the recovery coefficient (RC) for six phantom spheres 

with different sizes, thereby minimising inter- and intra-institute variability. For other 

isotopes, quantification should be evaluated separately as isotope characteristics can 

result in different image quality and quantification accuracy. For example, Makris et al. 

studied [89Zr]Zirconium (89Zr) PET and showed the need for a specific harmonisation step 

including post-reconstruction smoothing to enable comparable quantitative measures 

among PET/CT systems4. In contrast, a recent 18F performance study showed that post-

reconstruction filtering is not required for state-of-the-art PET/CT systems in relation to 

this isotope5. However, for 68Ga such studies are not yet available.

In general, PET quantification accuracy depends on reconstructions, noise and spatial 

resolution6. For 68Ga, the lower positron yield (89%), long positron range due to high 

initial positron energy (max 1.90 MeV, mean 0.84 MeV), short physical half-life (68 min) 

and small prompt gamma branching (3.2%, 1.077 MeV) may result in an inferior image 

quality compared to 18F7. Therefore, the aim of this study was to assess 68Ga PET/CT 

quantification accuracy and reproducibility in a multicentre setting based on EARL 

standards. 
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Materials and Methods

Clinical protocol evaluation

A survey among eight Dutch hospitals was performed to evaluate factors that affect 

quantification and to assess variability in clinical 68Ga PET/CT acquisition protocols. 

Questions focussed on administered activity, PET/CT system, and acquisition- and 

reconstruction settings. 

18F and 68Ga PET/CT phantom acquisitions 

Eight European hospitals with 13 PET/CT systems performed phantom acquisitions, of 

which 11 systems were EARL accredited, but all had recoveries within the published 

EARL specifications. Six Biograph mCT systems (Siemens Healthineers, Erlangen, 

Germany), three Discovery systems (GE Healthcare, Milwaukee, WI, USA) and four 

Philips systems (Philips Healthcare, Eindhoven, The Netherlands) were included. 

18F and 68Ga acquisitions were performed at the end of 2017 and beginning of 2018 with 

two phantoms which were prepared using a standardised procedure by experienced 

staff from each centre. First, the NEMA PET cylindrical phantom was filled with 6-13 kBq/

ml of 18F and 68Ga. Second, the NEMA NU-2 Image Quality (IQ) phantom was imaged 

using a 1:10 ratio with 2.0 and 20.0 kBq/ml of 18F and 68Ga in background compartment 

and spheres (37, 28, 21, 17, 13, and 10 mm diameter), respectively. Acquisitions of both 

phantoms were performed with minimal two bed positions and at least 5 min per bed 

position. Images were reconstructed according to local settings, including corrections 

for decay, randoms, dead time, CT-based attenuation and scatter. 

Data analysis 

Image noise was characterised for 68Ga only using the coefficient of variation (CoV) along 

a 30×30×160 mm bar in the centre of the cylindrical phantom. Image quality was based 

on the RC of all six spheres, analysed by the EARL semiautomatic tool5,8. The RCmax, 

RCpeak and RCmean were determined as a function of sphere size based on the maximum 

voxel value (RCmax), the 1.0 cm3 volume with the maximised average value (RCpeak) and 

the mean value of 50% isocontour of the maximum voxel value (RCmean) with contrast 

correction, respectively. A spherical volume-of-interest (VOI) of ~300 ml in the centre of 

the cylindrical phantom and ten VOIs in the background of the IQ phantom were used 

for local PET and dose calibrator cross-calibration. IQ phantom background volume was 

9400 ml, unless specified otherwise by the institute. 
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Results

Eight Dutch hospitals provided their clinical acquisition- and reconstruction protocols 

(Table 1), which showed to be different. 

An overview of all PET/CT systems and reconstruction settings is provided in Table 2. 

For local cross-calibration, most systems performed within 10% deviation of the dose 

calibrator (Figure 1). The median interquartile range [IQR] ratio was 0.93 [0.91 – 0.98] and 

0.99 [0.97 – 1.01] for 68Ga and 18F, respectively. Two systems showed identical calibration 

accuracy for both isotopes (system 2 and 11), all other systems show a consistent 

underestimation for 68Ga. The 68Ga CoV in the centre of the cylindrical phantom was 

below 10% (Figure 2). 

The 18F RC-curves of all PET/CT systems satisfied the current EARL specifications 

(Figure 3A-C). However, for 68Ga the RC-curves were located around the lower limit 

of the EARL specifications (Figure 3D-F). In addition, 68Ga showed a reduced mean 

recovery and larger variation between PET/CT systems compared to 18F. The variation 

for all spheres of the RCmean, RCmax and RCpeak for 18F was 6%, 6% and 8%, respectively. For 
68Ga, the mean range was 11%, 11% and 15% (largest variation was 19%). Furthermore, the 

mean RCmax and RCmean were both 11% lower compared to the mean EARL specifications 

for 18F. The mean 68Ga/18F calibration difference within one scanner was 7% (range 1-13%). 

After correction for the local difference between 68Ga/18F cross-calibration (Figure 1), 

the 68Ga RC-curve was within EARL limits for all but two scanners (Figure 4). The mean 
68Ga RCmax and RCmean were accordingly 5% lower compared to mean EARL standards. 
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Table 1 Acquisition and reconstruction settings of clinical 68Ga PET/CT imaging for prostate 

cancer and neuroendocrine tumours. One hospital per row is presented.

Site PET/CT system Reconstruction settings Prostate cancer Neuroendocrine tumours

Minutes per bed position Injected 

activity

Minutes per bed position Injected 

activity

A Philips Gemini TOF 64 BLOB-OS-TF 4mm

3i33ss

Pelvis: 4 Body: 3 1.5 MBq/kg 

(range 50-

250 MBq)

<90kg: 2.5 >90 kg: 3.5 2.6 MBq/kg 

(range 100-

160 MBq)

B Philips Gemini TF and XL Astonish iterative reconstruction 4 2.0 MBq/kg 4 2.6 MBq/kg

C Siemens mCT Flow TrueX + TOF 

2i21ss

Gaussian 5mm

1.5 mm/sec CTM 2.0 MBq/kg 2.5 100 MBq

D Philips Ingenuity TF BLOB-OS-TF 4mm

3i33ss

2mm smooth B filter

NA 4 <90 kg: 150 

MBq

>90 kg: 200 

MBq

E Siemens mCT TrueV OSEM3D, TOF + PSF

2i21ss

Gaussian 5mm

4 1.5 MBq/kg 

(min 80 

MBq)

NA

F Philips Gemini TOF BLOB-OS-TF 4mm

3i33ss

Pelvis: 3 Body: 2 100 MBq 2.5 100 MBq

G Siemens mCT TrueX + TOF 

4i21ss

Gaussian 5mm

3 1.5 MBq/kg 3 1.5 MBq/kg

H Siemens mCT40 and mCT128 TrueX + TOF

3i21ss

Gaussian 3mm

<70 kg:

1.5 MBq/kg: 3 

1.13 MBq/ml: 4 

0.9 MBq/ml: 5 

>70 kg:

1.5 MBq/kg: 4 

1.2 MBq/ml: 5 

1 MBq/ml: 6 

1.5 MBq/kg <70 kg:

1.5 MBq/kg: 3 

1.13 MBq/ml: 4 

0.9 MBq/ml: 5 

>70 kg:

1.5 MBq/kg: 4 

1.2 MBq/ml: 5 

1 MBq/ml: 6 

1.5 MBq/kg

CTM: continuous table motion; i: iterations; NA: not applicable; PSF: point-spread-function; 

ss: subsets; TOF: time-of-flight.



Quantitative 68Ga PET/CT   |   29

2

Table 1 Acquisition and reconstruction settings of clinical 68Ga PET/CT imaging for prostate 

cancer and neuroendocrine tumours. One hospital per row is presented.

Site PET/CT system Reconstruction settings Prostate cancer Neuroendocrine tumours

Minutes per bed position Injected 

activity

Minutes per bed position Injected 

activity

A Philips Gemini TOF 64 BLOB-OS-TF 4mm

3i33ss

Pelvis: 4 Body: 3 1.5 MBq/kg 

(range 50-

250 MBq)

<90kg: 2.5 >90 kg: 3.5 2.6 MBq/kg 

(range 100-

160 MBq)

B Philips Gemini TF and XL Astonish iterative reconstruction 4 2.0 MBq/kg 4 2.6 MBq/kg

C Siemens mCT Flow TrueX + TOF 

2i21ss

Gaussian 5mm

1.5 mm/sec CTM 2.0 MBq/kg 2.5 100 MBq

D Philips Ingenuity TF BLOB-OS-TF 4mm

3i33ss

2mm smooth B filter

NA 4 <90 kg: 150 

MBq

>90 kg: 200 

MBq

E Siemens mCT TrueV OSEM3D, TOF + PSF

2i21ss

Gaussian 5mm

4 1.5 MBq/kg 

(min 80 

MBq)

NA

F Philips Gemini TOF BLOB-OS-TF 4mm

3i33ss

Pelvis: 3 Body: 2 100 MBq 2.5 100 MBq

G Siemens mCT TrueX + TOF 

4i21ss

Gaussian 5mm

3 1.5 MBq/kg 3 1.5 MBq/kg

H Siemens mCT40 and mCT128 TrueX + TOF

3i21ss

Gaussian 3mm

<70 kg:

1.5 MBq/kg: 3 

1.13 MBq/ml: 4 

0.9 MBq/ml: 5 

>70 kg:

1.5 MBq/kg: 4 

1.2 MBq/ml: 5 

1 MBq/ml: 6 

1.5 MBq/kg <70 kg:

1.5 MBq/kg: 3 

1.13 MBq/ml: 4 

0.9 MBq/ml: 5 

>70 kg:

1.5 MBq/kg: 4 

1.2 MBq/ml: 5 

1 MBq/ml: 6 

1.5 MBq/kg

CTM: continuous table motion; i: iterations; NA: not applicable; PSF: point-spread-function; 

ss: subsets; TOF: time-of-flight.



30   |   Chapter 2

1 2 3 4 12 13 5 6 11 7 8 9 10
0.8

0.9

1.0

1.1

1.2
Ra

tio
 P

ET
 - 

do
se

 c
al

ib
ra

to
r 68Ga

18F

Siemens GE Philips
Figure 1 Accuracy of the measured activity by the PET/CT system and local dose calibrator, 

based on the average between the cylindrical and IQ phantom. Numbers correspond to Table 2.

-8 -6 -4 -2 0 2 4 6 8
0

5

10

15

Phantom length (cm)

Co
V 

(%
)

Siemens

Philips
GE

Figure 2 Noise across the cylindrical phantom filled with 68Ga, visualised as coefficient of variation 

(CoV)



Quantitative 68Ga PET/CT   |   31

2
10 13 17 22 28 37

0.2

0.4

0.6

0.8

1.0

1.2

18F RCmax

Sphere diameter (mm)

Re
co

ve
ry

 c
oe
ffi

ci
en

t
A

10 13 17 22 28 37
0.2

0.4

0.6

0.8

1.0

1.2

18F RCA50%

Sphere diameter (mm)

Re
co

ve
ry

 c
oe
ffi

ci
en

t

B

10 13 17 22 28 37
0.2

0.4

0.6

0.8

1.0

1.2

18F RCpeak

Sphere diameter (mm)

Re
co

ve
ry

 c
oe
ffi

ci
en

t

C Siemens
GE
Phililps

10 13 17 22 28 37
0.2

0.4

0.6

0.8

1.0

1.2

68Ga RCmax

Sphere diameter (mm)

Re
co

ve
ry

 c
oe
ffi

ci
en

t

D

10 13 17 22 28 37
0.2

0.4

0.6

0.8

1.0

1.2

68Ga RCA50%

Sphere diameter (mm)

Re
co

ve
ry

 c
oe
ffi

ci
en

t

E

10 13 17 22 28 37
0.2

0.4

0.6

0.8

1.0

1.2

68Ga RCpeak

Sphere diameter (mm)

Re
co

ve
ry

 c
oe
ffi

ci
en

t

F Siemens
GE
Philips

Figure 3 RC-curves for 18F with the current EARL standards and RC-curves of 68Ga. Solid lines: 

maximum and minimum values according to EARL limits as applicable before 2019.
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Figure 4 68Ga RC-curves corrected for the 18F/68Ga calibration mismatch according to local cross-

calibration. Solid lines: maximum and minimum values according to EARL limits as applicable 

before 2019.



32   |   Chapter 2

Table 2 PET/CT reconstruction settings for phantom measurements

No Manufacturer PET/CT system Reconstruction Iterations Subsets Filter size (mm) Matrix Voxel size (mm) Slice thickness (mm)

1 Siemens Biograph mCT 40 (1) PFS + TOF 3 21 7.00 256×256 3.18 3

2 Siemens Biograph mCT 40 (2) PFS + TOF 3 21 7.00 256×256 3.18 3

3 Siemens mCT 123 X3R Backprojection - - 5.00 200×200 4.07 5

4 Siemens Biograph mCT Flow 20 PFS + TOF 2 21 5.00 200×200 4.07 2.027

5 GE VCT 3D IR† NS NS NS 128×128 5.47 3.27

6 GE Discovery D690 VPFXS* 4 8 NS 192×192 3.65 3.27

7 Philips Gemini TOF BLOB-OS-TF 3 31 NS 144×144 4 4

8 Philips Gemini TOF BigBore BLOB-OS-TF 3 31 NS 144×144 4 4

9 Philips Ingenuity BLOB-OS-TF 3 31 NS 169×169 4 4

10 Philips Vereos BLOB-OS-TF 3 15 3.00 144×144 4 4

11 GE Discovery 710 VPFX§ NS NS NS 256×256 2.73 3.27

12 Siemens mCT 40 PFS + TOF 3 21 6.50 256×256 3.18 2

13 Siemens mCT 64 PFS + TOF 3 21 6.50 256×256 3.18 2

†3D OSEM, *3D OSEM with TOF and PSF, §3D OSEM with TOF. NS: not specified; 

PSF: point-spread-function; TOF or TF: time-of-flight. 
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Discussion

In this study, quantitative 68Ga PET/CT performance was evaluated in a multicentre 

setting. In a survey across Dutch hospitals, differences in clinical acquisition and 

reconstruction protocols were observed, underlining the need for clinical harmonisation. 

Although 11 out of the 13 PET/CT systems were EARL accredited, all systems showed 18F 

recovery performance within EARL standards. For this reason, all systems were included 

for 68Ga evaluation. 

The absence of local and central dose calibrator cross-calibration for 68Ga is a limitation 

in this study. This would increase local calibrator harmonisation and improves PET/CT 

comparability across sites. Most institutes use a long-lived [137Cs]Caesium source to 

assess constancy and accuracy of the dose calibrator on a daily basis, and perform 

actual cross-calibration with the PET/CT system at least once a year using 18F. Still, in all 

but three PET/CT systems the measured 18F and 68Ga activity concentrations were within 

10% deviation from the local dose calibrator. High energy prompt gammas emitted by 
68Ga are likely detected by the dose calibrator causing a discordance, yet to a lower 

extent by the PET system. Because of this, the dose calibrator overestimates 68Ga-

activity, and a persistent underestimation for 68Ga compared to 18F is seen in Figure 1. 

A recent study by Bailey et al. also showed an underestimation of ±15% for 68Ga, which 

was primarily related to an inaccurate scaling factor for the dose calibrator of a specific 

vendor9. To avoid these issues, they calibrated the dose calibrator towards the PET, 

after verifying that the scanner had a good response for 18F. These results are also 

supported by the fact that on specific Siemens scanners (scanners 1 and 2) a traceable 
68Germanium (68Ge) source was used to verify absolute PET response independent of 

a dose calibrator. When imaging the 68Ge-source, the PET/CT system did not show the 

same offset as was observed when imaging the 68Ga crosscalibration phantom (roughly 

a deviation of <1% vs. 6% and 7%, respectively). For the sake of simplicity we would 

suggest to correct the RC-curve for the local 68Ga/18F discrepancy, as after correction for 

this 68Ga/18F difference (Figure 4) all but two scanners were within EARL specifications. 

This correction has to be performed offline in multicentre quantitative studies. The 68Ga 

used for this study was produced either locally or by a pharmaceutical institution and 

was therefore not traceable to a central dose calibrator. We expect that the response 

between the dose calibrator and the PET-system could be uniform in future clinical 
68Ga PET/CT studies if a traceable (National Institute of Standards and Technology 

(NIST)) source is used to harmonise protocols between centres. 



Quantitative 68Ga PET/CT   |   35

2

68Ga image noise was below 10% for all PET/CT systems which is in concordance with 

the EANM/EARL guidelines3,8. The RC variation is larger for 68Ga compared to 18F (Figure 

3). However, 68Ga performance nearly reached EARL performance specifications after 

correction for the local 68Ga/18F ratio. Surprisingly, the RCpeak variation (8% and 15%) is 

larger in contrast to RCmax and RCmean (both 6% and 11%) for both 18F and 68Ga, respectively. 

The study of Kaalep et al. showed the opposite result in RCpeak variation5. The RCpeak is 

expected to be less prone to noise compared to RCmax; therefore, it was expected to be 

more comparable over all PET-systems. The difference could be explained by the fact 

that the standard deviations of RCmax and RCpeak are similar: 8.4% and 8.6% for 68Ga and 

4.8% and 5.0% for 18F, respectively. Yet the mean RCpeak value is lower, therefore resulting 

in a higher CoV. Next to that, the larger 68Ga variation in the RC-curves compared to 
18F is likely related to the higher positron energy of 68Ga and thereby revealing a lower 

signal-to-noise ratio. This effect is enhanced by post-reconstruction filtering. Finally, 

previous single centre studies show 68Ga RC-curves similar10 or somewhat better due 

to point spread function reconstruction11 as observed in the current study. The EARL 

limits as applicable before 2019 (EARL1) are shown in Figure 3 and 4, as all acquisitions 

were acquired before 2019 and therefore site-specific acquisition and reconstruction 

protocols are designed to meet the EARL1 limits. RCpeak specifications are not available 

for EARL1 and are therefore not shown in Figure 3 and 4. EARL2 limits (applicable from 

2019) for RCmax and RCmean increased with ~25% in comparison to EARL1. We expect that 

the gap between 18F and 68Ga recoveries will further increase with these new limits, 

as already for EARL1 not all scanners agreed to EARL1 limits after 68Ga/18F correction 

(Figure 4). 

Based on these results we propose to correct 68Ga recovery towards the 18F recovery 

to correct for the current dose calibrator deviation. We suggest, therefore, to apply 

the EARL acquisition and reconstruction protocol and to correct for 68Ga/18F cross-

calibration mismatch. One can assume that 68Ga recovery is steady if 18F specifications 

of a PET-system are stable during regular yearly assessment. Unless the acquisition and 

reconstruction protocol is changed or major maintenance is performed to the PET/CT-

system, we recommend to perform additional 68Ga IQ acquisitions only when regular 18F 

evaluations are deviating. An EARL accreditation programme for 68Ga can thus be based 

on the 18F accreditation but extended with a cross-calibration verification between 68Ga 

measured by the dose calibrator and PET/CT system only, similarly as proposed by 

Kaalep et al. for 89Zr12. In addition, frequent 18F crosscalibration acquisitions using the 

cylindrical phantom are advised, especially after PET/CT system maintenance. 



36   |   Chapter 2

Conclusions

This evaluation of multicentre 68Ga PET/CT performance showed that 68Ga RCs perform 

at the lower limits of current 18F EARL standards. For practical reasons we recommend to 

use the 18F EARL approved reconstruction settings and to correct for 68Ga /18F calibration 

mismatch based on local cross-calibration. Finally, we suggest to evaluate 68Ga PET/CT 

recovery performance once and repeat only when 18F specifications are changed. 
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Abstract

Purpose

The goal of this study was to find the optimal combination of collimator, photopeak and 

scatter correction for [177Lu]Lutetium (177Lu) SPECT/CT imaging.

Methods

Three experiments (sphere-to-background ratios (SBR) 50:1, 10:1, and 2:1) were 

performed with the NEMA Image Quality phantom filled with 177Lu-trichloride. SPECT/CT 

acquisitions were performed with the medium energy low penetration (MELP) collimator 

and 99mTc/Krypton collimator. For each acquisition six reconstructions, all with attenuation 

correction (AC), were made: the 113 keV photopeak only, the 208 keV photopeak only and 

both photopeaks combined, each with or without scatter correction (SC). Image quality 

was assessed using contrast-to-noise ratios (CNR), quantification accuracy by means 

of recovery coefficients (RCs) and the spatial resolution using line profiles.

Results

With SBR 50:1 and 10:1, both collimators met the Rose criterion (CNR >5), whereas the 

MELP collimator showed a higher CNR for the 2:1 ratio. The RCmean was higher with the 

MELP collimator, most explicit after the 208 keV AC/SC reconstruction for all acquisitions. 

The line profiles showed a better spatial resolution for the MELP collimator and the 208 

keV AC/SC reconstructions.

Conclusions
177Lu SPECT/CT image quality and quantification was most optimal when acquired with 

the MELP collimator and reconstructed using the 208 keV photopeak, with AC and SC. 
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Introduction

In recent years, radionuclide therapy (RNT) boosted the field of nuclear medicine with 

[177Lu]Lutetium (177Lu)-DOTATATE for patients with neuroendocrine tumours1. In the 

upcoming years, treatment with 177Lu-labelled prostate specific membrane antigen 

for patients with metastatic prostate cancer is likely to further increase RNT2. In this 

respect, most centres use a ‘one-size-fits-all’ approach for the administered amount 

of radioactivity during RNT, although treatment response between patients varies and 

patients might be undertreated due to this approach3. Dosimetry, which refers to the 

assessment of the absorbed dose in tissues, could aid in personalised RNT by increasing 

the dose to the tumour while minimising irradiation of organs at risk4. 

Quantitative SPECT/CT imaging is important for 177Lu dosimetry and although numerous 

articles are already available, a clear description for clinical practice is lacking and many 

sites use different methods5–10. Acquisition and reconstruction protocols are roughly 

based on collimator, photopeak definition, and corrections. The medium energy low 

penetration (MELP) collimator is advised for 177Lu gamma imaging because of its lower 

septal penetration11. In our institute, a particular low energy high resolution collimator 

with thick septa ([99mTc]Technetium (99mTc)/Krypton) is available, with similar specifications 

compared to the MELP collimator (Table 1). 177Lu has two main photopeaks at 113 keV (6.2%) 

and 208 keV (10.4%)7. According to the MIRD/EANM guidelines, the 208 keV photopeak 

is preferable for imaging with MELP collimators, and the 113 keV photopeak for LEHR 

collimators7. Combining the counts from both photopeaks boosts the overall signal, which 

could be beneficial in late imaging time points12. Next to the routinely used attenuation 

correction (AC) for SPECT/CT imaging, also scatter correction (SC) is suggested to improve 

the 177Lu quantification13. As the 177Lu photopeaks have quite different energies, multiple 

scatter windows are applied to correct for this image degrading effect.

Aside from absolute quantification of uptake, visual assessment of accumulation in 

tissues and delineation of lesions is important in clinical practice. Physicians are used 

to visually assess normal tissue to tumour ratios, where uptake in small tumours is 

hampered by image contrast, noise and spatial resolution. So, it is important to recognise 

that a compromise between these factors has to be made when selecting the optimal 

imaging and reconstruction parameters for 177Lu dosimetry. 

The goal of this study was to find the optimal combination of collimator, photopeak and 

scatter correction for 177Lu SPECT/CT imaging. Different protocols were compared with 

respect to contrast-to-noise ratios (CNR), quantification accuracy by means of recovery 

coefficients (RCs) and spatial resolution using line profiles. 
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Materials and Methods

Phantom image acquisition and reconstruction 

Experiments were performed using the NEMA NU2-2012 Image Quality phantom (PI 

Medical Diagnostic Equipment B.V., Raamsdonksveer, The Netherlands). The specific 

activity concentrations used in this study were locally acquired from a research 177Lu-

trichloride batch vial (IDB Holland, Baarle-Nassau, The Netherlands). Spheres of the 

phantom (sizes: 13, 17, 22, 28, and 37 mm diameter) were filled with ~1.0 MBq/ml and 

activity was added to the background compartment to obtain three different sphere-to-

background ratios (SBR) of 50:1, 10:1 and 2:1. These ratios were chosen as they roughly 

concur with clinical accumulation in tumours compared to the blood pool, kidney and 

liver. 

All acquisitions were performed on a Symbia T SPECT/CT system (Siemens, Erlangen, 

Germany) with two collimator types: MELP and 99mTc/Krypton (specifications are shown 

in Table 1). Acquisition settings included continuous mode, 13 sec/view and 48 views/

head using a noncircular orbit and 180° detector configuration (128×128 matrix). Primary 

energy windows included the 113 keV ± 10% photopeak (101.7–124.3 keV) and 208 keV 

± 10% photopeak (187.2–228.8 keV). Two scatter windows were additionally defined: 

a 10% downscatter window below the 208 keV photopeak (166.4–187.2 keV) and a 

general scatter window 50 keV ± 50% (25.0–75.0 keV). This method of scatter correction 

is described in the paper of Zeintl et al. in more detail14. All SPECT reconstructions were 

performed using 3D-OSEM (FLASH 3D) with 10 iterations and 8 subsets, with an 8.4 

mm Gaussian filter, and resulted in cubic 4.8×4.8×4.8 mm voxels. For each acquisition 

six reconstructions, all with AC, were made: the 113 keV photopeak only, the 208 keV 

photopeak only, and both photopeaks combined, each with or without SC. Low-dose 

CT images for AC were acquired with 130 kV and 40 mAs.

Imaging analysis

Calibration factors (CFs) to convert counts to activity concentration were determined 

using multiple large volumes-of-interest (VOIs) of ~100 ml, randomly placed in the 

background of the phantom. CFs were calculated for each specific combination of 

collimator, photopeak and presence of scatter correction, in concordance with the MIRD 

pamphlet no.23 recommendations9, see Equation 1:
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Table 1 Specifications of the low energy high resolution (99mTc/Krypton) and medium energy 

low penetration (MELP) collimator

Specification 99mTc/Krypton MELP

Hole size (mm) 2.5 2.95

Septal thickness (mm) 0.4 1.14

Hole length (mm) 40 40.6

210 keV System resolution (FWHM at 10cm) 10.0 12.3

System sensitivity (cts/min/MBq) 17.3 16.3

Septal penetration (%) 5.6 0.14

140 keV System resolution (FWHM at 10cm) 10.0 12.3

System sensitivity (cts/min/MBq) 17.3 16.3

Septal penetration (%) 0.02 <0.01

Weight (kg) 45 63.5

𝐶𝐶𝐶𝐶 =
𝐶𝐶
𝐴𝐴  Eq.1 

with C the average number of counts in a certain volume with known activity concentration 

A Image quality was assessed using CNR calculated according to Equation 2: 

𝐶𝐶𝐶𝐶𝐶𝐶 = 	 !!"!"
#"

   Eq. 2

where Cs represents the average number of counts in each sphere, Cb the average 

number of counts in the background volumes used to determine the CF and σB the 

average standard deviation of the background volumes15. The Rose criterion, CNR > 5, 

was used to classify whether an object is detectable or not16. Absolute quantification 

was evaluated using the average recovery coefficient (RCmean) according to Equation 39:

𝑅𝑅𝑅𝑅!"#$ =
𝑆𝑆"%&'!#&"(
𝑆𝑆&)*"

  Eq. 3

with Sestimated the average measured activity concentration (kBq/ml) in the sphere and 

Strue the known activity concentration. The volume of the sphere and the according 

average number of counts in the sphere was determined based on CT dimensions. 

Lastly, line profiles were drawn through the 37 and 17 mm sphere to visualise spatial 

resolution at the transition between sphere and background.
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Results

An example of the NEMA Image Quality phantom, acquired with the MELP collimator 

and 208 keV with attenuation correction and scatter correction (AC/SC), is shown in 

Figure 1. The CNRs for all acquisitions are shown in Figure 2, whereas Table 2 provides 

the CNR values of both collimators with all reconstructions for the 37 mm sphere. All 

reconstructions of SBR 50:1 and 10:1 comply with the Rose criterion for both collimators. 

For SBR 2:1, however, only spheres ≥ 22 mm and spheres ≥ 28 mm comply for the MELP 

collimator and 99mTc/Krypton collimator, respectively.

Figure 1 Example of the NEMA Image Quality phantom (MELP collimator, 208 keV AC/SC)

Table 2 Contrast-to-noise ratios of the 37 mm sphere

Collimator MELP 99mTc/Krypton

Reconstruction SBR 50:1 SBR 10:1 SBR 2:1 SBR 50:1 SBR 10:1 SBR 2:1

113 keV AC 82.7 33.3 7.5 71.6 30.1 7.6

113 keV AC/SC 83.8 33.5 8.2 73.8 31.2 8.8

208 keV AC 121.0 47.8 10.3 87.5 35.3 9.1

208 keV AC/SC 136.2 50.0 10.2 86.6 35.5 10.9

113+208 keV AC 225.0 50.5 10.0 103.3 42.9 9.5

113+208 keV AC/SC 145.9 49.8 10.8 101.0 41.3 11.8
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Figure 2 Contrast-to-noise over all spheres and reconstructions based on the average sphere 

and background activity concentration. The dotted line represents CNR = 5 according to the 

Rose criterion14. The highest CNR can be observed from the MELP collimator and the 113+208 

keV AC/SC reconstruction. 

All RCmean curves are shown in Figure 3 and the absolute values for the 37 mm sphere 

are provided in Table 3. Figure 3G-I show the difference between both collimators, 

where a positive value indicates a higher recovery for the MELP collimator. Overall, the 

RCmean of the MELP collimator was higher compared to the 99mTc/Krypton collimator. 

The 208 keV AC/SC reconstruction showed the highest recovery for all SBR. All 

AC/SC reconstructions demonstrated higher recoveries compared to the solely AC 

reconstructed images. All reconstructions for SBR 50:1 and most reconstructions for 

SBR 10:1 are in favor for the MELP collimator, whereas the recovery of the 13 mm sphere 

with SBR 2:1 is higher for the 99mTc/Krypton collimator. 

Line profiles across the 37 and 17 mm spheres were drawn (Figure 4) and present 

comparable differences between both collimators compared to the RCmean-curves in 

terms of quantification. The line profiles derived from the MELP collimator are steeper, 

indicating a better spatial resolution for this collimator.
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Figure 3 RCmean-curves based on the average activity concentrations of the MELP (A-C) and 
99mTc/Krypton (D-F) collimator. Figure G-I show the difference between both collimators. The 

MELP collimator shows the highest recovery, as well as the 208 keV AC/SC reconstruction. 
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Figure 4 Line profiles on a voxel level across the 37 and 17 mm spheres. The MELP line profiles 

are more steep, indicating a better spatial resolution.
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Table 3 Recovery coefficients of the 37 mm sphere

Collimator MELP 99mTc/Krypton

Reconstruction SBR 50:1 SBR 10:1 SBR 2:1 SBR 50:1 SBR 10:1 SBR 2:1

113 keV AC 0.44 0.51 0.68 0.36 0.47 0.68

113 keV AC/SC 0.53 0.59 0.71 0.44 0.56 0.71

208 keV AC 0.68 0.70 0.77 0.44 0.55 0.73

208 keV AC/SC 0.90 0.89 0.84 0.55 0.66 0.77

113+208 keV AC 0.53 0.58 0.72 0.40 0.51 0.70

113+208 keV AC/SC 0.65 0.70 0.76 0.49 0.60 0.74
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Discussion 

The goal of this study was to find the optimal combination of collimator (MELP vs.  
99mTc/Krypton), photopeak selection (113 keV vs. 208 keV vs. 113+208 keV) and scatter 

correction for 177Lu SPECT/CT image quality, quantification and spatial resolution. Figure 2 

shows that image quality using both the 113+208 keV photopeaks, is best with the highest 

CNR, especially in SBR 50:1 and 10:1. This observation can be explained by the fact that 

the combination of both photopeaks results in highest count statistics. However, in the 

clinically relevant SBR 2:1, the difference between solely the 208 keV and 113+208 keV is 

small: for example CNR 10.3 for 208 keV AC and CNR 10.8 for 113+208 keV AC for the MELP 

collimator (Table 2). Furthermore, Figure 2 shows that the MELP collimator meets this 

Rose criterion in smaller sphere sizes compared to the 99mTc/Krypton collimator in SBR 2:1. 

The highest RCmean in this series was 0.9 for the MELP SBR 50:1 and 208 keV AC/SC 

reconstruction in the 37 mm sphere (Figure 3). Overall, the recovery of the 208 keV 

photopeak only was the highest and the addition of the 113 keV photopeak decreases 

the recovery. For the MELP collimator, 208 keV AC/SC recovery was 0.84 for SBR 2:1 

and 0.76 for 113+208 keV AC/SC. Recoveries of the 99mTc/Krypton collimator for these 

settings were 0.77 and 0.74, respectively. The additional noise that originates from the 

113 keV peak results in decreased quantitative accuracy. The lowest RC of the 113 keV 

photopeak is caused by the lower counts statistics and increased noise around this 

photopeak compared to the other reconstructions. These facts result in lower recoveries, 

even though more septal penetration and scintillation could be expected. 

In literature, mean recoveries of 1 have been observed for 177Lu in a large volume of 

500 ml17. Due to the limited spatial resolution and partial volume effects (PVE) of 177Lu 

gamma imaging, recoveries of 1 are hard to achieve in volumes below 100 ml. The 

degree of PVE is related to lesion size and since tumour sizes might change due to 

treatment effect, quantitative follow-up measurements are challenging in small lesions. 

Post-reconstruction corrections have been proposed to overcome PVE limitations17. 

The proposed PVE correction method is feasible, yet again another step in the already 

extensive dosimetry workflow. The recent study of Peters et al. shows 177Lu RC-curves 

from the same SPECT/CT system as used in this study with spheres sizes up to 60 

mm6. The RC-curves flatten with sphere sizes above 37 mm, therefore only lesions with 

diameter 37 mm should preferably be included in dosimetric analysis. RC-curves are 

generally accepted tools in nuclear medicine to evaluate quantitative measurements 

with respect to lesion size, and provide insight in the degree of PVE for specific 

reconstructions. 
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The spatial resolution of the gamma camera is limited compared to other medical 

imaging techniques, and is in the order of 10 mm for 177Lu. The impact of PVE and spatial 

resolution are highly related, especially in smaller lesions, which decreases quantification 

reliability9. Similarly to the RCmean curves, the 208 keV AC/SC reconstruction resulted in 

the highest recovery. The recoveries observed in the line profiles were higher compared 

to the RC-curves, as these were based on individual voxel values and the RCmean was 

calculated using average activity concentrations. The MELP collimator line profiles are 

steeper compared to the 99mTc/Krypton collimator, indicating better spatial resolution. 

Overall, the MELP collimator showed a better performance in terms of image quality, 

quantification recovery and spatial resolution compared to the 99mTc/Krypton collimator. 

This is probably due to the difference in septal thickness of 1.14 and 0.4 mm, respectively 

(Table 1). An increased number of redundant high energy photons are passing the septa 

of the 99mTc/Krypton collimator, resulting in images with high noise levels and a lower 

CNR (Figure 2). 

A limitation of this study is that only spheres with homogeneous radioactivity 

distributions were used for analysis, which is less representative of a clinical distribution 

within a tumour. Evaluation of other target geometries and heterogeneous activity 

concentrations would be interesting before selecting a protocol, however this is not 

common practice. Such an approach is also not essential in the comparison between 

collimators, photopeak windows and scatter correction. In this study also the number of 

iterations and subsets in the reconstruction protocol was not varied, which might have 

had some influence on the study outcomes. Yet, the effects of these reconstruction 

settings are far less than the choices for collimators, photopeak windows and scatter 

correction.
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Conclusions

To conclude, based on the reported results in this study, clinical 177Lu SPECT/CT 

acquisitions in our institute are performed with the MELP collimator and the photopeak 

window is set at 208 keV with both attenuation and scatter correction to achieve the 

highest CNR, quantification recovery and spatial resolution. Based on this research, our 

other Symbia T SPECT/CT system was also equipped with a MELP collimator to enable 

flexibility in logistics and to have comparable image quality between both imaging 

systems. In addition, we decided to only include lesions >20 mm for quantification and 

dosimetric analysis. 
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Abstract

Purpose

The main challenge for systemic radiation therapy using radiopharmaceuticals (SRT) is 

to optimise the dose delivered to the tumour, while minimising normal tissue irradiation. 

Dosimetry could help to increase therapy response and decrease toxicity after SRT 

by individual treatment planning. Peptide receptor radionuclide therapy (PRRT) is an 

accepted SRT treatment option for irresectable and metastatic neuroendocrine tumours 

(NET). However, dosimetry in PRRT is not routinely performed, mainly due to the lack of 

evidence in literature and clinical implementation difficulties. The goal of this review is 

to provide insight in dosimetry methods and requirements, and to present an overview 

of clinical aspects of dosimetry in PRRT for NET.

Methods 

A PubMed-query including the search criteria dosimetry, radiation dose, peptide 

receptor radionuclide therapy, and radionuclide therapy was performed. Articles were 

selected based on title and abstract, and description of dosimetric approach. 

Results

A total of 288 original articles were included. The most important dosimetry methods, 

their main advantages and limitations, and implications in the clinical setting are 

discussed. An overview of dosimetry in clinical studies regarding PRRT treatment for 

NET is provided. 

Conclusions

Clinical dosimetry in PRRT is feasible, and can result in improved treatment outcomes. 

Current clinical dosimetry studies focus on safety and apply non-voxel based dosimetry 

methods. Personalised treatment using sophisticated dosimetry methods to assess 

tumour and normal tissue uptake in clinical trials are the next step towards routine 

dosimetry in PRRT for NET. 
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Introduction

Ionising radiation is already effectively used to treat cancer for over a century. In this 

respect, several sources of radiation with different features and clinical applications 

are available. External beam radiation therapy (EBRT) delivers high-energy ionising 

radiation from outside the body, whereas brachytherapy involves sealed sources 

internally placed in proximity to the target1,2. This manuscript focuses on the third type 

of therapeutic radiation: systemic radiation therapy (SRT), also known as radionuclide 

therapy. Like the localised EBRT and brachytherapy, SRT results in a palliative or curative 

effect by ingestion or systemic administration of a molecular complex containing a 

β-- or α-emitting isotope2,3. Although SRT has been used for decades, it has gone 

through a revival with the introduction of targeted radiolabelled antibodies and small 

molecules. Examples are somatostatin analogues directed towards the somatostatin 

receptor and ligands to target the prostate specific membrane antigen (PSMA) to treat 

neuroendocrine tumours (NET) and prostate cancer, respectively. This type of SRT is 

often referred to as peptide receptor radionuclide therapy (PRRT) for NET and peptide 

radionuclide ligand therapy (PRLT) for prostate cancer4,5. The widespread introduction of 

PRRT for NET in the USA and in Europe was stimulated by the completion of the phase 

III NETTER-1 study. In this study safety and effectiveness of [177Lu]Lutetium-177 (177Lu) 

DOTATATE was evaluated in metastatic midgut NET patients and resulted in market 

registration6. A meta-analysis by Kim et al. shows that the average disease control rate 

after treatment with PRRT is 82%. However, response rates are lower: 18-44% based on 

Response Evaluation Criteria in Solid Tumours (RECIST) criteria and 7-37% based on 

Southwest Oncology Group (SWOG) criteria7. 

The key to any type of radiation therapy is to ensure sufficient absorbed dose into 

tumour lesions, while minimising the burden to healthy tissues. Treatment planning and 

dose verification using dedicated software to optimise the balance between tumour 

control probability (TCP) and normal tissue complication probability (NTCP) is considered 

standard of care in the field of radiation therapy8. Still, when applying SRT, most centres 

employ a ‘one-size-fits-all’ approach for the amount of radioactivity administered similar 

to chemotherapeutic regimes, rather than calculating individualised internal dose 

estimates9–11. Dosimetry in SRT may refer to either the estimation of radioactivity that 

needs to be administered to achieve a desired absorbed dose (i.e. planning or pre-

treatment dosimetry), or estimation of the absorbed radiation dose after administration 

of the radiopharmaceutical (i.e. verification or post-treatment dosimetry)12. The absorbed 

dose can be estimated if information on patient-based radiopharmaceutical kinetics, 

biodistribution, isotope characteristics, anatomical geometry and tissue densities are 

present2,12. In this respect, TCP and NTCP values used in EBRT cannot be directly applied 
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to SRT, as the absorbed dose in both therapies does not result in the same cell killing 

effect. EBRT delivers high dose rates in a controlled setting using an external irradiation 

source, whereas in SRT radioactive sources deliver a low and continuously decreasing 

dose rate for longer time13,14. 

In a series of recent published editorials experts in the field of nuclear medicine, physics 

and dosimetry provided their vision on the usability of individual dosimetry for SRT11,15,16. 

Proponents state that the amount of administered radioactivity should be ‘as high as 

reasonably possible’ to achieve an optimal treatment outcome. This requires, however, 

personalised analysis as interpatient pharmacokinetic variations are large. Furthermore, 

they suggest that dosimetry-based optimisation should be added to the registration, in 

addition to fixed treatment schemes, to allow for clinical dosimetry11,15. Opponents state 

that dosimetry has a role in radiopharmaceutical development and safety, but its clinical 

use is not evidence-based. They emphasise caution when transferring from the well-

established and safe empirical dosage schemes towards the complex, time-consuming 

and non-standardised dosimetry approaches16. Regardless of this ongoing discussion, 

the 2013/59/Euratom statement of the European Union stipulates that radiotherapeutic 

procedures should be individually planned and verified17. 

This literature review discusses the main dosimetry methodologies for PRRT in NET, 

their drawbacks and appropriate use, followed by a structured overview of clinical 

applications. Additionally, imaging quantification, kinetic modelling and the biologically 

effective dose are briefly touched upon. 
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Review

Search strategy

The search strategy was designed to identify published peer reviewed articles that cover 

dosimetry in a clinical or technical research setting concerning PRRT for NET. Studies 

published between July 2006 and July 2017 were included. A PubMed search was 

performed using the following terms: “PRRT”[All Fields] OR “nuclear therapy”[All Fields] 

OR “radionuclide therapy”[All Fields]) AND (“dosimetry”[All Fields] OR “radiation dose”[All 

Fields]). Additional filter included the English-language and letters, commentaries, 

editorials, case reports, reviews and preclinical studies were excluded. 

Selection for full-text review

Articles identified based on the search strategy were subdivided into two groups based 

on title and abstract: 1. technical description of dosimetry or 2. clinical dosimetry in PRRT 

for NET. Technical articles should at least describe the imaging methodology, data 

type (digital simulation, phantom or patient data), isotope and dosimetry methodology. 

Clinical articles should focus on PRRT and had to describe the radiopharmaceutical, 

administered radioactivity, patient population, dosimetry methodology, imaging 

approach and absorbed dose estimates. 
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Results

In total, 288 unique articles were identified from the structured search, including 181 

original articles, 38 preclinical articles and 69 reviews/guidelines/recommendations. 

Initial selection based on title and abstract excluded 207 articles; after analysis of full-

text articles, only 32 out of 288 articles fulfilled the selection criteria (14 technical, 18 

clinical). The detailed selection workflow is shown in Figure 1 and a summary of the 

included articles is provided in the supplementary materials (Tables 1 and 2). In the 

following four consecutive sections, Monte Carlo simulation, the MIRD formalism and 

S values, dose kernels and local energy deposition are discussed. An overview of all 

methods is provided in Table 1.

Unique articles (n = 288)

Articles after selection based on title 
and abstract (n = 81)

Excluded articles after selection based on title 
and abstract:
 Original articles (n = 100)
 Review, guidelines, recommendations 
    (n = 69)
 Preclinical studies (n= 38)

Included articles (n = 32)

Clinical PRRT (n = 18)Dosimetry (n = 14)

Excluded articles after full-text analysis:
 Technical: kinetics, quantification, 
    other (n = 38) 
 Clinical: lack in dosimetry description or no 

clinical purpose (n = 11)

Figure 1 Selection workflow of the search query

Method 1: Monte Carlo simulations of radiation transport

Monte Carlo (MC) simulation is based on an iterative statistical process to estimate random 

pathways and interactions of particles in three-dimensions, allowing for voxel-level 

absorbed dose estimations18. Numerous input parameters are required for an accurate 

simulation, including scattering and absorption behaviour, medium characteristics 

and the number of simulated primary particles. In general, MC simulations are quite 

extensive taking tissue penetration depth, energy loss, bremsstrahlung photons and 

cross-fire dose into account19,20. The cross-fire dose refers to irradiation of a structure 
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by its surroundings, and is especially relevant for isotopes with γ-emission due to the 

longer path length through tissue compared to β-- and α-particles or auger electrons. 

Voxel-based methods that incorporate cross-fire dose will result in improved dose 

estimations19. Different MC simulator toolkits are nowadays available (see supplementary 

materials).

The main advantages of MC simulations are the capability to account for an 

inhomogeneous radioactivity distribution, induction of secondary particles (often 

γ-radiation), transitions between tissue types, and patient-specific organ and lesion 

geometries21,22. Modern quantitative imaging techniques (PET/CT and SPECT/CT) are 

input for MC simulations, and provide information on anatomical geometry, tissue 

densities, heterogeneities and (non-uniform) distribution patterns. 

To date, full MC simulations are not recommended for routine clinical use, due to 

complex calculations and relative long computational times (roughly three hours for ~10 

million simulations)23–25. In most articles, MC simulations in PRRT are used to validate new 

faster algorithms for specific assumptions on activity distributions, absorption, cross-fire, 

and tissue transitions19,20,22,24,25. 

Method 2: MIRD formalism and S values

The MIRD formalism, as developed by the Medical Internal Radiation Dose (MIRD) 

committee of the Society of Nuclear Medicine (SNM), was originally designed to 

estimate average radiation doses to patients as received by radiopharmaceuticals26.The 

system provides a framework to assess mean absorbed doses to organs, tissues, voxels 

and cellular compartments27. The formalism presumes deposition of energy from source 

volume S in target volume t described by (t ← s)28–30. Quantitative imaging at multiple 

time points are required to create the time-activity curve, from which the cumulative 

radioactivity (Ã) in a volume of interest is calculated. 

The MIRD formalism can be adopted using S values (mGy · MBq-1 · s-1), which describe 

the mean absorbed dose in the target volume per unit cumulative radioactivity in the 

source. S values have been determined for various isotopes using MC simulations29,31,32. 

The source-to-target distance, tissue density, target mass and the radionuclide emission 

spectrum impact the S value. Nowadays, S values are available for specific tissues and 

radiopharmaceuticals in software packages33. 

Homogeneous distribution of radioactivity within organs and standardised organ mass 

are assumed when using S values as described in MIRD pamphlet no. 5 (1969) and no. 11 

(1975)29,31. Traditionally, simple mathematical humanoid models, including standardised 
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organs with fixed dimensions and spheres of different volumes to represent tumours, 

were used for dosimetry analysis while assuming infinite homogeneous media with 

soft tissue density31. The latest MIRD/ICRP (International Commission on Radiological 

Protection) voxel-based anthropomorphic phantoms are specified for male, female and 

children of different ages28. Although patient-specific organ masses can be derived 

from diagnostic imaging, adjustments for position, tissue inhomogeneity and shape of 

organs are not yet feasible22,34. 

S value dosimetry is accessible for clinical use due to relative simple, quick algorithms 

that only require sequential 2D imaging to estimate activity distributions and the use 

of average organ characteristics30. This technique has become the standard dosimetry 

method for pharmaceutical studies, despite the previous mentioned assumptions35–38. 

Tumour dosimetry is possible, although cross-fire dose is not taken into consideration 

and tumour lesions are assumed to be spherical39. In recent literature, S values are 

applied in treatment safety monitoring13,35,40,41. Furthermore, dosimetric analysis using S 

values is often used as a reference for new dosimetry methodologies42–44.

Method 3: Dose kernels for voxel dosimetry

Quantitative 3D imaging techniques like PET/CT and SPECT/CT visualise non-

uniformities within organs and tumours on a voxel-level. MIRD pamphlet No. 17 (1999) 

provides voxel-based dosimetry in analogy with the MIRD formalism using voxel S 

values (VSV). VSV are specified for specific isotopes and voxel dimensions, calculated 

using MC simulations22,45. Each voxel is considered an individual uniform source and 

neighbouring voxels as uniform targets24,46. Mean absorbed dose calculations per voxel 

are performed using a dose kernel matrix (mGy · MBq-1 · s-1), resulting in a voxel-

by-voxel dose map47. Dose estimates may differ depending on the MC code. However, 

variances are often within a few percent and are not considered relevant in a clinical 

setting21,34,44.

Advantages of dose kernel dosimetry are the ability of handling inhomogeneous 

radioactivity distributions at organ or tumour level24. Furthermore, 3D dose distributions 

enable visualisation of isodose lines and dose-volume histograms (DVHs) for 

radiobiological assessment, as shown in Figure 244,46. This approach is quickly gaining 

popularity in centres that have sufficient SPECT/CT or PET/CT capacity and that want 

to perform patient-centred dosimetry, as the calculation time is about 10 seconds per 

case24. Still, it has to be stated that full MC simulations should be used when different 

tissue densities (other than soft tissue) or inter-voxel heterogeneities are deemed 

relevant19,22,34. 
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In literature, dose kernel research focuses on density corrections, methods to speed up 

the calculation and comparison of different kernels24,48,49. In addition, in-house software 

tools with VSV are widely developed19,25,43,50.

Figure 2 Example of kidney dosimetry after PRRT in PLANET® Dose. Isodose lines superimposed 

on anatomical images provide a detailed view (upper left), whereas the summary table (lower left) 

and dose-volume histogram (lower right) enable a quick assessment. Courtesy of DOSIsoft SA. 

Method 4: Local energy deposition

In addition to the three main pillars of dosimetry in nuclear medicine therapy, local 

energy deposition method for dosimetry calculations is applied. Here, all energy is 

assumed absorbed in the voxel of origin. This theory holds true for certain α- and 

β-particles or auger electrons, but does not apply for γ-emissions or secondary photons 

due to the longer penetration depth. However, if one is primarily interested in assessing 

certain parts of the radionuclide emission spectrum, than this method is fairly accurate 

for a quick analysis, like in toxicity studies19,51,52. Other methods should be considered for 

radionuclides with high γ-yield, and therefore, a high contribution of cross-fire dose19,20. 

This γ-irradiation cross-fire effect between tumour and organ or between organs is 

considered marginal in PRRT53,54. Yet, cross-fire of β --particles due to internalisation of 

the labelled peptides between cells is significant55. 
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Table 1 Overview of dosimetry methods

Method Assumptions Advances Drawbacks Clinical application

Monte Carlo 

simulation

Simulation of certain number 

of particles. Manual particle 

energy cut-off values.

Very accurate, includes tissue density 

heterogeneities and cross-fire dose.

Many simulation parameters. Long calculation 

times.

Not applicable for clinical routine. Calculation 

of S values and dose kernels.

S values Homogeneous radioactivity 

distribution in tissue. 

Fast, easy, commonly used and 

generally accepted. 

Based on reference phantoms, mean 

absorbed dose per tumour or organ.

Organs and lesions without superimposition. 

Toxicity studies. 

Dose kernels Homogeneous radioactivity 

distribution within one voxel, 

infinite homogeneous tissue 

density.

DVH and isodose lines, patient-specific. Calculated for each radionuclide, not tissue 

specific. Mean absorbed dose per voxel.

Patient-specific voxel-based tumour and 

normal tissue dosimetry. 

Local energy 

deposition

All energy is absorbed in the 

source voxel.

Fast. Not suitable for photons. Primarily for β-- and α-emitters.

Clinical dosimetry in PRRT for NET

Already in 2011, the EANM Dosimetry Committee published a ‘good practice’ document 

on dosimetry reporting, stimulating structured reporting of scientific results with 

specific attention for instrumentation and protocols56. Details concerning (gamma) 

camera type, including collimator, number of heads and crystal thickness should be 

noted. Furthermore, acquisition settings, camera calibration procedures and image 

processing and analysis should be described in detail when performing dosimetry. 

The pharmacokinetic section should include the number of time points, type of time-

activity curve fitting and interpolation. Finally, the source of S values, tumour dosimetry 

methodology and origin of organ mass need to be addressed. Surprisingly, most clinical 

dosimetry articles as discussed in this review did not provide all details on image 

acquisition and kinetic modelling. 

Out of the 18 selected clinical articles on PRRT in NET, 11 articles used planar gamma 

imaging, 4 articles used SPECT/CT and 3 articles combined both techniques (see 

supplementary materials). Sandström et al. recommended the use of SPECT/CT 

for tumour dosimetry, since this modality enables improved quantification accuracy 

compared to planar gamma imaging57. Variations concerning the number of time points 

for kinetic modelling were observed, as three up to seven time points were described. 

The importance of sequential imaging, and especially inclusion of late time points 

(>48 hours post-injection for small molecules as used in PRRT), is indicated by multiple 

studies. The addition of late time points may affect the cumulative radioactivity with 

~5%52,53,58–60. Figure 3 visualises the effect on time-activity curve fitting while omitting 

an early or late time point. The MIRD formalism with S values from the OLINDA/EXM 
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Table 1 Overview of dosimetry methods

Method Assumptions Advances Drawbacks Clinical application

Monte Carlo 

simulation

Simulation of certain number 

of particles. Manual particle 

energy cut-off values.

Very accurate, includes tissue density 

heterogeneities and cross-fire dose.

Many simulation parameters. Long calculation 

times.

Not applicable for clinical routine. Calculation 

of S values and dose kernels.

S values Homogeneous radioactivity 

distribution in tissue. 

Fast, easy, commonly used and 

generally accepted. 

Based on reference phantoms, mean 

absorbed dose per tumour or organ.

Organs and lesions without superimposition. 

Toxicity studies. 

Dose kernels Homogeneous radioactivity 

distribution within one voxel, 

infinite homogeneous tissue 

density.

DVH and isodose lines, patient-specific. Calculated for each radionuclide, not tissue 

specific. Mean absorbed dose per voxel.

Patient-specific voxel-based tumour and 

normal tissue dosimetry. 

Local energy 

deposition

All energy is absorbed in the 

source voxel.

Fast. Not suitable for photons. Primarily for β-- and α-emitters.

Clinical dosimetry in PRRT for NET

Already in 2011, the EANM Dosimetry Committee published a ‘good practice’ document 

on dosimetry reporting, stimulating structured reporting of scientific results with 

specific attention for instrumentation and protocols56. Details concerning (gamma) 

camera type, including collimator, number of heads and crystal thickness should be 

noted. Furthermore, acquisition settings, camera calibration procedures and image 

processing and analysis should be described in detail when performing dosimetry. 

The pharmacokinetic section should include the number of time points, type of time-

activity curve fitting and interpolation. Finally, the source of S values, tumour dosimetry 

methodology and origin of organ mass need to be addressed. Surprisingly, most clinical 

dosimetry articles as discussed in this review did not provide all details on image 

acquisition and kinetic modelling. 

Out of the 18 selected clinical articles on PRRT in NET, 11 articles used planar gamma 

imaging, 4 articles used SPECT/CT and 3 articles combined both techniques (see 

supplementary materials). Sandström et al. recommended the use of SPECT/CT 

for tumour dosimetry, since this modality enables improved quantification accuracy 

compared to planar gamma imaging57. Variations concerning the number of time points 

for kinetic modelling were observed, as three up to seven time points were described. 

The importance of sequential imaging, and especially inclusion of late time points 

(>48 hours post-injection for small molecules as used in PRRT), is indicated by multiple 

studies. The addition of late time points may affect the cumulative radioactivity with 

~5%52,53,58–60. Figure 3 visualises the effect on time-activity curve fitting while omitting 

an early or late time point. The MIRD formalism with S values from the OLINDA/EXM 

software package or tabulated dose factors (DF) acquired from the RADAR website 

were applied in all but two articles. One article performed the local energy deposition 

method, while the other one applied VSV. 

Most of the included clinical studies were designed for safety monitoring; 12 articles 

focussed on kidney and 4 articles on bone marrow (BM) toxicity. Regarding kidney 

toxicity, multiple publications recommended individualised kidney dosimetry due to 

the high interpatient variability of absorbed doses13,52,54,61. Dose-response relations were 

presented in various papers, for example Schuchardt et al. described the association 

between mean absorbed doses and kidney toxicity41. An individualised treatment 

schedule for PRRT with standardised kidney absorbed doses of 23 Gy was proposed by 

Del Prete et al., which resulted in increased tumour doses while limiting renal toxicity in 

simulated personalised treatment schemes. Hence, a personalised PRRT schema based 

on tumour dosimetry would have led to higher mean absorbed doses to the kidney. 

This method is currently evaluated in a prospective clinical trial40. Most studies adopted 

kidney absorbed dose thresholds between 23-27 Gy9,36,40,62. Bergsma et al. suggested 

to increase the kidney maximum absorbed dose up to 28 Gy36. 

This is supported by the fact that half of the patients do not reach 23 Gy after four cycles 

of 7.4 GBq 177Lu-DOTATATE57. Individual dosimetry would have enabled additional cycles 

of PRRT in these patients. Moreover, dosimetry was used to evaluate the kidney dose 

delivered by different 177Lu-labelled peptides63. 
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In conjunction to kidney dosimetry, individualised dosimetry to assess BM toxicity is 

indicated and a dose limit of 2 Gy is accepted58,64. BM dosimetry can be performed using 

both imaging and non-imaging approaches65. Sequential blood samples are often used 

to estimate the self-dose to the BM using blood kinetics10,58,64,65. In most patients, self-

dose is the most dominant source of BM irradiation9. However, estimation of the cross-

fire effect from large organs (mainly the kidney, liver and spleen) and bone metastases 

require quantitative imaging58. Whole-body scintigraphy is essential in this respect, as 

the field-of-view of SPECT/CT is limited and the activity in the remaining body cannot 

be estimated54. Alternatively, urine samples can be used to estimate the activity in the 

remainder of the body58. Yet, collecting urine and blood samples is labour intensive for 

both the patient and hospital employees. Imaging is often performed using three to 

four time points, where blood sampling five up to eight samples was described9,58,64. 

Clinical BM dosimetry studies were based on imaging, urine and blood sampling data. 

In addition, a novel method using only planar imaging to estimate the BM dose without 

blood sampling is available62. 

Tumour dosimetry was described in nine clinical studies, and an association between 

absorbed tumour dose and therapy outcome was observed in two studies53,59. 

Simulated personalised PRRT based on the absorbed dose by the kidney resulted in 

a 1.47 fold higher tumour dose, what could lead to increased therapy response in a 

clinical situation40. Furthermore, the relation between uptake on diagnostic imaging 

and dosimetry was studied66. 
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Figure 3 Example of time-activity curve fitting. Optimal curve fitting using all five time points is 

represented by the solid black line. The dash-dot line demonstrates what happens if an early time 

point is not performed; the maximum activity is underestimated. An overestimation of activity in 

the tail of the curve could occur when a late time point is omitted (dotted line). Adapted from37. 
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Discussion

This review provides a structured overview of modern dosimetry methods in PRRT 

and their current clinical applications, potentials and limitations in NET treatment. In 

the last decade many steps have been made towards personalised PRRT in NET using 

dosimetry. The incentive to perform dosimetry to optimise PRRT for individual patients 

is of importance, as limited data about maximum tolerable dose to normal tissue and 

optimal tumour dose is still known67. For instance, three phase II studies did not reach 

the maximum tolerated administered activity, while reporting response rates between 

7 and 54%68–70. Though we are far from achieving high response rates, most patients 

treated with PRRT are assumed palliative patients, so optimising treatment implicates 

extending a patient’s life in relative good health. The individual optimal number of 

cycles and administered activity can be determined using tumour and normal tissue 

dosimetry. On the other hand, population data can be used to determine for example 

the average maximum absorbed dose to the kidney and the influence of fractionated 

treatment71. Nevertheless, several hurdles need to be overcome prior to routine clinical 

implementation.

Dosimetry protocols

The included clinical articles implemented various dosimetry protocols. Most studies 

applied S value based dosimetry from difference sources, despite recommendations to 

use voxel-based approaches57,72. In our opinion, dose kernels are the most appropriate 

method for dosimetry in PRRT. The main reason is that heterogeneous organ and 

tumour uptake can be taken into consideration, yet the method is more practicable 

compared to the complicated MC simulations24,46. Furthermore, the number of time 

points for post-therapy imaging was diverse. Current guidelines do not propose specific 

time points, but address the essence of dispersed post-therapy imaging in case of 

slow radiopharmaceutical washout73. Two to three time points in both the uptake and 

excretion phase are recommended30. Nevertheless, for wide clinical implementation 

four up to six time points are unsuitable for clinical departments as it is time consuming. 

Recent research has focussed on optimising the number of time points, for example 

by only using one late time point74. Maaβ et al. applied pharmacokinetic models based 

on individual and population information to estimate kidney and tumour uptake with 

different sampling schedules75. For kidneys, the use of only the 4 hours and 2 day time 

points allowed for sufficient time-integrated activity estimates. This approach was not 

appropriate for tumours, as the uptake variability between patients is large, so for tumour 

dosimetry one has to stick to at least two early and two late time points. Finally, the 

importance of late time point imaging to estimate the tail of the curve was pointed out 

by multiple clinical papers52,53,58–60.
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In addition, it is essential to provide a complete overview of the applied methodology, as 

is pointed out by the EANM56, in order to compare and share knowledge. For dosimetry 

opponents, the lack of well-designed studies to demonstrate the value of individual 

dose planning and verification is the main reason not to deviate from empirical posology 

schemes16. Nonetheless, the joint IAEA, EANM and SNMMI practical guideline on 

PRRT for NET states that patient-specific dosimetry can provide valuable information 

and dosimetry could contribute to PRRT optimisation38. Therefore, it is essential that 

radiopharmaceutical companies and regulatory agencies allow for dosimetry-based 

individual treatment schedules and not only fixed administrations15. 

Safety considerations

In research, most clinical studies focus on therapy safety while using fixed activities and 

intervals between cycles. This results in a lack of clinical evidence for patient-based 

dosimetry. A number of studies observed patient-specific dose-effect relationships 

concerning tumour lesions and kidney or bone marrow dose, which could result in 

increased response and decreased toxicity rates35,59,61,76. Dosimetry can be used to 

assess individual risks for renal toxicity, when combined with 3D imaging and patient-

specific volumes and masses72,76. In most clinical evaluations, the maximum kidney dose 

is fixed to 23 Gy, which is the 5% probability of nephrotoxicity five years after irradiation 

as used in EBRT53,77. However, this threshold might not be appropriate for PRRT36. 

The recent prospective study of Garske-Román et al. shows a response rate of 30.9% 

based on RECIST criteria in patients who have received 23 Gy to the kidney78. In this group 

only one patient showed grade 4 nephrotoxicity three years after PRRT and no grade 3 

toxicity was observed. This fact supports the hypothesis that currently most patients are 

undertreated if the number of cycles and amount of administered radioactivity is based 

on the 23 Gy absorbed dose by the kidney. The biologically effective dose (BED) can be 

of interest, as it indicates the absorbed dose with the same biological effect independent 

from the irradiation source. Adjustments for BED calculations for PRRT are suggested, 

due to the low dose rates and inhomogeneous irradiation during PRRT compared to 

EBRT72. Differences in BED and treatment schedules are explored for PRRT using both 
90Yttrium (90Y) and 177Lu79. The BED can be determined in vitro using the linear-quadratic 

model, which describes cell survival after direct DNA damage. Indirect damage due to 

the bystander effect could occur due to the long irradiation times and relatively low 

dose rates in PRRT. Irradiated cells may induce radiation effects in surrounding cells by 

cell-to-cell contact and the abscopal effect. This bystander effect implies the release 

of mediators to induce oxidative stress in neighbouring cells80. Further research on 

radiobiology and clinical dosimetry studies, preferably by randomised clinical trials, 

should be combined to optimise PRRT15,16. 
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Technical imaging considerations

Clinical dosimetry is challenging due to the balance between clinical and technical 

requirements. Sequential post-therapy 3D imaging and subsequent image processing 

to provide voxel-based dosimetry is time-consuming and is, for now, reserved to 

a limited number of specialised centres. Whereas planar gamma images suffer 

from superimposition, what complicates accurate determination of radioactivity 

concentrations. The addition of at least one SPECT acquisition can contribute to 

quantification optimisation, while providing a time-efficient imaging protocol39,81. When 

sequential imaging is limited to planar gamma imaging in clinical routine, the conjugate-

view method with one additional SPECT/CT (hybrid approach) will increase accuracy 

of delineation and quantification81. Still, both planar and SPECT imaging suffer from 

the γ-imaging drawbacks such as limited spatial resolution due to scattered photons, 

collimator septal penetration by high-energy photons, attenuation and statistical 

noise in low count rates30,82. A comparison between quantitative imaging based on 

only planar imaging, the hybrid approach and multi SPECT/CT imaging showed a 

significant difference between all three methods83. Multi whole-body planar and 

hybrid dosimetry resulted in an overestimation of the mean absorbed kidney dose 

compared to multi SPECT/CT of 1.6 and 1.2 times, respectively. From a quantitative 

perspective it is recommended to perform at least one SPECT/CT acquisition to improve 

quantification accuracy, provided that the calibration factor is determined according 

to guidelines82. Techniques like CT-based attenuation correction are strongly advised 

in SPECT/CT and PET/CT to improve quantification. Likewise, scatter correction and 

iterative reconstruction techniques may further improve image quality and quantitative 

assessment84. 

A harmonisation initiative as is provided by the EANM (EANM Research Ltd, EARL) could 

aid in improvements of multicentre quantitative gamma imaging85. A Dutch quantitative 

SPECT initiative already performed a multicentre analysis for 99mTechnetium studies86. 

Image processing using relatively small volumes of interest (VOI) of ~4 ml could decrease 

the time in preparation for dosimetry in solid organs. Manual whole-organ segmentation 

is time-intensive, and kidney volume determined by thresholding is unstable and often 

changes over time. Studies have shown that this small VOI method results in less than 

5-10% difference in absorbed dose compared to segmentation based on anatomical 

information or thresholding40,54,57. As regards to tumour dosimetry, we suggest to 

segment the full lesion instead of small VOI segmentation. Tumours show more often 

heterogeneous uptake compared to healthy tissues. Small VOI segmentation might 

therefore over- or underestimate the total lesion dose.
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Dosimetry software considerations

Many dosimetry methods as described in the technical articles use in-house developed 

algorithms, limiting the translation of results to other centres. Within the EU, software 

tools are considered medical devices when they are used for clinical decision making, 

through which FDA/CE-approval is a prerequisite for implementation. At the time 

of writing, only a handful of FDA/CE-approved systems are commercially available. 

OLINDA/EXM® v1.0 developed by the RADAR-group was one of the first registered tools, 

and has recently been commercialised by Hermes Medical Solutions (OLINDA/EXM® 

v2.0, Stockholm, Sweden)33,87. Other just recently CE-marked commercial systems are 

PLANET® Dose (DOSIsoft, Chachan, France) and Simplicit90YTM (Mirada Medical Ltd, 

Oxford, UK). All tools initially focused on either 2D or 3D dose planning or verification, 

but are gradually providing 2D/3D dosimetry solutions for PRRT to enable a hybrid 

dosimetry approach. Up to now, no studies are published comparing absorbed dose 

outcomes of these systems. 

Proposal for a clinical dosimetry workflow in PRRT 

Any dosimetry workflow for PRRT in NET depends on a few critical steps, see Figure 4. 

Sequential imaging is essential to create a proper time-activity curve and determine 

the cumulative activity in a volume of interest75,88. We recommend to use three late 

time points, with the latest time point at least later than two effective half-lives of the 

radiopharmaceutical, to accurately fit the tail of the time-activity curve30. In our opinion, 

the hybrid 2D/3D approach provides sufficient quantification accuracy while patients 

do not have to go through sequential long SPECT/CT acquisitions. Multiple authors 

share this point of view81,83. Still, one has to take in mind that quantitative SPECT errors 

between 5 to 18% are noted in phantom experiments82,89. 

In our current clinical experience, adjustments of the administered activity in PRRT are 

based on haematological assessment. In case of decreased blood parameters, the 

administered activity will be reduced from the standard 7.4 GBq to either 3.7 or 5.5 GBq. 

Based on the aforementioned uncertainties in dose estimations and practical reasons; 

we feel that adjustments to the administered activity based on dosimetry should be 

adapted in steps of ~1 GBq. Optimisation of tumour control and normal tissue toxicity 

is of main concern in individual dosimetry for PRRT, thus the dosimetry methodology 

should meet that demand. MC simulations should be avoided in standard clinical setting 

due to the inherent complexity. S values are highly accessible since 3D imaging is not a 

requisite, however the method is not designed for inhomogeneous activity distributions31. 

Dose kernel approaches are nowadays available to handle heterogeneous radioactivity 

distributions at voxel-level for individual tumour or normal tissue dose planning or 

verification. An advantage of voxel-based methods is the ability to calculate DVHs 
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and show isodose lines, which can assist in treatment optimisation24. Post-therapy 

visualisation of the actual delivered tumour dose allows for clinical correlation with 

the local tumour response, even in a multicentre setting. This approach is expected to 

contribute to PRRT prescription of administered activity, as tumour-type based response 

and expected toxicities can be tailored. 

Administration of therapeutic radiopharmaceutical

Sequential post-therapy imaging

Registration of post-therapy and diagnostic scans

Segmentation of tumour and normal tissue

Image quantification

Time-activity curve fitting per volume-of-interest

Dosimetry calculation

Figure 4 Example of a schematic workflow for clinical dosimetry in PRRT

Conclusions

Large multicentre trials are essential to take big steps in data collection, improvement of 

quantitative imaging across all centres performing PRRT and harmonisation of dosimetry 

methodologies. The need for randomised controlled clinical trials is acknowledged by 

both physicians and physicists11,14. A certain trial requires well-organised harmonised 

training to perform quantitative imaging, time-activity curve fitting and dosimetry 

calculations from a technical perspective. Proper trials could further aid in optimisation 

from a radiobiological point of view, as current literature contains a large variety of 

dosimetry methodologies90. If a large consortium for dosimetry in PRRT can be 

established, the future will be bright for NET-patients.
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Supplementary materials 

Table S1 Technical articles concerning dosimetry approaches

Article Isotope Imaging Methodology Software Assumptions Limitations

Beranato 201649 111In, 177Lu, 90Y SPECT/CT and 

phantom

VSV STRATOS VSV require validation before clinical use to 

ensure correct dose calculations. 

The use of different VSV can lead to different 

absorbed doses. All radionuclide emissions 

should be taken into account in the VSV 

calculation. 

Dieudonné 201224 177Lu, 131I, 90Y SPECT/CT MC simulation, VSV 3D-RD, 

VoxelDose

Density corrections for VSV result in better 

dose estimation and increased similarity to 

the dose calculated by MC simulation.

Density corrections for VSV have the most 

influence on voxel-level, less for organ and 

tumour dosimetry.

Fernandez 201348 177Lu, 90Y, 131I Not applicable High resolution 

VSV

MCNPX Based on interpolation, fits and resampling, 

VSV calculated for small voxel sizes can be 

adapted for larger voxel sizes. 

Calculation times for the initial high resolution 

VSV are long.

Grassi 201342 177Lu SPECT/CT VSV, S-values VoxelMed, 

STRATOS,

OLINDA/EXM

Effective half-life is the most accurate method 

to estimate the tail of the time-activity curve.

Registration and curve fitting play essential 

roles in the performance of dosimetry 

software. 

Hippelaïnen 201519 177Lu SPECT/CT Semi-MC 

simulation

In-house 

developed 

Local absorption of electrons and simulation 

of photons. 

Underestimation of absorbed dose can occur 

in healthy tissue when omitting cross-fire 

dose.

Jackson 201343 177Lu SPECT/CT VSV, S-values VRAK, 

OLINDA/EXM

VSVs account for geometrical aspects in case 

of cross-fire, while S-values do not. 

S-values might be more suitable for hollow 

organs and VSV for solid structures. 

Kletting 201550 177Lu
90Y
131I

PET/CT, 

SPECT/CT, 

WB scintigraphy

VSV, S-values NUKDOS, 

OLINDA/EXM, 

RADAR

VSV are taken from literature or interpolation. VSV are only nuclide specific, not tissue 

density specific. Larger deviation with high 

energy particles (90Y) and in lung tissue. 

Kost 201518 177Lu, 131I, 90Y, 
111In

SPECT/CT, 

PET/CT

MC simulation VIDA Tumour lesions were assumed as spheres 

of tissue-equivalent material in medium of 

scatter and water. 

Requires sequential SPECT/CT acquisitions.

Lanconelli 201121 89Sr, 90Y, 131I, 
153Sm, 177Lu, 
186Re, 188Re

Not applicable VSV DOSXYZnrc VSV for bone and soft tissue separately 

using monochromatic sources with 25 million 

simulated particles. 

VSV work only when the assumption of 

homogeneous tissue is reliable, otherwise 

MC simulations should be performed.

Lin 201223 131I Not applicable Voxel-by-voxel 

activity sample 

algorithm

EGSnrc Each voxel with activity is a homogenous, 

independent voxel with all equal size. 

Contribution of each voxel is weighted. 

Differences between other MC methods 

because of different modelling parameters. 

Loudos 200945 153Sm PET/CT, 

SPECT/CT

VSV GATE VSV calculation uncertainty decreases for 

bone tissue but increases for small voxel 

sizes.

Dose kernels are limited to the simulated 

voxel sizes and distances from the source 

voxel. 

Mirzaei 201333 177Lu WB scintigraphy S-values using the 

MIRD formalism

Hybrid 

Dosimetry 

Kinetic modelling and dosimetry analysis are 

combined in one software package. 

Not yet 3D dosimetry to introduce patient-

specific organ masses; is currently time-

consuming to determine organ border. 
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Supplementary materials 

Table S1 Technical articles concerning dosimetry approaches

Article Isotope Imaging Methodology Software Assumptions Limitations

Beranato 201649 111In, 177Lu, 90Y SPECT/CT and 

phantom

VSV STRATOS VSV require validation before clinical use to 

ensure correct dose calculations. 

The use of different VSV can lead to different 

absorbed doses. All radionuclide emissions 

should be taken into account in the VSV 

calculation. 

Dieudonné 201224 177Lu, 131I, 90Y SPECT/CT MC simulation, VSV 3D-RD, 

VoxelDose

Density corrections for VSV result in better 

dose estimation and increased similarity to 

the dose calculated by MC simulation.

Density corrections for VSV have the most 

influence on voxel-level, less for organ and 

tumour dosimetry.

Fernandez 201348 177Lu, 90Y, 131I Not applicable High resolution 

VSV

MCNPX Based on interpolation, fits and resampling, 

VSV calculated for small voxel sizes can be 

adapted for larger voxel sizes. 

Calculation times for the initial high resolution 

VSV are long.

Grassi 201342 177Lu SPECT/CT VSV, S-values VoxelMed, 

STRATOS,

OLINDA/EXM

Effective half-life is the most accurate method 

to estimate the tail of the time-activity curve.

Registration and curve fitting play essential 

roles in the performance of dosimetry 

software. 

Hippelaïnen 201519 177Lu SPECT/CT Semi-MC 

simulation

In-house 

developed 

Local absorption of electrons and simulation 

of photons. 

Underestimation of absorbed dose can occur 

in healthy tissue when omitting cross-fire 

dose.

Jackson 201343 177Lu SPECT/CT VSV, S-values VRAK, 

OLINDA/EXM

VSVs account for geometrical aspects in case 

of cross-fire, while S-values do not. 

S-values might be more suitable for hollow 

organs and VSV for solid structures. 

Kletting 201550 177Lu
90Y
131I

PET/CT, 

SPECT/CT, 

WB scintigraphy

VSV, S-values NUKDOS, 

OLINDA/EXM, 

RADAR

VSV are taken from literature or interpolation. VSV are only nuclide specific, not tissue 

density specific. Larger deviation with high 

energy particles (90Y) and in lung tissue. 

Kost 201518 177Lu, 131I, 90Y, 
111In

SPECT/CT, 

PET/CT

MC simulation VIDA Tumour lesions were assumed as spheres 

of tissue-equivalent material in medium of 

scatter and water. 

Requires sequential SPECT/CT acquisitions.

Lanconelli 201121 89Sr, 90Y, 131I, 
153Sm, 177Lu, 
186Re, 188Re

Not applicable VSV DOSXYZnrc VSV for bone and soft tissue separately 

using monochromatic sources with 25 million 

simulated particles. 

VSV work only when the assumption of 

homogeneous tissue is reliable, otherwise 

MC simulations should be performed.

Lin 201223 131I Not applicable Voxel-by-voxel 

activity sample 

algorithm

EGSnrc Each voxel with activity is a homogenous, 

independent voxel with all equal size. 

Contribution of each voxel is weighted. 

Differences between other MC methods 

because of different modelling parameters. 

Loudos 200945 153Sm PET/CT, 

SPECT/CT

VSV GATE VSV calculation uncertainty decreases for 

bone tissue but increases for small voxel 

sizes.

Dose kernels are limited to the simulated 

voxel sizes and distances from the source 

voxel. 

Mirzaei 201333 177Lu WB scintigraphy S-values using the 

MIRD formalism

Hybrid 

Dosimetry 

Kinetic modelling and dosimetry analysis are 

combined in one software package. 

Not yet 3D dosimetry to introduce patient-

specific organ masses; is currently time-

consuming to determine organ border. 
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Table S1 Continued

Article Isotope Imaging Methodology Software Assumptions Limitations

Saeedzadeh 201244 131I Zubal phantom MC simulation, 

S-values

GATE, 

MIRDOSE3, 

DPM

GATE searches for neighbouring voxels of the 

source voxel within the same medium.

S-values do not provide a DVH, from which 

tumour responses could be predicted.

Sanchez-Garcia25 99mTc as 

surrogate for 
90Y

SPECT/CT Collapsed cone, 

compared with 

MC simulation and 

dose voxel kernels

In-house 

developed, 

MCNP6, 

VoxelDose

Mean effective tissue density can correct for 

heterogeneous tissue density. Homogeneous 

activity distribution in voxel. 

Soft tissue, cortical bone or lung tissue are 

the options for tissue density corrections. 

AC: attenuation correction; BED: biological effective dose, EUD: equivalent uniform dose; GATE: 

Geant4 Application for Tomographic Emission; NURBS: Non-Uniform Rational B-Spline digital 

human phantom; SC: scatter correction; VIDA: Voxel-Based Internal Dosimetry Application; VRAK: 

Voxelized Registration and Kinetics. 

Different MC simulation codes: Geant4 (Conseil Européen pour la Recherche Nucléaire (CERN), 

Geneva, Switserland), Monte Carlo N-particle (MCNP) code (Los Alamos National Laboratory, 

Los Alamos, New Mexico, USA), and Electron Gamma Shower (EGSnrc) code (National Research 

Council Canada, Ottawa, Ontario, Canada).

Table S2 Clinical studies using dosimetry in PRRT in NET

Article Radiophar-

maceutical

Number of 

patients

Post-therapy 

imaging

Time points Dosimetry method 

and software

Tissue of interest Main conclusions

Bergsma 201636 177Lu- and 
90Y-DOTATATE

407 WB planar 1, 3, and 7 days S-values from RADAR Kidney The maximum dose to the kidney as 

derived from EBRT for 90Y-DOTATATE 

therapy does not seem to account 

for 177Lu-DOTATATE.

Bergsma 201664 177Lu-DOTATATE 32 WB planar & 

blood sampling

24, 96, and 168h S-values from 

OLINDA/EXM

Bone marrow A dose limit of higher than 2 Gy 

to the bone marrow should be 

appropriate for PRRT.

Van Binnebeek 

201435

111In-

pentretreotide 

as surrogate for 
90Y-DOTATOC

50 WB planar 15 min, 4, 24, and 

48h

S-values from 

OLINDA/EXM

Kidney BED of 37 Gy is a good threshold 

for PRRT, to prevent renal toxicity in 

combination with renal protection.

Del Prete 201740 177Lu-octreotate 36 SPECT/CT 4, 24, and 72h S-values from 

OLINDA/EXM

Kidney and tumour lesions Personalised PRRT is possible and 

leads to increased tumour doses and 

limited kidney toxicity.

Ezziddin 201266 177Lu-DOTATATE 

and -DOTATOC

21 WB planar 1, 2, and 4 days S-values from 

OLINDA/EXM

Target tumour lesions 

without superimposition

SUV measurements on PET/CT 

could predict mean absorbed dose.

Ezziddin 201359 177Lu-DOTATATE 27 WB planar 1h, 3h, 1, 2, 3-4, 

6-8, and 10-15d

S-values from 

OLINDA/EXM 

Tumour lesions, liver, 

kidney, soft tissue without 

superimposition

Tumour-to-kidney dosimetry ratio 

may indicate morphologic tumour 

response in early cycles.

Forrer 200958 177Lu-DOTATATE 15 WB planar, 

SPECT/CT and 

blood sampling

Three time points 

between 24 and 

168h

S-values from 

OLINDA

Bone marrow Individual bone marrow absorbed 

dose calculated is needed to 

optimise individual amounts of 

radioactivity.
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Table S1 Continued

Article Isotope Imaging Methodology Software Assumptions Limitations

Saeedzadeh 201244 131I Zubal phantom MC simulation, 

S-values

GATE, 

MIRDOSE3, 

DPM

GATE searches for neighbouring voxels of the 

source voxel within the same medium.

S-values do not provide a DVH, from which 

tumour responses could be predicted.

Sanchez-Garcia25 99mTc as 

surrogate for 
90Y

SPECT/CT Collapsed cone, 

compared with 

MC simulation and 

dose voxel kernels

In-house 

developed, 

MCNP6, 

VoxelDose

Mean effective tissue density can correct for 

heterogeneous tissue density. Homogeneous 

activity distribution in voxel. 

Soft tissue, cortical bone or lung tissue are 

the options for tissue density corrections. 

AC: attenuation correction; BED: biological effective dose, EUD: equivalent uniform dose; GATE: 

Geant4 Application for Tomographic Emission; NURBS: Non-Uniform Rational B-Spline digital 

human phantom; SC: scatter correction; VIDA: Voxel-Based Internal Dosimetry Application; VRAK: 

Voxelized Registration and Kinetics. 

Different MC simulation codes: Geant4 (Conseil Européen pour la Recherche Nucléaire (CERN), 

Geneva, Switserland), Monte Carlo N-particle (MCNP) code (Los Alamos National Laboratory, 

Los Alamos, New Mexico, USA), and Electron Gamma Shower (EGSnrc) code (National Research 

Council Canada, Ottawa, Ontario, Canada).

Table S2 Clinical studies using dosimetry in PRRT in NET

Article Radiophar-

maceutical

Number of 

patients

Post-therapy 

imaging

Time points Dosimetry method 

and software

Tissue of interest Main conclusions

Bergsma 201636 177Lu- and 
90Y-DOTATATE

407 WB planar 1, 3, and 7 days S-values from RADAR Kidney The maximum dose to the kidney as 

derived from EBRT for 90Y-DOTATATE 

therapy does not seem to account 

for 177Lu-DOTATATE.

Bergsma 201664 177Lu-DOTATATE 32 WB planar & 

blood sampling

24, 96, and 168h S-values from 

OLINDA/EXM

Bone marrow A dose limit of higher than 2 Gy 

to the bone marrow should be 

appropriate for PRRT.

Van Binnebeek 

201435

111In-

pentretreotide 

as surrogate for 
90Y-DOTATOC

50 WB planar 15 min, 4, 24, and 

48h

S-values from 

OLINDA/EXM

Kidney BED of 37 Gy is a good threshold 

for PRRT, to prevent renal toxicity in 

combination with renal protection.

Del Prete 201740 177Lu-octreotate 36 SPECT/CT 4, 24, and 72h S-values from 

OLINDA/EXM

Kidney and tumour lesions Personalised PRRT is possible and 

leads to increased tumour doses and 

limited kidney toxicity.

Ezziddin 201266 177Lu-DOTATATE 

and -DOTATOC

21 WB planar 1, 2, and 4 days S-values from 

OLINDA/EXM

Target tumour lesions 

without superimposition

SUV measurements on PET/CT 

could predict mean absorbed dose.

Ezziddin 201359 177Lu-DOTATATE 27 WB planar 1h, 3h, 1, 2, 3-4, 

6-8, and 10-15d

S-values from 

OLINDA/EXM 

Tumour lesions, liver, 

kidney, soft tissue without 

superimposition

Tumour-to-kidney dosimetry ratio 

may indicate morphologic tumour 

response in early cycles.

Forrer 200958 177Lu-DOTATATE 15 WB planar, 

SPECT/CT and 

blood sampling

Three time points 

between 24 and 

168h

S-values from 

OLINDA

Bone marrow Individual bone marrow absorbed 

dose calculated is needed to 

optimise individual amounts of 

radioactivity.
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Table S2 Continued

Article Radiopharmacon Number of 

patients

Post-therapy 

imaging

Time points Dosimetry method 

and software

Tissue of interest Main conclusions

Sjögreen Gleisner 

201560

177Lu-DOTATATE 7 WB planar 1, 24, 96, 168h, and  

5-10 weeks

S-values from 

OLINDA

Total body, liver and tumour 

lesions

The contribution of data point at 5 – 

10 weeks is 5-6% of the cumulative 

activity.

Hänscheid 201774 177Lu-DOTATATE 

and -DOTATOC

29 WB planar 1-4h, 1, 2, and 

more than 4 days

MIRD schema Kidney, liver, spleen and 

tumour lesions

A single measurement four days 

after therapy could approximate the 

mean absorbed dose.

Hindorf 200713 90Y-DOTATOC 30 SPECT/CT Three time points S-values from RADAR Whole-body, tumour lesions 

and kidney

High interpatient variability, low 

intrapatient variability.

Ilan 201553 177Lu-DOTATATE 24 SPECT/CT 24, 96, and 168h S-values from 

OLINDA/EXM

Tumours lesions Correlation between tumour 

absorbed dose and tumour 

reduction on CT.

Kulkarni 201363 177Lu-DOTATATE 

and –DOTATOC

22 WB planar 0.5, 3, 20-24, 44-

48, and 68-72h

S-values from 

OLINDA/EXM

Kidney DOTATOC delivers a significant lower 

dose to the kidney.

Sandström 201054 177Lu-DOTATATE 30 WB planar & 

SPECT/CT

1, 24, 96, and 168h Dose correction 

factors from RADAR

Kidney Kidney is dose-limiting organ, 28/30 

patients show decreased uptake 

in bone marrow. Individualised 

dosimetry is essential.

Schuchardt 201341 177Lu-DOTATATE,

-DOTATOC and 

-DOTANOC

278 WB planar 0.5, 3, 20, 44, and 

72h

S-values from 

OLINDA/EXM

Whole-body, normal tissue, 

kidney, spleen, tumour 

lesions

Calculation of the mean absorbed 

doses to tumours and critical organs 

could predict toxicity on an individual 

basis.

Sundlöv 201762 177Lu-DOTATATE 51 WB planar &

SPECT/CT

WB: 1, 24, 48 or 

96, and 168 h.

SPECT/CT: 24h

VSV from LundADose Kidneys Individualised dosimetry based on 

the BED calculated after dosimetry 

is safe.

Svensson 201552 177Lu-DOTATATE 33 WB planar &

SPECT/CT

WB: 1h, 1, 2, and 

7d

SPECT/CT: 24h

Local energy 

deposition

Kidney Large variation in absorbed kidney 

dose between patients; late data 

points are necessary for better 

estimations, CV method is accurate.

Svensson 201661 177Lu-DOTATATE 46 WB planar 2, 24, 48, and 

168 h

S-values from RADAR Bone marrow Bone marrow dosimetry can be 

performed using 2D planar imaging 

and thresholding.

Wehrmann 200710 177Lu-DOTATATE 

and -DOTANOC

69 WB planar and 

blood sampling

WB planar: 3, 20, 

44, and 68h

S-values from 

OLINDA/EXM

Whole-body, normal tissue, 

kidney, spleen, tumour 

lesions, bone marrow

Large standard deviation in inter- 

and intra-patient variability indicates 

personalised dosimetry.
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Table S2 Continued

Article Radiopharmacon Number of 

patients

Post-therapy 

imaging

Time points Dosimetry method 

and software

Tissue of interest Main conclusions

Sjögreen Gleisner 

201560

177Lu-DOTATATE 7 WB planar 1, 24, 96, 168h, and  

5-10 weeks

S-values from 

OLINDA

Total body, liver and tumour 

lesions

The contribution of data point at 5 – 

10 weeks is 5-6% of the cumulative 

activity.

Hänscheid 201774 177Lu-DOTATATE 

and -DOTATOC

29 WB planar 1-4h, 1, 2, and 

more than 4 days

MIRD schema Kidney, liver, spleen and 

tumour lesions

A single measurement four days 

after therapy could approximate the 

mean absorbed dose.

Hindorf 200713 90Y-DOTATOC 30 SPECT/CT Three time points S-values from RADAR Whole-body, tumour lesions 

and kidney

High interpatient variability, low 

intrapatient variability.

Ilan 201553 177Lu-DOTATATE 24 SPECT/CT 24, 96, and 168h S-values from 

OLINDA/EXM

Tumours lesions Correlation between tumour 

absorbed dose and tumour 

reduction on CT.

Kulkarni 201363 177Lu-DOTATATE 

and –DOTATOC

22 WB planar 0.5, 3, 20-24, 44-

48, and 68-72h

S-values from 

OLINDA/EXM

Kidney DOTATOC delivers a significant lower 

dose to the kidney.

Sandström 201054 177Lu-DOTATATE 30 WB planar & 

SPECT/CT

1, 24, 96, and 168h Dose correction 

factors from RADAR

Kidney Kidney is dose-limiting organ, 28/30 

patients show decreased uptake 

in bone marrow. Individualised 

dosimetry is essential.

Schuchardt 201341 177Lu-DOTATATE,

-DOTATOC and 

-DOTANOC

278 WB planar 0.5, 3, 20, 44, and 

72h

S-values from 

OLINDA/EXM

Whole-body, normal tissue, 

kidney, spleen, tumour 

lesions

Calculation of the mean absorbed 

doses to tumours and critical organs 

could predict toxicity on an individual 

basis.

Sundlöv 201762 177Lu-DOTATATE 51 WB planar &

SPECT/CT

WB: 1, 24, 48 or 

96, and 168 h.

SPECT/CT: 24h

VSV from LundADose Kidneys Individualised dosimetry based on 

the BED calculated after dosimetry 

is safe.

Svensson 201552 177Lu-DOTATATE 33 WB planar &

SPECT/CT

WB: 1h, 1, 2, and 

7d

SPECT/CT: 24h

Local energy 

deposition

Kidney Large variation in absorbed kidney 

dose between patients; late data 

points are necessary for better 

estimations, CV method is accurate.

Svensson 201661 177Lu-DOTATATE 46 WB planar 2, 24, 48, and 

168 h

S-values from RADAR Bone marrow Bone marrow dosimetry can be 

performed using 2D planar imaging 

and thresholding.

Wehrmann 200710 177Lu-DOTATATE 

and -DOTANOC

69 WB planar and 

blood sampling

WB planar: 3, 20, 

44, and 68h

S-values from 

OLINDA/EXM

Whole-body, normal tissue, 

kidney, spleen, tumour 

lesions, bone marrow

Large standard deviation in inter- 

and intra-patient variability indicates 

personalised dosimetry.
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Abstract

Purpose

Dosimetry after peptide receptor radionuclide therapy (PRRT) is increasing, however 

comparing or pooling of dosimetric results can be challenging since different approaches 

are used. The aim of this study was to perform a head-to-head comparison of post-

PRRT curve fitting and dosimetry obtained from two commercial software Hybrid Viewer 

Dosimetry and PLANET Dose. 

Methods

Post-therapy imaging included planar scintigraphy at 0.5, 4, 24 and 72 hours post-

injection of [177Lu]Lutetium (177Lu)-DOTATATE for kinetics and SPECT/CT at 24 hours 

for quantification. On planar imaging, 2 cm regions-of-interest were positioned within 

the inferior pole of the kidneys and kidney cortex was segmented on low-dose CT. On 

both planar and SPECT/CT, 2 cm spheres were positioned in the proximal humerus (red 

marrow equivalent) and in the region with the highest uptake in tumour lesions. TACs 

were estimated with mono- and bi-exponential fits in both software systems, after which 

tissue absorbed (kidney, red marrow, tumour) and biological effective doses (kidney) 

were calculated. Agreement-ICC, Spearman correlation and Bland-Altman plots were 

used to compare results.

Results 

Mono-exponential fits showed the most comparable correlation between the measured 

and fitted data between both software. The ICC between absorbed dose outcomes 

was >0.7 in tumour lesions and kidneys, but negative for the red marrow. Spearman 

correlation was >0.9 for mono-exponential fits in kidneys and tumour lesions, and -0.7 

in red marrow. Bi-exponential fits resulted in lower correlations and agreement values. 

Concordance between both software packages concerning the number of PRRT cycles 

with 7.4 GBq was observed based on a biological effective dose limit of 27 Gy to the 

kidneys. 

Conclusion
177Lu-DOTATATE dosimetry results of two software packages were comparable in the 

same dataset, despite the limited number of imaging time-points. However, these results 

should be verified in a larger cohort before pooling of clinical data, as the obtained 

results will depend on acquisition protocol, timing and lesions definition. 
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Introduction

Since the early 2000s, peptide receptor radionuclide therapy (PRRT) with [177Lu]Lutetium 

(177Lu)-DOTATATE is used for the treatment for neuroendocrine tumours (NET). In 

PRRT, a ‘one-size-fits-all’ treatment approach is most frequently applied1. So far, it is 

unknown what the optimal absorbed dose is to achieve a clinically meaningful therapy 

response without inducing toxicity in organs at risk, mainly the kidneys and red marrow. 

Personalised dosage prescription by assessing the mean absorbed dose in both 

tumour lesions and normal tissues based on 177Lu imaging data might improve PRRT 

response rates while preventing severe (grade 3-4) (sub)acute toxicity2. Multiple studies 

described dose relationships with tumour response and renal- and haematotoxicity2–5. 

Currently, absorbed dose limits for these organs are based on the extensive experience 

in external beam radiotherapy (EBRT)6. However, the biological effects of EBRT may not 

be directly transferable to PRRT, as EBRT dose delivery is geometrically highly focused 

and fractionated whereas PRRT includes kinetic behaviour of the radiopharmaceutical 

and continuous irradiation of targets7. 

Traditionally, dosimetry in radionuclide therapy is based on the world-wide accepted 

Medical Internal Radiation Dose (MIRD)-formalism using S-values, assuming 

homogeneous tissue densities and radioactivity distributions, spherical tumours and 

reference man phantom organ geometries8. This methodology has been implemented 

in the OLINDA/EXM personal computer code in 2005 by Stabin et al.9 As dosimetry in 

radionuclide therapy is evolving past the status of a mere research tool towards clinical 

implementation, so are the software tools that can be used. Hence, the OLINDA/EXM-

code has been commercialised by Hermes Medical Solutions (Stockholm, Sweden) into 

the FDA/CE-marked software. Additionally, a number of FDA/CE-marked voxel-based 

dosimetry methods using dose point kernels are nowadays available which uses the 

patient specific organ and tumour geometries rather than phantom data to calculate 

absorbed doses at a voxel level10. These software tools generally provide user-friendly 

interfaces and operational stability, which allows for relatively easy incorporation into the 

clinical setting and the FDA/CE mark allows for clinical decision making. Nevertheless, 

for clinically meaningful dose estimates the methodology of the entire dosimetry chain 

should be optimal, as is emphasised in the EANM guidance article by Gear et al. and 

in MIRD Pamphlet no. 2611,12. Although dosimetry procedures are generally performed 

with the best intentions, it is not always possible to comply with these guidelines due 

to clinical or logistic reasons. 
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In 177Lu-DOTATATE therapy dosimetry, a certain amount of radioactivity is administered 

to the patient and sequential post-therapy imaging is performed. The time integrated 

activity in a specific target is determined by fitting the time-activity curve (TAC) derived 

from gamma camera images. Subsequently, conversion matrices are used to produce 

absorbed dose estimates. Variation in parameters, such as imaging time points, camera 

calibration, image acquisition parameters, target definition, TAC fitting, are all known 

to affect absorbed dose outcomes. With the increasing number of centres performing 

dosimetry, the use of different dosimetry workflows and software packages will 

inherently lead to variations in absorbed dose estimates, even when aspects such as 

patient preparation, imaging and calibration are harmonised. If these discrepancies 

induced by software prove clinically relevant, translation of data across centres on for 

instance dose limiting toxicities or absorbed tumour doses would become challenging. 

However, it is unknown whether dosimetry results from different (commercial) software 

packages could be pooled or used interchangeable. In nuclear cardiology for instance, 

the use of software to quantify cardiac function is common, but the results are not 

interchangeable and dedicated normal values have been derived for each software 

system13. 

In the current study differences between software packages are assessed with special 

focus on time-activity curve fitting and absorbed dose outcomes, given a standardised 

input of clinical 177Lu-DOTATATE imaging data. The input data includes imaging at four 

time points, which is understandably not sufficient for bi-exponential fitting of the 

pharmacokinetic behaviour from a mathematical point of view. Still, this data does 

represent the clinical practise, and thus, the goal of this study was to compare to 

commercial software packages with a clinical dataset.
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Materials and Methods

Patients and PRRT treatment

This study includes ten consecutive patients treated with 177Lu-DOTATATE, with 

sufficient uptake (higher than the liver) on [68Ga]Gallium (68Ga)-DOTATATE PET/CT. 

Adequate renal, liver and haematological function were required and obstructions 

in renal flow were evaluated using [99mTc]Technetium-MAG3 planar gamma imaging. 

Acceptable haematological parameter levels were: haemoglobin ≥ 5.5 mmol/L, 

leucocytes counts ≥ 3.0×109/L, neutrophil granulocytes counts ≥ 1.0×109/L and platelet 

counts ≥ 75×109/L. Serum eGFR should be ≥ 50 ml/min/1.7m2 and total bilirubin 

maximum three times the upper limit of normal. Patients had to stop long-acting 

somatostatin analogues (SSAs) at least four weeks and short-acting SSAs at least 

24 hours before each 177Lu-DOTATATE administration. The PRRT protocol included 

four cycles of 7.4 GBq 177Lu-DOTATATE, administered in 10-week intervals. For renal 

protection, an amino acid solution of 25 mg lysin and 25 mg arginin in 2 l of normal saline 

was infused in 4 hours, starting 30-60 minutes before 177Lu-DOTATATE administration. 

In each patient, only one treatment cycle was used for analysis within this study to 

maintain independent measurements. 

Post-therapy imaging 

Post-therapy 177Lu imaging included a hybrid workflow, with total-body planar 

imaging at 0.5, 4, 24 and 72 hours after injection and one SPECT/CT of the thorax and 

abdomen after 24 hours. All imaging was performed on a Symbia T2 (Siemens GmbH, 

Erlangen, Germany), equipped with a medium energy general purpose collimator. 

The primary energy window was positioned at 208 keV ± 10% with one downscatter 

(166.4–187.2 keV) and two general scatter windows (56.1–166.0 keV and 18.5–55.5 keV) 

for SPECT/CT reconstruction. The general scatter windows were used to obtain the 

total wide-spectrum counts according to the protocol designed by Beauregard et al. for 

this specific SPECT/CT system14. Total-body imaging was performed using both heads 

at 15 cm/min. SPECT acquisition parameters were non-circular, continuous rotations 

of both heads with 48 views of 13 sec/view per head. The SPECT image matrix size 

was 128×128 with 3.5×3.5×5 mm voxels. SPECT reconstruction included attenuation and 

scatter corrected 3DOSEM (FLASH3D) with 4 iterations and 8 subsets without post-

reconstruction filtering or partial volume corrections. Regular quality control according to 

the vendor’s specifications was performed, and before each 177Lu-acquisition the energy 

spectrum and peaks were controlled. Local cross calibration between the SPECT/CT 

and VIK-202 dose calibrator (Comecer, Castel Bolognese, Italy) was performed using 

a homogeneous filled cylindrical phantom (9623 ml). This phantom was also imaged 

with the abovementioned settings. Though recovery coefficients were determined 
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to optimise the image reconstruction protocol and assess the effect of lesions size 

on quantification, no partial volume corrections were performed on any 177Lu gamma 

acquisitions in this study. 

Commercial dosimetry software

Segmentation, TAC fitting and dosimetric analysis was performed using Hybrid Viewer 

Dosimetry module together with OLINDA/EXM v2.1 (Hermes Medical Solutions, 

Stockholm, Sweden) and PLANET Dose v3.1.2 (DOSIsoft SA, Cachan, France). Both 

software systems operate largely as a back-box, and only limited literature is available 

on their underlying assumptions and constraints. 

In the Hybrid Viewer Dosimetry module, the MIRD system is incorporated to estimate 

organ, lesion and whole-body mean absorbed doses, and at least three or four time 

points are required to enable mono-exponential or bi-exponential fits, respectively. 

Curve fitting is performed in four steps: I) extrapolation of the first imaging time points 

to t = 0, II) trapezoidal integration from the first imaging time point to the first fit point 

which can be selected by the user, III) bi- or mono-exponential fit using the Levenberg-

Marquardt technique between the first fit time point and the last imaging time point, 

and IV) extrapolation of the curve created in the previous steps, unless the effective 

half-life is greater than the radionuclide half-life. In that case, the radionuclide physical 

half-life is used to fit the tail of the curve. Hybrid Viewer Dosimetry always requires 

geometric mean input from planar images. The integrated S-values are previously 

calculated using Monte Carlo simulation with standard anthropomorphic phantoms 

derived from ICRP 89. The two kidneys are noted as one organ and if only one of the 

kidneys is indicated by the user, the paired organ option enables an estimation of the 

whole organ mean absorbed dose. The user can choose to work with the patient’s 

own organ and tumour masses, instead of the reference phantom organ masses, while 

assuming a density of 1 g/cm3. 

PLANET Dose is complemented with the PLANET Onco platform, which includes 

the necessary contouring tools. Multiple planar scans should be manually registered 

and regions-of-interest (ROI) can be determined from either anterior/posterior views 

or using the geometric mean. The average number of counts in each ROI is used for 

kinetic input. Several curve fitting options are available, for example mono-, bi- and tri-

exponential and trapezoidal fits (with/without physical decay). The software relies on 

input from the user to select the proper fit-type and does not have any constraints. The 

absorbed dose is calculated on a voxel level using either voxel S-value dose kernel 

convolutions or the local deposition method. Unlike OLINDA/EXM, organ and tumour 

masses are always CT-based from the individual patient. Three options are available 
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for the location of t = 0. Origin forces the graph to go through (0,0), line indicates that 

the value of t = 0 is the same as the first imaging time point, and the continue option 

extrapolates the fit from the first imaging time point to t = 0. Again the user has to 

specify the desired option.

Segmentation and dosimetry 

All segmentations on both platforms were performed by one experienced viewer to 

achieve maximal comparability in target definition and delineation. Selected targets 

included both kidneys, red marrow and tumour lesions, the latter subdivided into ‘liver’ 

and ‘other locations’. Only tumour lesions with a diameter >2 cm on diagnostic CT were 

selected to reduce partial volume effects. Although these effects can have a major effect 

on count rate quantification, they have little effect on the direct comparison between 

the software packages as the error will be similar for both. 

On each planar scintigraphy, circular ROIs with a diameter of 2 cm were drawn in the 

caudal part of the kidneys to minimise contribution of normal liver accumulation due 

to superimposition. Since the acquisition speed of all planar acquisitions is the same, 

average counts in the ROIs on the other time points were quantified proportionally to 

the planar scan at 24 hours. The kidney cortex was segmented on the low-dose CT to 

determine the total uptake from SPECT; the CT-based kidney mass was used for analysis 

in both systems. Since OLINDA/EXM uses the average residence time of both kidneys 

for the average absorbed kidney dose, the average of the two mean absorbed doses 

in the kidneys calculated by PLANET Dose was used. 

To estimate red marrow uptake, ROIs and volumes-of-interest (VOIs) with diameter of 

2 cm were located in the proximal humerus on planar and SPECT images, respectively. 

Although L2-L4 are often used as a surrogate for the red marrow uptake, a 2 cm 

diameter sphere was placed in the proximal humerus to minimise superimposition 

of (non-) physiological uptake from the intestines. According to ICRP 89, 2.3% of the 

total red marrow is presented in the upper half of the humerus and the volume of 

the proximal humerus volume is 180 ml based on the reference male phantom15,16. 

The representative percentage of total red marrow in the VOI has to be entered 

in OLINDA/EXM, which is approximately 0.1% with a VOI volume of 4.2 ml17. This 

percentage was assumed the same for both male and female. By default, the red 

marrow in OLINDA/EXM is only a target organ. Since this is not possible in PLANET 

Dose, the red marrow was indicated as source organ in OLINDA/EXM. Red marrow 

and kidney ROIs were always drawn on the posterior view and copied to the anterior 

view to calculate the geometric mean. 
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As no consensus is available for tumour lesion delineation, a 2 cm sphere located in the 

region with the highest uptake was used to assess 177Lu-DOTATATE uptake in tumour 

lesions according to Del Prete et al.3 ROIs were drawn on either the posterior or anterior 

view depending on the highest observed uptake. A standard density of 1 g/cm3 was 

assumed for the sampled lesions in OLINDA/EXM18. For optimal comparison between 

OLINDA/EXM and PLANET Dose, the geometric mean (GM) was determined for all 

planar ROIs as this is required in OLINDA/EXM. 

TACs were fitted using bi- and mono-exponential functions in both software systems, 

as these functions have been used to describe the pharmacokinetic behaviour of 

somatostatin analogues1,19,20. For TAC fitting, EANM guideline on dosimetry reporting 

states the use of three imaging points per phase, still only four points were acquired 

in this study due to patient logistics21. We acknowledge that fitting of two exponential 

functions with only four time points is mathematically erroneous and for example a 

trapezoidal integral with physical decay from the last data point could be a better option. 

However, OLINDA/EXM does not provide the trapezoidal fit and since the goal of this 

study is to compare the software in their current form, only mono- and bi-exponential 

fitting was applied. TACs were integrated according to the default setting in both 

software packages; until 2400 hours after injection in PLANET Dose and until infinity 

in OLINDA/EXM. 

Neither software package provides calculation of the biological effective dose (BED), 

a parameter based on logarithmic cell kill to account for the biological effect of dose 

rate22. The BED was calculated manually using fit results from both software for kidneys 

only, since the most evidence and experience in literature is for this organ and far less 

for tumour lesions and red marrow. The following formula derived from MIRD pamphlet 

no. 20 was used22:

𝐵𝐵𝐵𝐵𝐵𝐵 =	 !!
""
[1 + !!

($%"")('/))
]  Eq. 1

with Ro the initial dose rate (Gy.h-1), λe the target specific effective decay constant (h-1), μ 

the sublethal damage repair rate (h-1) and α/β according to the linear quadratic model. 

For this study, values for μ and α/β for kidneys were chosen according to literature23,24: 

μ = 0.248 h-1 and α/β = 2.6 Gy.

Analysis and statistics 

Absolute (in Gy/GBq) and relative (%) mean absorbed dose differences between 

OLINDA/EXM and PLANET Dose were assessed using both Bland-Altman analysis and 

correlation measures. Bland-Altman plots provide visual interpretation of the difference 
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between two measurements with regard to the average value of the two, as well as a 

systematic mean difference between all measurements (bias) and the corresponding 

standard deviation. The 95% limits of agreement (LOA) were used to indicate whether 

the observed variation could be clinically relevant25. Spearman’s rank correlation and 

agreement interclass correlations (absolute agreement, with two-way mixed effects 

and single rater assumptions) were determined of all fits per location: kidneys, red 

marrow, and tumour lesions. Since OLINDA/EXM uses the average residence time of 

both kidneys for the absorbed dose calculation, the average of the two mean absorbed 

doses in the kidneys calculated by PLANET Dose were used for comparison.

Biological effective doses were calculated for all patients using Equation 1 according 

to MIRD pamphlet no 20. The absorbed doses of the first cycle were used to estimate 

the cumulative kidney dose over four treatment cycles, and compared to the BED 

thresholds for kidneys of 27 Gy to determine the clinical impact of differences between 

software packages23,24. 
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Results

All ten included patients were diagnosed with a histological confirmed disease: six 

patients with a NET grade 1, three patients with NET grade 2 and one patient with a 

metastatic medullary thyroid carcinoma. Patient characteristics are shown in Table 1. In 

total, 19 ROIs were located in the kidneys (one kidney was not visible on planar imaging), 

10 in the red marrow, and 28 in tumour lesions (20 liver lesions and 8 other locations). A 

segmentation example is shown in Figure 1.

Figure 1 Example of ROI and VOI drawings in PLANET Dose. A-D: anterior planar imaging on all 

four time points and E: SPECT/CT after 24 hours. 

Time-activity curve fitting

Table 2 shows the Spearman’s rank correlation (rho) results between the measured 

and fitted data points for the TAC fits. As PLANET Dose was able to determine the bi-

exponential “line” fit for only 2 kidneys and for one red marrow, these results were not 

used for further analysis. The limited number of time points used in this study induced 

inaccurate bi-exponential fits, especially profound in PLANET Dose. However, this 

is considered a limitation of the input data, and not of the software. Figure 2 shows 

examples of fits using both mono- and bi-exponential functions. Visually, the data points 

in Figure 2C would be better fitted with a bi-exponential function than with a mono-

exponential function. In Figure 3, the absolute differences in 177Lu-DOTATATE uptake are 

shown for both mono- and bi-exponential fits for all targets. Note that despite the fact 

that the input acquisitions are similar and the process of delineation was standardised, 

still there is a relatively large range in the difference in calculated 177Lu-DOTATATE 

uptake. 
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Figure 2 Examples of mono-exponential (solid line) and bi-exponential (dashed line) fits of 

tumour lesions with OLINDA/EXM and PLANET Dose. A-B present good mono-exponential fits, 

whereas C-D show suboptimal fits.

Mean absorbed dose values

Mean absorbed doses for kidneys and red marrow are provided in Table 3 and for tumour 

lesions in Table 4. Bland-Altman plots are provided in Figures 4 and 5 for both mono- 

and bi-exponential fits, respectively. Bland-Altman analysis results, ICC and Spearman 

correlation between both software are shown in Table 5. Note that the absorbed dose for 

red marrow calculated with OLINDA/EXM is at least twice that of PLANET Dose (Figure 4). 

Such a large difference is not observed for the kidney doses, though it seems that the 

data is mainly influenced by one data point in the mono-exponential data (patient #6). 

After exclusion of this single outlier, the kidney bias reduced to -0.033 ± 0.074 Gy/GBq 

[95% LOA -0.18 – 0.11] with a correlation of 0.876. For tumour lesions there is a large 

variability in uptake amongst the patients to begin with, the differences between the 

software packages on the other hand is relatively small. When comparing the results 

of the mono- and bi-exponentially fitted data in tumour lesions, there is a very good 

correlation between the calculated absorbed doses (r = 0.915, r2 = 0.836). 
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Table 1 Patient characteristics

1 2 3 4 5 6 7 8 9 10

Age† (y) 69 74 57 45 74 63 76 68 73 71

Gender (M/F) M M F M M F F M F F

Primary Lung Pancreas Ileum Ileum Unknown MTC* Ileum Pancreas Unknown Ileum

Grade 2 1 1 2 1 NA 2 1 1 1

MIB-1 3-20% 2% 1% 1% 1% NA 5% 2% 1% 2%

Ki-67 NA 2-5% 3% 2% 0 NA 5% 0% 0% 1%

Resection primary Y N Y Y N Y N N Y Y

Liver embolisation N Y Y Y N N N N N N

SSA therapy Y Y Y Y Y N N Y Y Y

Chemo/targeted therapy N N N N N N N Y N N

Metastatic sides Liver, LN, 

bone, other

Liver, LN, 

bone

Liver, LN, 

bone

Liver, other Liver, LN, 

bone, other

LN Liver, LN, 

bone, other

Liver, LN, 

other

Liver, LN, 

bone, other

Liver, LN, 

bone, other

Tumour lesions included None Liver: 3

Other: 1

Liver: 2

Other: 1

Liver: 2 Liver: 2

Other: 2

Other: 1 Liver: 4

Other: 1

Liver: 5

Other: 1

Liver: 1

Other: 1

Liver: 2

Administered activity (MBq) 7131 7253 7176 7271 7188 7212 7613 7476 7338 7373

†age at start PRRT, *medullar thyroid carcinoma. LN: lymph nodes; NA; not available; SSA therapy: 

somatostatin analogue use during PRRT treatment. 

Table 2 Spearman’s rank correlation (rho) of all TAC-fits 

Kidney Red 

marrow

Tumour lesions

All Liver Other

Mono-

exponential

OLINDA/EXM 0.776 0.905 0.906 0.917 0.880

PLANET Line 0.917 0.910 0.938 0.935 0.946

Origin 0.916 0.874 0.931 0.927 0.941

Bi-exponential OLINDA/EXM 0.913 0.860 0.917 0.920 0.909

PLANET Line - - 0.973* 0.984* 0.849*

Origin 0.737 0.943 0.728 0.761 0.647

*could be calculated for 2/3 of the data, and was therefore excluded from the analysis. 
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Figure 3 Absolute difference in fitted value of 177Lu-DOTATATE uptake between OLINDA/EXM 

and PLANET Dose in the same targets, after mono-exponential (mono-exp) and bi-exponential 

(bi-exp) fitting. The mean difference and range are shown and the dotted line represents no 

difference between the two software packages.
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Figure 4 Mean absorbed dose difference and average between OLINDA/EXM and PLANET. 

Dose determined using mono-exponential fitting. Note that both absolute values (A-C) and 

relative differences D-F) are provided. Relative differences are calculated using the following 

equation: 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂/𝐸𝐸𝐸𝐸𝐸𝐸	 − 	𝑃𝑃𝑂𝑂𝑂𝑂𝑂𝑂𝐸𝐸𝑃𝑃	𝑂𝑂𝐷𝐷𝐷𝐷𝐷𝐷
𝑎𝑎𝑎𝑎𝐷𝐷𝑎𝑎𝑎𝑎𝑎𝑎𝐷𝐷 × 100% 
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Figure 5 Mean absorbed dose difference and average between OLINDA/EXM and PLANET 

Dose using bi-exponential fitting. Note that both absolute values (A-C) and relative differences 

(D-F) are provided. Relative differences are calculated using the following equation: 
𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂/𝐸𝐸𝐸𝐸𝐸𝐸	 − 	𝑃𝑃𝑂𝑂𝑂𝑂𝑂𝑂𝐸𝐸𝑃𝑃	𝑂𝑂𝐷𝐷𝐷𝐷𝐷𝐷

𝑎𝑎𝑎𝑎𝐷𝐷𝑎𝑎𝑎𝑎𝑎𝑎𝐷𝐷 × 100%  
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Table 3 Mean absorbed dose (Gy/GBq) per target location of all patients

Mono-exponential Bi-exponential

Kidneys Red marrow Kidneys Red marrow

Patient O/E PD O/E PD O/E PD O/E PD

1 0.61 0.62 0.063 0.015 0.61 0.62 0.095 0.008

2‡ 0.37 0.29 0.088 0.005 0.37 0.30 0.098 0.004

3 0.31 0.43 0.067 0.022 0.44 0.44 0.115 0.007

4 0.24 0.33 0.048 0.015 0.32 0.27 0.094 0.007

5 0.22 0.16 0.063 0.012 0.22 0.19 0.010 0.007

6 1.30 0.74 0.060 0.017 0.30 0.74 0.095 0.009

7 0.44 0.49 0.081 0.015 0.56 0.52 0.117 0.008

8 0.38 0.52 0.058 0.015 0.40 0.58 0.094 0.007

9 0.62 0.61 0.064 0.017 0.62 0.66 0.068 0.008

10 0.44 0.50 0.040 0.030 0.55 0.50 0.082 0.015

‡This patient had one visible kidney on planar imaging. O/E: OLINDA/EXM; PD: PLANET Dose

1 2 3 4 5 6 7 8 9 10
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Kidneys

Patient
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PLANET BED
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Figure 6 Mean absorbed dose and BED in the same target. The dotted line represents the BED 

threshold for one cycle (6.75 Gy) to allow for the maximum of 27 Gy BED.
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Table 4 Mean absorbed dose (Gy/GBq) per lesion of all patients

Mono-exponential Bi-exponential

Patient Location OLINDA/EXM PLANET Dose OLINDA/EXM PLANET Dose

2 Liver 4.94 3.29 *

2 Liver 2.10 2.20

2 Liver 2.85 4.85

2 Other 5.85 5.72

3 Liver 5.05 5.02 5.05 3.09

3 Liver 1.63 1.54 1.92 1.56

3 Other 1.15 1.36 1.64 1.43

4 Liver 7.02 7.66 3.78 3.75

4 Liver 3.78 3.26 7.02 5.85

5 Liver 12.26 14.40 12.25 9.93

5 Liver 6.35 8.87 6.35 4.79

5 Other 3.89 3.71 3.89 3.85

5 Other 2.42 2.72 4.38 2.65

6 Other 1.71 1.31 3.05 1.33

7 Liver 5.10 5.57 5.10 4.92

7 Liver 5.13 6.05 5.13 4.85

7 Liver 7.29 7.45 7.29 8.09

7 Liver 3.94 5.48 3.94 4.40

7 Other 0.99 1.16 1.40 1.16

8 Liver 3.78 3.77 3.78 3.29

8 Liver 2.38 2.23 2.62 1.94

8 Liver 2.93 3.92 2.93 4.20

8 Liver 0.99 1.36 1.09 1.40

8 Liver 0.86 1.36 0.86 0.68

8 Other 3.00 3.28 3.18 3.20

9 Liver 0.87 1.09 0.87 1.07

9 Other 3.00 3.27 1.86 2.39

10 Liver 1.31 1.38 1.31 1.55

*The dosimetric results of this patient were not reliable (very high dose values). 
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Table 5 Comparison of the dosimetry outcomes

Kidneys Red 

marrow

Tumour 

lesions

M
o

n
o

-e
xp

o
n

e
n

ti
al

Absolute difference (Gy/GBq) Bias 0.026±0.12 0.047±0.019 -0.37±0.86

95% LOA -0.37 – 0.42 0.01 – 0.08 -2.05 – 1.31

Relative difference (%) Bias -0.53±29.03 116±38.5 -8.36±19.19

95% LOA -57.4 – 56.4 41.0 – 192 -46.0 – 26.3

Spearman correlation 0.903 -0.701 0.963

ICC - agreement 0.708 negative 0.804

B
i-

e
xp

o
n

e
n

ti
al

Absolute difference (Gy/GBq) Bias -0.042±0.16 0.088±0.015 0.39±0.92

95% LOA -0.348 – 0.265 0.057 – 0.118 -1.41 – 2.19

Relative difference (%) Bias -5.63±32.07 169±12.8 -9.52±26.66

95% LOA -68.5 – 57.2 144 – 194 -42.7 – 61.8

Spearman correlation 0.491 -0.418 0.907

ICC - agreement 0.537 negative 0.921

ICC: intraclass correlation coefficient; LOA: limits of agreement. 

BED and clinical implications

Figure 6 shows the results for estimated absorbed doses and BED per patient for one 

cycle for the kidneys. A total of three patients exceeded the 27 Gy threshold limit after 

four cycles of 7.4 GBq for both dosimetry software (patient #1, 6 and 9 for both software 

packages) while assuming four times the BED to the kidneys as determined in this 

therapy cycle. 
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Discussion

In the current study differences in estimated mean absorbed dose calculated by two 

commercially available software packages was determined on clinical 177Lu-DOTATATE 

imaging data. As described in the EANM practical guidance on uncertainty analysis for 

molecular radiotherapy, many factors affect the absorbed dose calculation, and thus 

the comparison between two software systems11. Though the study results indicate 

that the dosimetry outcomes from software packages could not directly be used 

interchangeably, the clinical impact of the found differences has to be placed in relation 

to other uncertainties, such as acquisition protocol, delineation, and TAC-fitting.

Differences between software packages

One objective of this study was to harmonise as many parameters (same patient 

population and scans, ROI/VOI drawings) between both software packages, and to 

evaluate the available dosimetry options and outcomes. For this reason, the convolution 

with density correction was selected for PLANET Dose. Convolutions without density 

corrections and the local deposition method are also available in this software 

package, however in our opinion convolution and density correction provides the most 

sophisticated dosimetry calculation. For OLINDA/EXM, a minimum number of three 

or four imaging time points is required for TAC fitting using a mono-exponential or bi-

exponential approach, respectively. In contrast, a minimum number of time points is not 

specified in PLANET Dose. On the other hand, PLANET Dose provides a mean square 

deviation and rho values of the fit, which support the user to select the most optimal 

fit for specific targets. Such assistance for curve fitting is not provided in OLINDA/EXM. 

Since red marrow and kidneys are considered as main organs at risk in PRRT, no other 

organs were taken into consideration for dosimetry analysis. In OLINDA/EXM, both 

kidneys are considered as one organ. However, the mean absorbed dose of the left 

and right kidney can be different according to the results of PLANET Dose. In this study, 

the differences between the two software packages were evaluated using the CT-based 

kidney mass to increase comparability between the two. With respect to red marrow 

dosimetry, it is advised to take the bone and the remainder of the body into consideration 

using the MIRD formulism26. Since it is not possible to model these compartments in 

PLANET Dose, only the self-dose within the red marrow was assumed in OLINDA/EXM. 

Multiple factors could contribute to the differences in dosimetric outcomes between 

the two software packages. The difference in curve fitting approach and assumptions 

is likely to have a major influence, however exact differences cannot be pointed out 

due to the vendors’ black box. Nonetheless, one could note that bi-exponential fits of 
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OLINDA/EXM started at the highest observed dose rate, which is similar to the ‘line’ 

option of PLANET Dose. However, PLANET Dose was not able to fit all targets with the 

bi-exponential ‘line’ option. Therefore, the assumption that bi-exponential fit should 

start at (0,0) seems anchored in PLANET Dose, which is not an option in OLINDA/EXM. 

In addition, the dosimetric approach using organ-based dosimetry (MIRD) vs. voxel-

based dosimetry is fundamentally different. S-values are fixed per tissue type whereas 

the voxel based approach is independent of analysed tissue. The total contribution to 

the difference between OLINDA/EXM and PLANET Dose is a sum of all mentioned 

parameters, with various weightings depending on the tissue type and kinetic properties. 

In on-going clinical trials, the BED is used to indicate the number of treatment cycles 

suitable for an individual patient27. For vendors it is highly recommended to implement 

the possibility to calculate BED in future software updates. From a clinical point of view, 

both software packages showed agreement in terms of which patients would exceed 

the 27 Gy BED limit for the kidneys, assuming four times the BED as determined in the 

therapy cycle used in this analysis. 

Additional comparisons with other dosimetry software tools would further contribute 

to the collaboration between centres on this topic. In this study, no evaluation with 

absorbed dose estimates calculated using S-values from open source data (e.g. 

IDAC Dose) or in-house software was performed. In general, these calculations often 

rely on time-integrated activity as input. As mentioned before, this TAC fit has major 

contributions to the final absorbed dose estimate and these open source programs 

cannot be used clinically as they are not FDA/CE approved. The goal of this study was 

to compare TAC fits and absorbed dose estimates from commercially available software 

packages to stimulate the clinical implementation and cooperation between centres 

for post-PRRT dosimetry. 

Image acquisition and timing
177Lu has two main photopeaks at 113 keV and 208 keV available for gamma imaging. In 

this study, the 208 keV photopeak was selected because it has the highest yield (~10%), 

as recommended by the EANM/MIRD pamphlet No. 2612. In the acquisition protocol 

applied in this study, the counts in the 113 keV photopeak are used to determine the 

total-wide spectrum counts as suggested by Beauregard et al.14 The main drawback of 

the current study is the limited number and timing of the imaging time points, disabling 

correct fits according to mathematical and biological requirements28. In clinical practise 

however, it is inconvenient for patients to undergo six post-therapy scans, therefore we 

opted for four time points. Especially, multiple late imaging time points after discharge 

from the hospital are not considered patient friendly. The addition of one late time point 
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(> 4 days post-injection) would have improved the estimation of the tail of the TAC. One 

could argue that the addition of an extra virtual time point at approximately one week 

after administration could improve the fits. However, this virtual time point would have 

been chosen based on the currently estimated TAC-fit, and hence, has limited impact 

on the data. On the other hand, mono-exponential fitting is generally considered a safe 

choice when limited number of data points, acquired within the effective half-life time 

of 177Lu-DOTATATE (~4 days), are available28,29. 

Target segmentation

Currently no consensus or standardised method for lesion segmentation on 177Lu-

DOTATATE SPECT/CT imaging is available. In order to deal with partial volume effects, 

image correction based on recovery coefficients is proposed by Finocchiaro et al.30 In 

the current study this correction was not performed as the size of the ROIs and VOIs 

was fixed at 2 cm diameter, according to Del Prete et al.3, resulting in the same partial 

volume effects. Partial volume correction would affect the dosimetry outcome, however 

the standardised volume segmentation is suitable for dosimetry software comparison. In 

addition, the diameter of lesions included for analysis was >2 cm on diagnostic CT. Due 

to the sampling methodology on post-therapy imaging, the lesion size was not deemed 

necessary and therefore not measured. Next to that, all ROIs and VOIs were drawn once 

by one person, preventing intra-observer variability in delineation. 

Estimation of the red marrow absorbed dose with the method used in this study will 

inherently depend on the position of the ROI. Both the ROI placement by the user on 

planar images and the relatively high image noise signal in the proximal humerus area will 

affect the TAC. A common method for red marrow dosimetry is based on segmentation 

of the lumbar vertebrae19. However, in 177Lu-DOTATATE planar acquisitions it is difficult to 

correctly locate a ROI in L2-L4 without any superimposition of physiological or tumour 

uptake. Since physiological uptake in the upper arm is limited, the humerus was selected 

to represent the red marrow. 

The geometric mean images were used in the current study since OLINDA/EXM only 

allows for this type of input. For the kidneys, located dorsally in the body, higher uptakes 

were observed on the posterior planar view alone, while the position averaged GM 

inherently introduces physiological counts from the intestines, spleen or abdominal 

lesions. The use of a GM for quantification generally reduces the effect of patient 

positioning with respect to the camera head, whereas a non-GM approach lowers the 

contribution of uptake in other tissue. This influence of normal tissue uptake is a reason 

to opt for multiple time point SPECT/CT when liver or abdominal lesions are of main 

interest. 
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Time activity curve fitting and time integrated activity calculation

As in all pharmacological evaluations, fitting of the data has a large effect on the 

calculation of the area under the curve, and hence, on the estimated absorbed dose. 

In MIRD pamphlet no. 16 is stated that for each ‘phase’ three time points are needed, 

so for bi-exponential fits six imaging time points would have been the minimum for an 

accurate fit31. So, it is undesirable to fit four data points with a bi-exponential fit from 

a pure mathematical point of view, as this will inherently result in an unreliable model 

given the noise in the data. Trapezoidal integration with physical decay from the last 

time point would have been a better option, because the integral is less prone to 

fitting constraints that come with mono- and bi-exponential fit functions. Furthermore, 

trapezoidal integration would also benefit from an additional late imaging time point to 

improve estimation of the tail of the curve by postponing the assumption of physical 

decay later in time. OLINDA/EXM does not provide the option for trapezoidal fitting, 

consequently this fitting option was also not applied in PLANET Dose. The scope of the 

study was to compare two software packages, therefore the fitting procedures were 

standardised when possible. Still, it would be desirable to know which constraints are 

implemented within the software for each fitting option in the dosimetry software. 

The mono-exponential fit provided the most comparable correlation coefficient for 

kidneys, red marrow and tumour between the software systems in this study. In bi-

exponential fitting, PLANET Dose visually often failed to fit the peak of the curve correctly, 

thus resulting in a large underestimation. Still, even when the fit seemed inaccurate 

both software packages do provide absorbed dose outcomes, and interpretation of 

this data is left at the decision of the user. The overall estimated absorbed doses based 

on mono- and bi-exponentially fits in our study, showed a good correlation . More 

explicit differences between the uptake determined by OLINDA/EXM and PLANET 

Dose were observed in the early time points (before 24 hours). Also the correlation 

between the measured data and the estimated data at these time points according 

to the fit was suboptimal as shown in Table 2. All rho-values were below 0.95 for each 

of the target locations, both for mono- and bi-exponential. According to Guerriero et 

al. a mono-exponential fit is safe if data after 24 hours up to two effective half-lives is 

available. Bi-exponential fitting could be performed if data up to 2-3 days is available 

and if relevant pharmacokinetics occur in the first day. They showed that based on 

these requirements and five time point imaging, the time-integrated activity ratio is 

1.02±0.22 for mono- and 1.02±0.07 for bi-exponential28. These values suggests that on 

average mono- and bi-exponential fits have similar results for 177Lu-DOTATATE, however 

bi-exponential fits have better agreement with a lower standard deviation. The question 

is whether these differences have significant influence on the final dosimetric result, as 
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many other factors like camera calibration and lesion delineation also play an important 

role. The time-activity curve fit uncertainty can also be different between localisations 

of tumour lesion; for example 26% for a liver lesion and 0.1% for a pancreatic lesion after 

mono-exponential fitting11. Nevertheless, in this study certain cases showed a clear 

visual deviation from the measured data points. For example in the kidneys of patient 

#6, which is the outlier in the mono-exponential fit in Figure 3. Review on the kinetics of 

these kidneys show that a bi-exponential fit would have been more suitable. 

For clinical implementation of dosimetry, reduction of the number of imaging time points 

would be desirable for patients and clinics. Though, on the other hand, the quantitative 

error should be within acceptable ranges. Hänscheid et al. proposed the use of one 

quantitative imaging time point at four days after injection assuming mono-exponential 

decay, which resulted in a quantitative error <10%29. This method works for targets with 

an effective half-life between 38 and 128 hours. 

Future work 

In the current study, no associations with clinical outcomes were investigated. 

Ultimately, the relation between dosimetric analysis and clinical outcomes is essential 

in order to implement dosimetry in personalised radionuclide therapy planning. The first 

step towards the use of dosimetry in a clinical setting is consensus on methodology. 

In this study we showed that there are slight differences in outcomes achieved by 

different software systems. However, when taking the many observed uncertainties for 

radionuclide therapy dosimetry analysis into account22, the differences between both 

approaches are negligible. 

The current results should be verified in a larger cohort, since this dataset includes a 

limited number of patients with certain tumour characteristics. Most importantly, the 

TAC fitting should be performed including later time points, such as 168 hours after 

administration, for improved estimation of the tail of the curve. For patient comfort and 

nuclear medicine department logistics, the total number of time points should not 

be increased. Instead, early time points could be replaced by late time points when 

assuming mono-exponential decay since early time point result in an underestimation of 

the mean absorbed dose32. Post-therapy imaging at ~5, 24 and 168 hours post-injection 

should be clinically feasible and enable time-activity curve fits with trapezoidal fit and 

physical decay from the last time point. Finally, cross-calibration of 177Lu between 

centres and a standardised (NIST) source would further improve comparability of 177Lu 

SPECT/CT quantification. 
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Conclusions

Post-therapy 177Lu-DOTATATE dosimetry results of two software packages were 

comparable in the same dataset derived from a limited number of patients. Nevertheless, 

it is not advised to use these software packages interchangeably in the clinical setting 

or in a study, as there are differences in methodology. Additionally, the obtained results 

will depend on acquisition protocol, timing and pharmacological behaviour of the 

radiopharmaceutical. 
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Chapter 6
Parameters to predict progression 
free and overall survival after 
peptide receptor radionuclide 
therapy: a multivariate analysis 
in 782 patients 



Abstract

Purpose

Peptide receptor radionuclide therapy (PRRT) is an effective treatment for patients with 

neuroendocrine neoplasms. The aim of this study was to identify clinical and treatment 

parameters associated with progression free survival (PFS) and overall survival (OS). 

Methods

All patients treated from October 2002 until March 2016 at the Zentralklinik Bad Berka 

with at least three administrations of PRRT (maximal interval six months between 

consecutive administrations) were included. Data were collected in five categories: 

general patient characteristics, tumour characteristics, prior treatments, radioisotope 

used for PRRT, and blood chemistry. Survival was analysed using Kaplan-Meier curves. 

Univariate and multivariate Cox regression analyses were performed to identify 

parameters associated with PFS and OS. 

Results

In total, 782 patients were included with a median follow-up of 36 months. The median 

PFS and OS were 22 and 53 months, respectively. Parameters associated with lower 

PFS in the multivariate analysis were a Ki-67 of more than 5%, previous treatment with 

interferon-α and chemotherapy, presence of diabetes, and chromogranin-A (CgA) levels 

higher than 336 µg/L. Parameters associated with lower OS were Ki-67 of more than 

10%, performance status of at least 1, previous chemotherapy and ablation, and CgA 

levels higher than 112 µg/L. 

Conclusions

Higher Ki-67 values, as well as higher CgA levels and previous chemotherapy, had a 

negative outcome on both PFS and OS. Furthermore, PFS was negatively associated 

with previous interferon-α treatment and diabetes, whereas lower OS was related to 

prior ablation and higher performance status. 
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Introduction

Well-differentiated neuroendocrine tumours (NETs) arise from neuroendocrine cells and 

although they can occur anywhere throughout the body, the most common locations are 

the gastrointestinal tract, pancreas, and lungs1. In the United States, NETs comprise 0.5% 

of new cancer diagnoses, with an incidence of approximately 6.98/100,000 per year2. 

Most NETs are characterised by the expression of the somatostatin receptor (SSTR), 

which can be exploited for diagnostic imaging and (radionuclide) therapy. Treatment 

with radiolabelled somatostatin analogues (SSA), called peptide receptor radionuclide 

therapy (PRRT)3, was introduced using 111Indium-pentetreotide4, followed by [90Y]Yttrium 

(90Y)-octreotide and [177Lu]Lutetium-octreotate (177Lu-DOTATATE)5. A randomised phase 

III PRRT clinical trial (NETTER-1) was concluded in 20176. NETTER-1 applied randomised 

treatment to NET patients between four cycles of 177Lu-DOTATATE (plus long-acting 

octreotide acetate 30 mg/month) and a control group with high-dose octreotide 

(long-acting, 60 mg/month). The progression free survival (PFS) was 28.4 months in 

the 177Lu-DOTATATE group and 8.4 months in the control group. On the basis of this 

trial, PRRT was approved in the United States and Europe for treatment of metastatic 

or irresectable NETs and is included now in the societal guidelines from the European 

Neuroendocrine Tumour Society (ENETS), International Atomic Energy Agency (IAEA), 

European Association of Nuclear Medicine (EANM), and Society of Nuclear Medicine 

and Molecular Imaging (SNMMI)7-8. 

Patient eligibility for PRRT is primarily based on tumour lesion SSTR expression, visualised 

with [68Ga]Gallium (68Ga)-labelled SSA PET/CT. Treatment is effective when sufficient 

uptake is shown on 68Ga-SSA PET/CT3,9. Several studies have investigated non-imaging 

parameters that affect outcome after PRRT. Ezziddin et al. demonstrated that a proliferation 

index (or Ki-67) of less than 20% resulted in good response after PRRT, whereas a Ki-67 of 

more than 20% often led to progression within 3 months after treatment10. Ki-67 was also 

found to be a predictive factor for overall survival (OS) after PRRT in a multivariate analysis 

(74 patients). Other factors identified were hepatic tumour burden, performance status, 

and neuron-specific enolase level11. Brunner et al. found that SSTR type 2 expression is 

an independent prognostic marker for OS in 279 NET-patients. A subgroup analysis of 

61 patients with pancreas NET (pNET) showed that SSTR expression is not a prognostic 

marker for OS in pNET12. Other non-histologic parameters associated with survival after 

PRRT include gene cluster expression13, primary tumour site14, resection of the primary 

tumour15, dominant liver metastases, and lesion size14. A previous study to analyse multiple 

factors was an intention-to-treat analysis and included all patients that started PRRT, 

but not all received full treatment16. The aim of the current study was to identify clinical 

parameters that predict PFS and OS after PRRT in a large patient population. 
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Materials and Methods

Patients

All patients treated with PRRT at Zentralklinik Bad Berka from October 2002 to March 2016 

were reviewed. Patients with histopathological proven NET were referred for PRRT because 

of progressive metastatic or inoperable disease. Treatment was performed according to 

the local Bad Berka protocol17, followed by the ENETS protocol7 and the IAEA/EANM/

SNMMI protocol8. SSTR expression was confirmed and dedifferentiation excluded by pre-

therapy 68Ga-SSA PET/CT and [18F]Fluorine (18F)-FDG PET/CT, respectively and scored 

as previously described18. Renal function was evaluated with [99mTc]Technetium-MAG3 

renography and tubular excretion rate was evaluated8. An in-house produced amino 

acid infusion containing lysine and arginine was given during each administration for 

nephroprotection17. Patients were treated with 177Lu, 90Y, or both according to the previously 

described protocol17. Written informed consent was obtained from all patients before 

treatment, including data use for research and institutional review board approval was 

obtained. The inclusion criteria for this study were at least three administrations of PRRT 

and a maximum interval of six months between consecutive administrations. Patients 

previously treated with PRRT at a different centre were excluded. 

Data collection

Data were collected in five categories: general patient characteristics, tumour 

characteristics, prior treatments, PRRT radionuclide, and laboratory parameters and 

tumour biomarkers. Progression was determined on the basis of RECIST or PERCIST 

criteria19,20. Progression and survival were determined in January 2017. PFS was calculated 

from the start of PRRT to progression or death from any cause. OS was calculated from 

the start of PRRT to death from any cause. 

Statistical analysis

Statistical analyses were performed in SPSS, version 22.0 (IBM). In the case of nonnormal 

distribution in a histogram, the variable was categorised in quartiles 1, 2, 3, and 4 (Q1, Q2, 

Q3, and Q4, respectively). Univariate Cox regression was performed to determine the 

association between single parameters and PFS and OS. In order not to be too stringent, 

the multivariate Cox regression model included all parameters with a p-value of less than 

0.1 in the univariate analysis. Accordingly, after every iteration the parameter with the highest 

p-value (above p > 0.05) was removed from the multivariate model (backward selection). 

The final model contained only variables significantly (p < 0.05) associated with survival. 

In addition, survival per primary tumour location and after primary tumour resection 

was evaluated. 
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Results

Patient and PRRT characteristics

In total of 1425 patients were reviewed, of whom 782 met the inclusion criteria. The 

median follow-up time was 36.0 months (range 4-155 months). The mean age before 

treatment was 60.3 years, and 94.2% of the patients were in good health (World Health 

Organisation (WHO) 0-1). Most tumours (92.4%) were G1/G2. Regarding other treatments, 

33.2% of patients were given one treatment, 24% two treatments, and 12.9% three to 

five treatments before PRRT, whereas 29.7% of patients were treatment-naïve. PRRT 

consisted of three administrations (50.4%), four administrations (42.1%), or five to six 

administrations (7.5%). Half of the patients were treated with both 177Lu and 90Y (Table 

S1), whilst 37.7% received 177Lu only and 12.3% 90Y only. Most patients had from NETs 

originating from the small intestine (28.3%) or pancreas (35.4%) and 50% of the patients 

had a functional tumour. All patient characteristics are shown in Table 1. Table 2 presents 

the PFS and OS per primary tumour location, showing that gastroenteropancreatic (GEP-) 

NETs have a higher PFS and OS.

Progression free survival

Progression was observed in 643 patients (82.2%), with a median PFS of 22 months 

(interquartile range (IQR) 16.0-35.0 months, Figure 1A). In univariate analyses, 10 

parameters were associated with lower PFS: primary tumour in the lung compared to 

primary tumour in the small intestine (hazard ratio (HR) 1.625, confidence interval (CI) [1.186-

2.226]), performance status WHO 1 (HR 1.352, CI [1.127-1.623]) and WHO 2/3 (HR 1.741, 

CI [1.262-2.402]) compared to WHO 0, prior treatments with chemotherapy (HR 1.362, CI 

[1.123-1652]), interferon-α (HR 1.487, CI [1.046-2.114]), and radiotherapy (HR 2.059, CI [1.420-

2.984]). Furthermore, Ki-67 for Q3 (Ki-67 = 5-10%, HR 1.466, CI [1.111-1.934]) and Q4 (Ki-67 > 

10%, HR 1.631, CI [1.230-2.163]) resulted in lower PFS than Ki-67 for Q1 (Ki-67 < 2%). Finally, 

initial CgA levels Q3 (CgA 336-1168 μg/L, HR 1.580, CI [1.241-2.011]) and Q4 (CgA > 1168 

μg/L, HR 2.148, CI [1.679-2.747]) were associated with lower PFS than CgA Q1 (CgA < 112 

μg/L). Only the combination of 177Lu and 90Y was positively associated with PFS compared 

with 177Lu alone (HR 0.797, CI [0.672-0.944]). Different treatment strategies concerning the 

isotopes resulted in median PFS for 177Lu of 20 months, 25 months for 90Y and 23 months 

for treatment with both isotopes. Finally, G3 tumours showed lower PFS than G1 tumours 

(HR 1.522, CI [1.062-2.180]), with a median of 23 months for G1, 21 months for G2 and 18 

months for G3. 
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Table 1 Patient, tumour, and treatment characteristics. Continuous variables are shown as mean 

± standard deviation [range]. Categorical variables are given as number (%).When variables are 

divided into quartiles, the range of the quartile is given. Percentages may not add up to 100% 

due to rounding.

Gender Male 444 (56.8%)

Female 338 (43.2%)

Age (years) 60.3±11.0 (22-83)

Location primary tumour 

(n = 782)

Small intestine 221 (28.3%)

Large intestine 42 (5.4%)

Lung 60 (7.7%)

Pancreas 277 (35.4%)

Unknown primary 106 (13.6%)

Other 76 (9.7%)

Tumour grade 

(n = 570)

Grade 1 182 (31.9%)

Grade 2 345 (60.5%)

Grade 3 43 (7.5%)

Ki-67 (n = 503) Q1 ≤ 2%

Q2 3-5%

Q3 6-10%

Q4 > 10% 

Functional tumour 

(n = 555)

Yes 280 (50.5%)

No 275 (49.5%)

Performance status

(n = 782)

WHO 0 547 (69.9%)

WHO 1 190 (24.3%)

WHO 2-3 45 (5.8%)

Comorbidities Hypertension (n = 239) 99 (41.4%)

Diabetes (n = 782) 46 (5.9%)

Prior treatment Interferon-α (n = 727) 36 (5.0%)

Chemotherapy (n = 727) 159 (21.9%)

Resection primary tumour (n = 710) 336 (47.3%)

Ablation (n = 727) 100 (13.8%)

Radiotherapy (n = 727) 35 (4.8%)

Somatostatin analogue (n = 727) 297 (40.9%)

Isotope 

(n = 782)

177Lutetium 295 (37.7%)

90Yttrium 96 (12.3%)

177Lutetium and 90Yttrium 391 (50.0%)
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Table 1 Continued.

Number of PRRT 

administrations

(n = 782)

3 395 (50.4%)

4 329 (42.1%)

5-6 59 (7.5%)

Cumulative activity in GBq

(n = 782)

177Lutetium 21.7 [13.3-36.7]

90Yttrium 11.5 [4.8-23.6]

177Lutetium and 90Yttrium 18.2 [5.0-33.7]

Blood count (n = 782) Normal 546 (69.8%)

CgA (n = 661) Q1 < 112

Q2 112-333

Q3 336-1168

Q4 > 1168

Serotonin (n = 627) 273 [10-14200]

eGFR (n = 778) 81.2 [30.56-259.08]

Creatinine (n = 778) 75.0 [27-186]

Table 2 PFS and OS per primary tumour location (in months)

PFS OS

Primary tumour location Median IQR Median IQR

Small intestine 24 17 – 39 67 36 – 111

Large intestine 22 14 – 33 51† 24 – 68

Lung 18† 14 – 26 41† 30 – 67 

Pancreas 23 16 – 35 50† 28 – 88 

CUP 23 17 – 35 59 36 – 104 

Other 19 14 – 31 52 96 – 22 

Overall 22 16 – 35 53 30 – 98 

†significant in univariate analysis

The final multivariate model included: Ki-67 for Q3 (HR 1.419, CI [1.041-1.935]) and Q4 (HR 

1.493, CI [1.090-2.045]) compared with Q1, prior treatment with chemotherapy (HR 1.375, 

CI [1.039-1.820]), interferon-α (HR 2.054, CI [1.211-3.485]), presence of diabetes (HR 1.706 

CI, [1.117-2.605]), and CgA for Q3 (HR 1.469, CI [1.084-1.992]) and Q4 (HR 2.039, CI [1.488-

2.794]). All significant results regarding PFS are shown in Table 3 and the full results are 

in Supplemental Table S2. 
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Figure 1 Kaplan-Meier curves of PFS (A) and OS (B)

Overall survival

Median OS was 53 months (IQR 18.0-57.0 months) and death of any cause was 

observed in 405 patients (51.8%) (Figure 1B). Eleven parameters were associated 

with lower OS in univariate analyses: primary tumour in the pancreas (HR 1.519, CI 

[1.184-1.948]), large intestine (HR 1.594, CI [1.003-2.533]), and lung (HR 1.716, CI [1.150-

2.560]) compared with the small intestine, performance status WHO 1 (HR 1.781, CI 

[1.432-2.214]) and WHO 2/3 (HR 2.817, CI [1.941-4.089]) compared with WHO 0, and 

prior treatment with ablation (HR 1.458, CI [1.103-1.928]), interferon-α (HR 1.504, CI 

[1.002-2.256]), radiotherapy (HR 1.780, CI [1.120-2.829]), and chemotherapy (HR 1.792, 

CI [1.434-2.239]). Ki-67 for Q3 (HR 1.519, CI [1.051-2.194]) and Q4 (HR 2.143, CI [1.488-

3.087]) resulted in lower PFS than Ki-67 for Q1. Furthermore, initial CgA levels for 

Q2 (CgA 112-336 μg/L, HR 1.531, CI, 1.100-2.131]), Q3 (HR 1.877, CI [1.354-2.631]) and 

Q4 (HR 3.357, CI [2.434-4.631]) were associated with lower PFS than CgA for Q1. Both 

resection of the primary tumour (HR 0.715, CI [0.584-0.877]) and the combination of 
177Lu and 90Y compared with 177Lu alone (HR 0.792, CI [0.636-0.986]) were associated 

with improved OS. The median OS was 48 months for patients treated with only 177Lu, 

57 months for patients treated with only 90Y and 56 months for patients treated with 

both isotopes. Finally, G2 tumours (HR 1.394, CI [1.065-1.826]) and G3 tumours (HR 

2.473, CI [1.621-3.772]) showed lower OS than G1 tumours, with a median of 74 months 

for grade 1, 51 months for grade 2 and 26 months for grade 3. For selected results, 

Kaplan–Meier curves are shown in Figures 2 and 3.

In the multivariate analysis, the following parameters were associated with lower OS: 

Ki-67 for Q4 (HR 1.930, CI [1.285-2.899]) compared with Q1, performance status WHO 

1 (HR 1.551, CI [1.109-2.169]) and WHO 2/3 (HR 2.305, CI [1.432-3.713]) compared with 

WHO 0, ablation (HR 1.519, CI [1.041-2.215]), chemotherapy (HR 1.979, CI [1.412-2.773]), 

and CgA for Q2 (HR 1.690, CI [1.095-2.608]), Q3 (HR 1.816, CI [1.718-2.799]) and Q4 

(HR 2.671, CI [1.717-4.155]) compared with CgA for Q1. The median OS was 47 months 
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(IQR 29-80) without and 64 months (IQR 32-112) with resection of the primary tumour, 

significantly different in primary pancreas or small-intestine NETs after univariate Cox 

regression analysis (Table 4). All results with regard to OS are shown in Table 5 and in 

Supplemental Table S3. 

Table 3 Progression free survival analysis. HR >1 indicates a greater risk for disease progression 

compared to the reference value (HR = 1). 

Parameter Group Univariate Multivariate

HR 95% CI p value HR 95% CI p value

Ki-67 Q1: < 2 % 1 0.002 1 0.044

Q2: 2-5% 1.165 0.898-1.513 1.171 0.880-1.557

Q3: 5-10% 1.466 1.111-1.934 1.419 1.041-1.935

Q4: > 10% 1.631 1.230-2.163 1.493 1.090-2.045

Comorbidities Diabetes 1.373 0.989-1.907 0.058 1.706 1.117-2.605 0.013

Prior 

treatment

Chemotherapy 1.362 1.123-1.652 0.002 1.375 1.039-1.820 0.026

Interferon-α 1.487 1.046-2.114 0.027 2.054 1.211-3.485 0.008

CgA (µg/L) Q1: < 112 1 < 0.001 1 < 0.001

Q2: 112-333 1.189 0.932-1.517 1.267 0.922-1.741

Q3: 336-1168 1.580 1.241-2.011 1.469 1.084-1.992

Q4: > 1168 2.148 1.679-2.747 2.039 1.488-2.794

CgA: Chromogranin-A; CI: Confidence Interval; CUP: cancer of unknown primary; HR: Hazard 

Ratio.
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Figure 2 Kaplan-Meier curves of OS after resection of the primary tumour and OS per primary 

tumour location. Median OS is 43 and 65 months without and with resection, respectively. Median 

OS is 67 months for small intestine NETs, 51 months for large intestine, 41 months for lung, 50 

months for pancreas, 59 months for CUP and 52 months for other NETs.
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Figure 3 Kaplan-Meier curves of OS per Ki-67 and CgA quartiles and performance status classes. 

Median OS for Ki-67 <2% is 74 months, 2-5% 54 months, 5-10% 56 months and >10% 32 months. 

For CgA <112, the median OS is 86 months, 61 months for 112-336, 54 months for 336-1168 and 35 

months for >1168. The median OS for WHO 0 is 64 months, WHO 1 41 months and 37 months for 

WHO 2/3. 

Table 4 Overall survival analysis. HR > 1 indicates a greater risk for death of any cause and HR 

< 1 a lower risk.

Parameter Group Univariate Multivariate

HR 95% CI p value HR 95% CI p value

Ki-67 Q1: < 2 % 1 0.001 1 0.014

Q2: 2-5% 1.340 0.960-1.871 1.363 0.946-1.965

Q3: 5-10% 1.519 1.051-2.194 1.203 0.798-1.814

Q4: > 10% 2.143 1.488-3.087 1.930 1.285-2.899

Performance 

status

WHO 0 1 < 0.001 1 0.010

WHO 1 1.781 1.432-2.214 1.551 1.109-2.169

WHO 2-3 2.817 1.941-4.089 2.305 1.432-3.713

Prior 

treatment 

Ablation 1.458 1.103-1.928 0.008 1.519 1.041-2.215 0.030

Chemotherapy 1.792 1.434-2.239 < 0.001 1.979 1.412-2.773 < 0.001

CgA (µg/L) Q1: < 112 1 < 0.001 1 < 0.001

Q2: 112-336 1.531 1.100-2.131 1.690 1.095-2.608

Q3: 336-1168 1.877 1.354-2.631 1.816 1.718-2.799

Q4: > 1168 3.357 2.434-4.631 2.671 1.717-4.155

CgA: Chromogranin-A; CI: Confidence Interval; CUP: cancer of unknown primary; HR: Hazard 

Ratio.
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Table 5 Resection of primary per tumour location

Median OS in months (IQR) Univariate cox regression analysis

Primary tumour location Resected Unresected HR 95% CI p value

Small intestine 77 (37-134) 48 (32-90) 0.649 0.423-0.995 0.047†

Large intestine 51 (28-∞) 45 (24-61) 0.625 0.257-1.522 0.301

Lung 51 (26-67) 41 (31-45) 0.755 0.374-1.522 0.432

Pancreas 65 (35-112) 43 (24-69) 0.595 0.426-0.832 0.002†

Overall 64 (32-112) 47 (29-80) 0.715 0.584-0.877 0.001†

IQR: interquartile range. †significant
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Discussion

The reported PFS in other studies (32-41 months) is higher than in the current study (22 

months). Meanwhile, the OS (43 months) of the current patient cohort was within the 

reported range in the literature (38-82 months)21–26. However, differences between the 

current study and the literature exist. One study reported higher PFS and OS, yet only 

GEP-NET patients were included22. These patients are known to have a better survival 

than patients with primary lung and colon NETs27. Another study included only patients 

with G1/G2 tumours, who are likely to have a longer OS than patients with G3 tumours24. 

In our study, high-risk patients with characteristics such as G3 tumours, WHO 2/3, and 

non GEP-NETs were also included.

Tumour grade was significantly associated in the univariate analysis with both PFS 

and OS. Differences in survival between G1 and G2 tumours were previously shown28; 

however this study observed differences only in the univariate analysis. Because tumour 

grade and Ki-67 index are related29, both indicate a more aggressive tumour, whereas 

the latter is generally associated with shorter OS30. Ezziddin et al. showed in 74 patients 

that patients with a Ki-67 of more than 10% have both lower PFS and lower OS11. In the 

current study, this finding was confirmed from a Ki-67 of more than 5% for PFS and more 

than 10% for OS in multivariate analysis. The performance status is a well-known factor 

that affects PFS and OS regardless of tumour type. The current study found that patients 

with WHO 1 and WHO 2/3 have decreased OS compared with patients with WHO 0, a 

result that was also confirmed by another study25. 

Our data showed reduction in PFS and OS in both univariate and multivariate analysis in 

patients pre-treated with chemotherapy, as was also demonstrated in other studies23,25. 

Additional analysis in our dataset revealed that of the 43 patients with a G3 tumour, 19 

(44%) were treated with chemotherapy, whereas among patients with G1 and G2 tumours, 

only 12% and 23%, respectively, were treated with chemotherapy. According to current 

ENETS guidelines, chemotherapy is indicated for G3 neuroendocrine neoplasms31. 

Therefore, the association between chemotherapy and survival might be the result of 

high-grade tumour patients receiving chemotherapy.

Resection of the primary tumour significantly improved OS (47 vs. 64 months), 

significantly different in primary pNETs or small intestine NETs after univariate Cox 

regression analysis (Table 5). Bertani et al. reported 112 months OS without- and 65 

months with resection and that resection increased the median PFS (70 vs. 30 months). 

The longer OS reported could be explained by solely including G1/G2 pNET patients 

with liver metastases only15. Prolonged OS after resection of the primary tumour 
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was also observed in pNET populations in a systematic review and meta-analysis32. 

According to current guidelines, resection of the primary tumour is indicated for G1/

G2 tumours with curative intent, and the presence of liver or lymph node metastases 

is not a contraindication for primary tumour resection31. Resection of a primary pNET 

is hypothesized to improve survival because of underlying anatomic and biologic 

mechanisms. First, part of the pancreatic venous blood flow drains into the portal vein, 

which directly flows into liver parenchyma which is therefore the first organ reached 

by metastatic pNET cells (seed-and-soil hypothesis). Second, the liver might be more 

susceptible to metastases because of its microenvironment with stromal build-up, 

growth factors, and immune cells (metastatic niche hypothesis)33,34. Thus, resection of 

the primary tumour, as the source of metastasizing cells, may improve survival even 

in the presence of metastases.

High levels of the biomarker CgA were associated with lower PFS and OS in the current 

patient population. CgA levels greater than 336 µg/L before PRRT were predictors for 

lower PFS, where for OS this level was greater than 112 µg/L. Previous studies showed 

that CgA levels greater than 600 µg/L were associated with shorter PFS and OS in 

smaller patient populations35,36. The current ENETS guidelines indicate that high CgA 

levels indicate poorer prognosis, probably associated with a high tumour load29,37. 

In the current study, the choice of the radioisotope did not influence PFS and OS in 

the multivariate analysis. In the univariate analysis, however, the combination of 177Lu 

and 90Y improved OS and PFS compared with 177Lu alone. This result is different from 

the results of a German cohort study, wherein treatment with only 90Y was associated 

with decreased OS compared 177Lu only or tandem PRRT (177Lu and 90Y concurrently)21. 

Nevertheless, it is known that 90Y implies a risk for nephrotoxicity compared with 177Lu 

alone39. However, a bias in radionuclide selection exists in the current study because 

patients with a large tumour burden often receive tandem PRRT17. 

Besides the disadvantages inherent in a retrospective analysis, this study had other 

limitations. First, information about the extent of the disease (tumour burden and 

hepatic involvement) was not included, because the goal was to define non-imaging 

related parameters. Second, patients could have received other treatments after PRRT, 

which could have extended their survival but this aspect was beyond the scope of this 

research. Also, toxicity was not covered in this study, but has been evaluated in another 

large multivariate analysis38. Nephrological disease could decrease life expectancy, yet 

nephrotoxicity and related side effects due to medical interventions were not taken into 

consideration as confounders for survival in this study.
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The association of some parameters in this dataset with PFS and OS has already been 

described in other papers12,23,25,28-30,32,35-36. However, to our knowledge, this is the first study 

that combines all parameters in a multivariate analysis. The fact that some patients 

have factors that are related to shorter PFS or OS does not indicate that PRRT is an 

unsuitable treatment for these patients. Patients could still respond to treatment and 

have a longer PFS or OS compared with other treatments. This is especially true for 

patient with G3 tumours or SSTR-positive neuroendocrine carcinomas39. Furthermore, 

this study might help physicians and patients manage expectations from PRRT based 

on individual characteristics.
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Conclusions

Higher Ki-67-values had a negative outcome on both PFS and OS, as well as higher 

CgA levels and previous chemotherapy. Furthermore, PFS was negatively associated 

with previous interferon-α treatment and diabetes, while lower OS was related to prior 

ablation and higher performance status. 
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Supplementary materials

Table S1 Overview of the number of patients that received both 177Lu and 90Y 

 Number of cycles 90Y

1 2 3 4 5

177Lu

1 0 78 37 8 1

2 78 71 4 0 0

3 77 13 1 0 0

4 6 0 0 0 0

5 0 0 0 0 0

* 22 patients were excluded from this table, these patients received both 177Lu and 90Y within 

one cycle
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Table S2 Other parameters evaluated for progression free survival. HR > 1 indicates a greater risk 

for progression and HR < 1 a lower risk.

Parameter Group Univariate Multivariate

HR 95% CI p value HR 95% CI p value

Location primary tumour Small intestine 1 0.062† -

CUP 1.155 0.890-1.497

Pancreas 1.162 0.954-1.415

Other 1.289 0.958-1.735

Large intestine 1.292 0.908-1.837

Lung 1.625 1.186-2.226

Tumour grade Grade 1 1 0.036† -

Grade 2 1.224 0.999-1.500

Grade 3 1.522 1.062-2.180

Ki-67 Q1: < 2 % 1 0.002† 1 0.044

Q2: 2-5% 1.165 0.898-1.513 1.171 0.880-1.557

Q3: 5-10% 1.466 1.111-1.934 1.419 1.041-1.935

Q4: > 10% 1.631 1.230-2.163 1.493 1.090-2.045

Functional tumour Yes 1.052 0.873-1.269 0.595 -

Performance status WHO 0 1 < 0.001† -

WHO 1 1.352 1.127-1.623

WHO 2-3 1.741 1.262-2.402

Comorbidities Hypertension 0.842 0.624-1.135 0.258

Diabetes 1.373 0.989-1.907 0.058† 1.706 1.117-2.605 0.013

Prior treatment Resection primary tumour 0.997 0.849-1.172 0.972 -

Somatostatin analogue 1.162 0.989-1.367 0.069† -

Chemotherapy 1.362 1.123-1.652 0.002† 1.375 1.039-1.820 0.026

Ablation 1.090 0.864-1.374 0.467 -

Interferon-α 1.487 1.046-2.114 0.027† 2.054 1.211-3.485 0.008

Radiotherapy 2.059 1.420-2.984 < s0.001† -

Isotope 177Lutetium 1 0.028† -

177Lu and 90Y 0.797 0.672-0.944

90Yttrium 0.823 0.642-1.055

Blood count Normal 0.927 0.783-1.098 0.381 -
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Table S2 Continued.

Parameter Group Univariate Multivariate

HR 95% CI p value HR 95% CI p value

CgA (µg/L) Q1: < 112 1 < 0.001† 1 < 0.001

Q2: 112-333 1.189 0.932-0.517 1.267 0.922-1.741

Q3: 336-1168 1.580 1.241-2.011 1.469 1.084-1.992

Q4: > 1168 2.148 1.679-2.747 2.039 1.488-2.794

Serotonin 1 1.000-1.000 0.493 -

eGFR 0.999 0.996-1.003 0.690 -

Creatinine 1.002 0.998-1.006 0.270 -

CI: Confidence Interval; HR: Hazard Ratio. †p < 0.01 parameter used as input for multivariate 

analysis

Table S3 Other parameters evaluated for overall survival. HR > 1 indicates a greater risk for death 

of any cause and HR < 1 a lower risk.

Parameter Group Univariate Multivariate

HR 95% CI p value HR 95% CI p value

Location primary 

tumour

Small intestine 1 0.014† - 

CUP 1.197 0.848-1.691

Other 1.413 0.968-2.062

Pancreas 1.519 1.184-1.948

Large intestine 1.594 1.003-2.533

Lung 1.716 1.150-2.560

Tumour grade Grade 1 1 < 0.001† -

Grade 2 1.394 1.065-1.826

Grade 3 2.473 1.621-3.772

Ki-67 Q1: < 2 % 1 0.001† 1 0.014

Q2: 2-5% 1.340 0.960-1.871 1.363 0.946-1.965

Q3: 5-10% 1.519 1.051-2.194 1.203 0.798-1.814

Q4: > 10% 2.143 1.488-3.087 1.930 1.285-2.899

Performance status WHO 0 1 < 0.001† 1 0.010

WHO 1 1.781 1.432-2.214 1.551 1.109-2.169

WHO 2-3 2.817 1.941-4.089 2.305 1.432-3.713

Functional Yes 0.865 0.675-1.108 0.251 -



Survival prediction after PRRT   |   135

6

Table S2 Continued.

Parameter Group Univariate Multivariate

HR 95% CI p value HR 95% CI p value

CgA (µg/L) Q1: < 112 1 < 0.001† 1 < 0.001

Q2: 112-333 1.189 0.932-0.517 1.267 0.922-1.741

Q3: 336-1168 1.580 1.241-2.011 1.469 1.084-1.992

Q4: > 1168 2.148 1.679-2.747 2.039 1.488-2.794

Serotonin 1 1.000-1.000 0.493 -

eGFR 0.999 0.996-1.003 0.690 -

Creatinine 1.002 0.998-1.006 0.270 -

CI: Confidence Interval; HR: Hazard Ratio. †p < 0.01 parameter used as input for multivariate 

analysis

Table S3 Other parameters evaluated for overall survival. HR > 1 indicates a greater risk for death 

of any cause and HR < 1 a lower risk.

Parameter Group Univariate Multivariate

HR 95% CI p value HR 95% CI p value

Location primary 

tumour

Small intestine 1 0.014† - 

CUP 1.197 0.848-1.691

Other 1.413 0.968-2.062

Pancreas 1.519 1.184-1.948

Large intestine 1.594 1.003-2.533

Lung 1.716 1.150-2.560

Tumour grade Grade 1 1 < 0.001† -

Grade 2 1.394 1.065-1.826

Grade 3 2.473 1.621-3.772

Ki-67 Q1: < 2 % 1 0.001† 1 0.014

Q2: 2-5% 1.340 0.960-1.871 1.363 0.946-1.965

Q3: 5-10% 1.519 1.051-2.194 1.203 0.798-1.814

Q4: > 10% 2.143 1.488-3.087 1.930 1.285-2.899

Performance status WHO 0 1 < 0.001† 1 0.010

WHO 1 1.781 1.432-2.214 1.551 1.109-2.169

WHO 2-3 2.817 1.941-4.089 2.305 1.432-3.713

Functional Yes 0.865 0.675-1.108 0.251 -



136   |   Chapter 6

Table S3 Continued.

Parameter Group Univariate Multivariate

HR 95% CI p value HR 95% CI p value

Comorbidities Hypertension 0.927 0.616-1.396 0.716 -

Diabetes 1.184 0.777-1.805 0.431 -

Prior treatment Resection primary tumour 0.715 0.584-0.877 0.001† -

Somatostatin analogue 1.159 0.949-1.417 0.148 -

Ablation 1.458 1.103-1.928 0.008† 1.519 1.041-2.215 0.030

Interferon-α 1.504 1.002-2.256 0.049†

Radiotherapy 1.780 1.120-2.829 0.015† -

Chemotherapy 1.792 1.434-2.239 < 0.001† 1.979 1.412-2.773 < 0.001

Isotope 177Lutetium 1 0.110 - 

90Yttrium 0.843 0.627-1.133

177Lu and 90Y 0.792 0.636-0.986

Blood count Normal 0.732 0.593-0.903 0.004† -

CgA (µg/L) Q1: < 112 1 < 0.001† 1 < 0.001

Q2: 112-336 1.531 1.100-2.131 1.690 1.095-2.608

Q3: 336-1168 1.887 1.354-2.631 1.816 1.718-2.799

Q4: > 1168 3.357 2.434-4.631 2.671 1.717-4.155

Serotonin 1.000 1.000-1.000 0.567 -

eGFR 1.002 0.998-1.006 0.236 -

Creatinine 0.998 0.994-1.003 0.510 -

CI: Confidence Interval; HR: Hazard Ratio. †p < 0.01 parameter used as input for multivariate 

analysis
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Abstract

Purpose

Mainly severe (CTCAE grade 3-4) haematotoxicity during peptide receptor radionuclide 

therapy (PRRT) is reported in literature due to major clinical impact, however moderate 

(CTCAE grade 2) haematotoxicity is common and could affect therapy management. The 

aim was to evaluate the haematotoxicity course during PRRT and to compare baseline 

parameters between haematotoxicity grades.

Methods

This study is a retrospective study of 100 NET-patients treated with PRRT in the 

Netherlands Cancer Institute. Patients were treated with an aimed number of four cycles 

with 7.4 GBq [177Lu]Lutetium-DOTATATE administered every 10 weeks. Haematological 

assessment was performed at baseline and frequently up to 10 weeks after cycle four. 

The lowest haematological value was graded (CTCAE v5.0) and patients were classified 

using the highest observed grade. Differences in patient and tumour characteristics 

were evaluated between CTCAE grades.

Results

Four cycles were completed by 79% of patients, 9% was still under on-going therapy and 

12% discontinued permanently (3% due to haematotoxicity). The highest haematotoxicity 

grade was grade 0-1 in 55% of patients, grade 2 in 39% and grade 3-4 in 6%. No differences 

in baseline patient and tumour characteristics were identified between haematotoxicity 

grades.

Conclusions

The incidence of severe haematotoxicity was low using an extensive screening program 

and haematological monitoring, and 97% of patients was not restricted in treatment 

continuation by haematotoxicity. The value of baseline parameters for prediction of 

haematotoxicity is limited and with the low number of patients with established toxicity, 

adjustment of selection criteria is not recommended.
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Introduction

Peptide receptor radionuclide therapy (PRRT) for the treatment of neuroendocrine 

tumours (NET) was clinically established with the completion of the phase III NETTER-1 

trial1. This trial showed increased progression free survival and improved quality of life 

in patients treated with [177Lu]Lutetium (177Lu)-DOTATATE compared to patients treated 

with high dose octreotide only2. The red bone marrow and kidneys are the organs at 

risk during PRRT, as the peripherally circulating radiopharmaceutical irradiates the red 

bone marrow and is excreted via the urinary tract1. Long-term haematotoxicity after 

PRRT and persistent haematological dysfunction is described in 2.4-3.7% of patients 

with gastroenteropancreatic NET1–7. Monitoring of subacute haematotoxicity during 

PRRT is essential to maintain sufficient bone marrow function reserve8, and significant 

relations between the grade of platelet toxicity during PRRT and the occurrence of 

myelodysplastic syndrome are observed5. 

The Common Terminology Criteria for Adverse Events (CTCAE) are used to evaluate 

the severity of adverse events9. In current literature, mainly severe (CTCAE grade 3-4) 

haematotoxicity during PRRT is described, as it has most impact on patient care. In 

PRRT, subacute grade 3-4 haematotoxicity is known for its association with impaired 

renal function, extensive tumour mass, high uptake on pre-therapy imaging, age above 

70 years and low baseline white blood cell counts10. Although literature on mild or 

moderate (grade 1 and 2) haematotoxicity is limited, it occurs frequently and affects 

PRRT treatments by required dosage adjustments and/or postponement of the next 

therapy cycle1. Hence, this could possibly lead to reduced therapy effect and accordingly 

worse survival. 

Hypothetically, patients with extensive bone metastases have a higher risk for 

haematotoxicity due to high radioactivity accumulation in the bone. On the other hand, 

Beauregard et al. suggested that large tumour volumes would lead to decreased 

haematotoxicity, due to the so-called tumour sink-effect11. Tumour load segmented on 

pre-therapy [68Ga]Gallium (68Ga)-DOTATATE PET/CT could be used to explore its role 

in subacute haematotoxicity during 177Lu-DOTATATE therapy. However currently there 

is no consensus concerning the optimal method for 68Ga-DOTATATE tumour volume 

delineation. A novel method for liver tumour volume segmentation was developed in our 

institute for [18F]Fluorine (18F) FDG PET/CT, which could be applied for 68Ga-DOTATATE. 

Also, the current inclusion criteria for PRRT are strict with high sufficient bone marrow 

reserve.



142   |   Chapter 7

The first aim of this study was to evaluate the haematotoxicity course during PRRT, 

including CTCAE grade 2 and grade 3-4 haematotoxicity, and the practical consequences 

for patient’s management. The second aim was to assess the correlation between 

baseline parameters and different haematotoxicity grades, with focus on receptor 

imaging derived tumour volume. Finally, it was assessed whether the strict selection 

criteria for PRRT as described in the guidelines could be adapted. 
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Materials and Methods

Eligibility for PRRT

The following inclusion criteria were used to evaluate eligibility for clinical treatment with 

PRRT: I) histopathological proven metastasized or irresectable well differentiated NET, II) 

increased somatostatin receptor expression, visualised on 68Ga-DOTATATE, III) sufficient 

bone marrow function before and during PRRT, defined using the following thresholds: 

haemoglobin > 5.5 mmol/L, leucocyte counts > 3.0×109/L, neutrophil granulocyte 

counts > 1.0×109/L and platelet counts > 75×109/L, and IV) kidney function measured by 

the glomerular filtration rate (GFR) above 50 ml/min/1.7m2, bilirubin maximal three times 

normal limit and serum albumin > 30 g/L. The mentioned levels were based on the joint 

guideline by the EANM, SNMMI and IAEA and experience from the Rotterdam group8,12. 

Patients should not have been treated with previous PRRT cycles for inclusion in this 

retrospective study. This retrospective study was approved by the Institutional Review 

Board of the Netherlands Cancer Institute – Antoni van Leeuwenhoek (METC18.0684). 

68Ga-DOTATATE PET/CT imaging and PRRT 
68Ga-DOTATATE PET/CT was performed within six months prior to the first PRRT cycle, 

~45 minutes after an intravenous injection of ~100 MBq of in-house labelled 68Ga-

DOTATATE13. PET images were acquired from mid-skull to mid-thighs and a low-dose CT 

was performed for attenuation correction and anatomical correlation. 177Lu -DOTATATE 

was labelled in-house according to validated protocols and in line with current Good 

RadioPharmacy Practice (cGRPP) guidelines14. Patients received up to four cycles of 

PRRT (7.4 GBq of 177Lu-DOTATATE per cycle) every 10 weeks, or reduced dosages and/

or longer intervals between cycles in case of decreased haematological parameters. 

Long-acting somatostatin analogues (SSA) had to be discontinued at least four weeks 

before treatment and short-acting SSA for at least 24 hours before PRRT administration 

until 24 hours thereafter. An amino acid solution was infused during four hours for kidney 

protection, in concordance with ENETS guidelines15. 

Image segmentation

Bone and soft tissue lesions were lesion-wise segmented using 40% of the standardized 

uptake peak value SUVpeak, the 1 ml volume with the highest average uptake within a 

lesion16. Liver tumour volume was determined using a novel method, which is described 

in detail in the supplementary materials. Briefly, all SUV-values in the liver were sorted in 

a histogram on which three Gaussian functions were fitted, presumed to represent the 

blood pool, normal liver and tumourous tissue. The normal liver Gaussian was determined 

using visual assessment of the plots in combination with SUV measurements on 68Ga 

-DOTATATE PET/CT. All voxels above the SUV average of the normal liver Gaussian plus 
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one standard deviation were assumed to be tumour tissue. All segmentations were 

performed in 3D Slicer (version 4.10) and the liver histogram analysis was performed in 

using an in-house developed algorithm in Python. 

Data collection

Haemoglobin, leucocyte counts, neutrophil granulocyte counts and platelet counts 

were measured at baseline and at least every 3, 6 and 8.5 weeks after each treatment 

cycle until 10 weeks after the fourth PRRT cycle. The lowest value from start of PRRT was 

graded according to CTCAE v5 and patients were classified as CTCAE grade 0-1, grade 

2 and grade 3-4 based on the highest observed grade in any of the four haematological 

parameters at any time point during PRRT9. The following baseline parameters were 

evaluated for differences between CTCAE grades: gender, primary tumour site, tumour 

grade, tumour volume, co-morbidities, previous therapies, age at the time of the first 

PRRT administration, and baseline laboratory assessment. Diabetes and cardiovascular 

disease (hypertension, heart valve insufficiency, deep venous thrombosis, intermittent 

claudication and atrial fibrillation) were included as possible relevant co-morbidities 

due to known association with renal toxicity3. In addition, patients with an impaired 

cardiovascular function might have increased 177Lu-DOTATATE circulating time resulting 

in longer irradiation of the red marrow and increased haematotoxicity. Laboratory 

assessment included haematological analysis and baseline renal function (glomerular 

filtration rate, GFR). 

Statistical analysis

Parameters were evaluated for normal distribution using visual histogram assessment 

and non-normal distributed data was log transformed. Differences in baseline parameters 

between CTCAE grades were evaluated with Chi square, ANOVA and Kruskal-Wallis 

tests, with additional post hoc analysis in case of statistical significance (p values < 0.05). 

Correlation and regression analysis were performed to assess the relation between 

baseline and the lowest haematological value during PRRT. Analyses were performed 

with SPSS statistics version 25 (IBM, Armonk, NY, United States) and Prism (GraphPad, 

San Diego, CA, United States).
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Results

This retrospective observational study included 100 patients treated with PRRT between 

March 2016 and March 2020. In our cohort, 50% of patients had grade 1-2 anaemia before 

the start of PRRT, of which 48% grade 1 and 2% grade 2. Baseline grade 1 leucocytopenia 

and thrombocytopenia was observed in 7% and 8%, respectively. Four therapy cycles 

were completed by 79/100 of patients, while 15/100 and 6/100 of patients received 

three or two cycles, respectively. Out of the 21 patients who did not complete four 

therapy cycles, 9 patients are still on therapy and 12 patients permanently discontinued 

PRRT. The reasons for discontinuation were persistent haematotoxicity (n  =  3) and 

progressive disease during PRRT (n = 9). 

Haematotoxicity during PRRT

Over all treatment cycles, any grade 2 haematotoxicity occurred in 39/100 patients, 

which was already observed after the first therapy cycle in 18/39 (46.2%) patients, in 

8/39 (20.5%) after cycle 2, in 10/39 (25.6%) after cycle 3 and in 3/39 (7.7%) after cycle 4. 

Grade 3-4 haematotoxicity was observed in 6/100 patients, of whom in 2/6 of patients 

after cycle 1 and 4/6 after cycle 4. The highest observed CTCAE grade per patient, 

haematological parameter and therapy cycle is shown in Figure 1, and the lowest 

observed value per haematological parameter and CTCAE grade during PRRT course 

in Table 1. On average, 6 to 7 weeks (standard deviation 2-3 weeks) after each treatment 

cycle the first grade 2 or grade 3-4 haematotoxicity as well as the lowest observed value 

was measured (see Table S1 in the supplementary materials).

Table 1 The lowest observed value per haematological parameter and CTCAE grade during 

PRRT course

Grade 0-1 Grade 2 Grade 3-4

% Median [IQR] % Median [IQR] % Median [IQR]

Haemoglobin 78 7.2 [6.6-7.8] 20 6.0 [5.7-6.1] 2* 4.3, 4.5

Leucocyte counts 75 3.8 [3.5-4.7] 22 2.5 [2.1-2.9] 3* 1.0, 1.9, 1.9

Neutrophil counts 81 2.5 [2.0-3.1] 17 1.3 [1.1-1.3] 2* 0.7, 0.8

Platelet counts 82 145 [111-182] 15 61 [55-67] 3* 28, 30, 40

IQR: interquartile range. Haemoglobin in mmol/L, other parameters in ×109/L. *small number of 

patients, therefore individual values are provided
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Figure 1 Haematotoxicity at baseline and after each treatment cycle according to CTCAE v5.0. 

A) shows overall haematotoxicity grades, indicating the highest toxicity grade observed in one 

or more of the haematological parameters which are further specified in (B-E).

In 21/100 of patients the treatment schedule was adjusted due to haematotoxicity, of 

whom in 3 patients PRRT was permanently discontinued. The PRRT course and the 

development of haematotoxicity of these 21 patients are shown in the swimmers plot 

in Figure 2 and the occurring haematotoxicity is specified in Table S2. In 16/21 (76%) 

patients the next cycle was postponed (range 12 – 18 weeks between cycles), in 13/21 

(62%) patients the administered activity was reduced (range 3.7 – 5.5 GBq) and in 11/21 

(52%) patients both adjustments were applied. 

Baseline parameter differences

Baseline haematological values were significantly different between CTCAE groups 

(Table 2), whereas other baseline patient and tumour characteristics did not show 

any differences (see Table S3 for specifications). Baseline haemoglobin levels were 

lower in patients with any grade 3-4 haematotoxicity (7.2 ± 0.6 mmol/L) compared to 

patients with grade 0-1 (8.2 ± 0.8 mmol/L), while patients who developed grade 2 had 

no significantly different baseline haemoglobin levels (7.8 ± 0.9 mmol/L). For the other 

parameters, patients with grade 0-1 haematotoxicity had significantly higher baseline 

values than patients with grade 2 toxicity: 7.2×109/L [interquartile range (IQR) 6.3-8.2] 

vs. 5.8×109/L [IQR 4.8-7.7] for leucocyte counts, 4.6×109/L [IQR 3.8-5.4] vs. 3.7×109/L [IQR 

2.6-4.7] for neutrophil counts, and 259×109/L [IQR 216-342] vs. 205×109/L [IQR 171-326] for 
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platelet counts. The percentage and absolute difference between baseline and lowest 

observed haematological value is shown in Figure 3. The baseline and lowest observed 

value per patient were significantly correlated (all p < 0.001) in all four parameters. A 

good correlation of 0.708 and beta of 0.801 [95% CI 0.641-0.961] in the regression analysis 

was observed for haemoglobin, whereas the associations within the other parameters 

were lower, see Table 3. Scatter plots of the baseline and lowest observed value during 

PRRT are shown in Figure 4, along with the corresponding regression line. 

Figure 2 Swimmers plot of the 21 patients with adjusted therapy schedules. The bar patterns 

represent the CTCAE grade and rhombus a normal or reduced dosage. In 16/21 (76%) patients 

the next cycle was postponed, in 13/21 (62%) patients the administered activity was reduced 

(5.5 or 3.7 GBq). In 11/21 (52%) patients both alterations were applied. In patient #3 the therapy 

was postponed and reduced activity was used due to fast declining platelets, without reaching 

grade 2 toxicity after the second cycle. In patient #21 the second cycle was postponed due to 

failure of 177Lu-DOTATATE production. 

Table 2 Baseline values of haematological parameters corresponding to the highest observed 

CTCAE haematotoxicity grade of any haematological parameter during PRRT 

Parameter CTCAE grade p value

Grade 0-1 Grade 2 Grade 3-4

Number 55 39 6

Haemoglobin 8.2±0.8 7.8±0.9 7.2±0.6 0.009

Leucocyte counts 7.2 [6.3-8.2] 5.8 [4.8-7.7] 7.1 [5.2-8.0] 0.009

Neutrophil counts 4.6 [3.8-5.4] 3.7 [2.6-4.7] 4.1 [3.1-5.0] 0.004

Platelet counts 259 [216-342] 205 [171-326] 240 [185-310] 0.049

Haemoglobin in mmol/L, other parameters in ×109/L.
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Table 3 Correlations and regression analysis between the baseline and lowest observed 

haematological value

Correlation Regression analysis

Coefficient p value Beta (95% CI) R square p value

Haemoglobin 0.708 <0.001 0.801 mmol/L (0.641-0.961) 0.501 <0.001

Leucocyte counts 0.522 <0.001 0.296×109/L (0.208-0.384) 0.314 <0.001

Neutrophil counts 0.480 <0.001 0.221×109/L (0.135-0.306) 0.211 <0.001

Platelet counts 0.523 <0.001 0.320×109/L (209-0.432) 0.248 <0.001
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Discussion

At this moment it is not possible to predict subacute haematotoxicity during PRRT using 

baseline parameters. However, 97% of patients in our cohort could continue PRRT with 

the current screening program, close monitoring between treatment cycles and, if 

necessary, therapy adjustments. Although CTCAE grade 2 haematotoxicity is considered 

moderate with little clinical implications, it is a contraindication for treatment in some 

clinical trials1,17. A literature overview of studies reporting subacute haematotoxicity 

during PRRT is provided in Table 4. The differences in the observed CTCTAE grade 

2 and grade 3-4 percentages between studies could be explained by differences in 

study population, since the inclusion criteria for clinical trials are usually stricter than 

for a routine clinical population. Mild baseline anaemia in the majority of patients was 

also observed by Medaer et al., as well as baseline grade 1-2 leucocytopenia in 7%, 

neutropenia in 6% and baseline grade 1 thrombocytopenia in 10%18. 

Table 4 Literature overview of subacute CTCAE haematotoxicity during PRRT (% of patients)

Overall Anaemia Leuco-

cytopenia

Neutropenia Throm-

bocytopenia

G1-2 G3-4 G1-2 G3-4 G1-2 G3-4 G1-2 G3-4 G1-2 G3-4

Bergsma10 11 3.1 5.3 7.8

Del Prete26 96.2 63.5 21.2 7.7 55.8 5.8 26.9 3.8 48.1 5.8

Garske-Román17 15

Löser21 3.3 3.3

Medaer18 45.1 83 18 52 7 51 6 46 14

Strosberg1 14 0 9 1 4 1 23 2

This study 88 6 80 2 63 3 17 2 61 3

In our cohort of 100 patients, the therapeutic schedules had to be adjusted due to 

haematotoxicity in 18 patients and in only three patients the treatment was permanently 

discontinued. In the study of Garske-Román et al., the white blood cell count should be 

>3.0×109/L and platelet counts >100×109/L. Based on these criteria, in 34.5% of patients 

one or more treatment cycles were postponed and PRRT was permanently discontinued 

in 22% of patients19. The platelet counts limits for continuing PRRT in our institute are 

less strict than in the study of Garske-Román, which could explain the smaller number 

of patients required adapted therapy courses due to haematotoxicity (21% vs. 34.5%). In 

the present study also the number of patients who had to discontinue therapy due to 

haematotoxicity was lower (3% vs. 22%). In the study of Garske-Román only delayed next 

therapy cycles were used, whereas in our study also reduced activities were administered. 
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Associations between subacute CTCAE grade 3-4 haematotoxicity and low creatinine 

clearance, age >70 years, extensive tumour mass, high tumour uptake compared to 

kidney uptake and baseline white blood cell counts <4.0×109/L were observed by 

Bergsma et al.10 In our study, no clear correlation between these parameters and 

CTCAE haematotoxicity grade during PRRT was observed. Only a good correlation of 

0.708 between baseline and lowest observed haemoglobin value was observed. The 

dispersion in the scatter plots of leucocyte, neutrophil and platelet counts was too 

large and resulted in lower R-square values than haemoglobin. Based on the results 

presented here, it is not possible to predict degree of decline or CTCAE haematotoxicity 

grade during PRRT using baseline haematological values. Our hypothesis was that in 

patients with high skeletal tumour load increased haematotoxicity during PRRT would 

be observed. By contrast, a high overall tumour load could result in less haematotoxicity 

due to the ‘tumour sink effect’11. Evidence for a sink effect in 177Lu-DOTATATE therapy is 

demonstrated by an inverse correlation between tumour dose and kidney dose20. Also, 

an association between visual high tumour burden on Octreoscan and CTCAE grade 

3-4 haematotoxicity was demonstrated10. The results in our cohort do not suggest a 

relation between total tumour volume and occurrence of subacute haematotoxicity 

during PRRT. 

Limited subacute severe (CTCAE grade 3-4) haematotoxicity is observed during 

PRRT, supporting the statement that PRRT is a safe therapy with the correct selection 

criteria21,22. Perhaps the administered dosage could be increase to deliver a higher dose 

to tumour lesions, yet this requires close monitoring to ensure safety. This monitoring 

could also include dosimetry, however the correlation between the absorbed dose 

to the bone marrow and decrease in haematological parameters is uncertain17,23. 

Simultaneously, kidney toxicity needs to be taken into account, although the effects 

are different per patient as kidney function declines per year and is more relevant in 

patients with additional risk factors3. Current expert’s opinion is that dosimetry should 

focus on bone marrow protection, since the kidney dose is limited and haematotoxicity 

could be especially relevant if more than four cycles are given24. However, Van der Zwan 

et al. reported similar incidence of CTCAE grade 3-4 toxicity after 6 and 8 cycles of PRRT 

of 6.6% and 7.7%, respectively25. 



152   |   Chapter 7

Conclusions

PRRT in our hospital is safe with low incidence of severe haematotoxicity using an 

extensive screening program and haematological monitoring, and 97% of patients 

was not restricted in treatment continuation by haematotoxicity. No differences in 

baseline patient and tumour characteristics between none/mild, moderate and severe 

haematotoxicity were identified. Persistent moderate to severe haematotoxicity was 

rarely observed, but after adapting dosages and/or postponed administrations, many 

patients still could complete their treatment course. Based on the limited value of pre-

screening parameters for toxicity and the number of patients with established toxicity, 

adjustment of selection criteria is not recommended.
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Abstract

Purpose

Response after peptide receptor radionuclide therapy (PRRT) can be evaluated using 

anatomical imaging (CT/MRI), somatostatin receptor imaging ([68Ga]Gallium (68Ga)-

DOTATATE PET/CT), and serum Chromogranin-A (CgA). The aim of this retrospective 

study is to assess the role of these response evaluation methods and their predictive 

value for overall survival (OS).

Methods

Imaging and CgA levels were acquired prior to start of PRRT, and 3 and 9 months 

after completion. Tumour size was measured on anatomical imaging and response 

was categorized according to RECIST 1.1 and Choi criteria. 68Ga-DOTATATE uptake 

was quantified in both target lesions depicted on anatomical imaging and separately 

identified PET target lesions, which were either followed over time or newly identified on 

each scan with PERCIST-based criteria. Response evaluation methods were compared 

with Cox regression analyses and Log Rank tests for association with OS. 

Results

A total of 44 patients were included, with median follow-up of 31 months (IQR 26-36 

months) and median OS of 39 months (IQR 32mo-not reached)d. Progressive disease 

after 9 months (according to RECIST 1.1) was significantly associated with worse OS 

compared to stable disease [HR 9.04 (95% CI 2.10-38.85)], however not compared to 

patients with partial response. According to Choi criteria, progressive disease was also 

significantly associated with worse OS compared to stable disease [HR 6.10 (95% CI 1.38-

27.05)] and compared to patients with partial response [HR 22.66 (95% CI 2.33-219.99)]. 

In some patients, new lesions were detected earlier with 68Ga -DOTATATE PET/CT than 

with anatomical imaging. After 3 months, new lesions on 68Ga-DOTATATE PET/CT which 

were not visible on anatomical imaging, were detected in 4/41 (10%) patients and in 

another 3/27 (11%) patients after 9 months. However, no associations between change in 

uptake on 68Ga-DOTATATE PET/CT or serum CgA measurements and OS was observed.

Conclusions

Progression on anatomical imaging performed 9 months after PRRT is associated with 

worse OS compared to stable disease or partial response. Although new lesions were 

detected earlier with 68Ga-DOTATATE PET/CT than with anatomical imaging, 68Ga-

DOTATATE uptake, and serum CgA after PRRT were not predictive for OS in this cohort 

with limited number of patients and follow-up time.
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Introduction

Peptide receptor radionuclide therapy (PRRT) for patients with metastatic or unresectable 

neuroendocrine tumours (NET) significantly increases progression free survival compared 

to conventional treatment and is expected to increase overall survival (OS) as well1. Mainly 

grade I and II NETs are treated with PRRT, since these tumours generally overexpress the 

PRRT target somatostatin receptor. Typically the treatment consists of four administrations 

of 7.4 GBq [177Lu]Lutetium (177Lu)-DOTATATE with 6-12 week intervals. Treatment response 

after PRRT can be determined using several different parameters: (1) anatomical changes 

measured on CT or MR imaging, (2) changes in uptake of [68Ga]Gallium (68Ga)-labelled 

somatostatin analogues (68Ga-SSA), or (3) change in tumour marker serum Chromogranin-A 

(CgA) levels2. Each of these three methods has its own advantages and drawbacks. Firstly, 

tumour size measurements on anatomical imaging is often performed according to the 

well-defined and reproducible Response Evaluation Criteria in Solid Tumours (RECIST 1.1)3. 

However, since NETs are slow-growing, there is a debate whether response or progression 

according to RECIST 1.1 is the right parameter4. To better differentiate the response of 

patients or tumour lesions, the more stringent Choi criteria for changes in tumour size 

(originally developed for slow-growing gastrointestinal stromal tumours) can be applied 

to NETs5–7. In addition, the presence of new bone lesions are often not observed with 

anatomical imaging, whereas 68Ga-DOTATATE PET/CT is able to visualize bone lesions 

from a certain diameter. Secondly, 68Ga-DOTATATE PET/CT has a high sensitivity and 

specificity for the detection of NETs8. Several PRRT studies have been performed to 

correlate baseline 68Ga-DOTATATE uptake to response (Positron Emission Tomography 

Response Criteria in Solid Tumours (PERCIST) and change on anatomical imaging) of 

the same lesion9–11. However, whether changes in 68Ga-DOTATATE uptake after PRRT on 

a patient level predicts survival is still unknown. Response monitoring using changes in 
68Ga-DOTATATE uptake is also challenging since reduced tracer uptake could indicate a 

smaller number of somatostatin receptor (SSTRs) either due to disease progression (e.g., 

more SSTR-negative NET-cells or therapy response by a decline in the number of cells), 

or other parameters such as changes in perfusion. Thirdly, CgA levels are easily obtained, 

but have a moderate sensitivity and specificity in the follow-up setting for recurrence 

and/or progression12. The relationship between CgA and tumour load, however, remains 

debatable. 

For clinicians and patients, the most important outcome concerning response 

assessment is the association with OS and determination of eligibility for treatment with 

subsequent cycles of PRRT. The aim of this study is to evaluate the role of anatomical- 

and receptor imaging and CgA level determination in PRRT response evaluation and 

their predictive value for OS. 
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Materials and Methods

Patients and PRRT 

Patients were considered suitable for PRRT in case of advanced well-differentiated 

NET grade 1-3 (confirmed by histopathology), with sufficient SSTR expression, as 

visualised by uptake on 68Ga-DOTATATE PET/CT. [18F]Fluorine (18F)-FDG PET/CT was 

performed to exclude patients for treatment with PRRT in case of presence of tumour 

lesions with increased metabolic activity without (increased) SSTR expression. MRI 

or contrast-enhanced CT, acquired in a different imaging session, were performed 

to assess changes in tumour size. Patients had to be in good condition according 

to WHO grade 0 - 1. Haematological parameters had to be above the following 

limits: Hb ≥ 5.5 mmol/L, leukocyte count ≥ 3.0×109/L, neutrophil granulocyte count 

≥ 1.0×109/L, platelet count ≥ 75×109/L. In addition, liver function and renal function 

should be adequate (total bilirubin ≤30 μmol/L, serum albumin ≥ 30 g/L, glomerular 

filtration rate (GFR) ≥ 50 ml/min/1.73m2). Renal outflow obstruction was excluded by 

[99mTc]Technetium-MAG3 renal scintigraphy. Long-acting somatostatin analogues 

(SSAs) were discontinued four to six weeks before every treatment and short-

acting SSAs for at least 24 hours. A standard dosage of 7.4 GBq 177Lu-DOTATATE was 

administered four times at ten-week intervals. If deemed necessary due to subacute 

haematotoxicity, adjusted activity (3.7 or 5.5 GBq 177Lu-DOTATATE) was administered or 

next cycle was postponed until acceptable recovery of haematological parameters. All 

patients gave informed consent to use their data from routine clinical care for research 

purposes. Patients were selected consecutively, but were excluded from analysis in 

case of any other oncological treatments except for cold somatostatin analogues (SSA 

therapy) prior to the response assessment at 3 months after the last 177Lu-DOTATATE 

treatment, other tumours than NETs and in case of absence of follow-up scans in this 

time interval. If other therapies were applied between 3 and 9 months after PRRT, only 

the 9-month response assessment was excluded. 

Baseline and therapy evaluation

Baseline imaging included 68Ga-DOTATATE PET/CT within 6 months and anatomical 

imaging (CT or MRI) within 2 months prior to start of PRRT according to clinical protocol. 

Laboratory parameters, including serum CgA levels were determined within 1 month 

prior to therapy start. Follow-up PET/CTs were performed in each patient at 3 months 

(accepted range 1-6 months) and 9 months (accepted range 6-12 months) after the 

fourth PRRT cycle according to local clinical protocol. Anatomical imaging and CgA 

level measurements were performed as close as possible to PET/CT imaging. PET/CT 

imaging was performed 45 minutes after the intravenous administration of 100 MBq 

of 68Ga-DOTATATE. Acquisition parameters included 3 min/bed from base of skull 
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to mid-thighs on Gemini ToF PET/CT systems (Philips, Best, The Netherlands) with 

4x4x4mm voxel BLOB-OS-TF reconstruction. Low-dose CTs were additionally acquired 

for attenuation correction and anatomical correlation. SSA therapy was not withheld 

prior to 68Ga-DOTATATE imaging13. Contrast-enhanced (CE) CT imaging of thorax and/

or abdomen was performed. If liver metastases were better visualised by MRI, contrast-

enhanced MRI acquisitions of the liver only with mDixon, T2, and DWI sequences were 

performed. 

Image analysis

Target lesions were measured and classified on anatomical imaging, preferably CECT 

otherwise MRI, according to RECIST 1.1 criteria on baseline and 3 and 9 month follow-up 

scans3. The change in sum of diameters was additionally evaluated according to Choi 

criteria: increase ≥ 10% was classified as progression, decrease ≥ 10% as response, and 

in between as stable disease5. Measurements on anatomical imaging were performed 

in Vue PACS (Carestream, Rochester, NY) by an experienced radiologist (MJL) blinded 

for the clinical and PET/CT data. 

68Ga-DOTATATE uptake in RECIST 1.1 target lesions was measured and expressed in 

the standardised uptake values corrected for lean body mass (SUL 
max and SULpeak) 

according to EANM guidelines14. Next, 68Ga-DOTATATE PET/CT scans were quantified 

using different methods based on PERCIST15. 68Ga-DOTATATE PET/CT target lesions 

were, independent of lesion size, identified using two methods: I) the most intense 

lesions at baseline were measured on baseline and follow-up scans (‘Follow-up’) and 

II) the most intense lesions were defined on each scan individually (‘Independent’). 

PET target lesions were classified based on locations (liver, bone, soft tissue) with a 

maximum of two lesions per location and a total of five target lesions were identified 

using both methods ‘Follow-up’ and ‘Independent. In addition, also the single lesion with 

the highest uptake was noted. As a result, four categories were created: Follow-up5, 

Follow-up1, Independent5, and Independent1. The sum of SUL  was used for comparison 

between baseline and follow-up scans in both Follow-up5 and Independent5. SUL 

measurements (DMH, EAA) were performed using the Image Computing Platform 3D 

Slicer (version 4.10). 

In addition to tumour growth, the appearance of new lesions alone also indicates disease 

progression. Since cut-off values of tumour growth in NET are under discussion, the 

significance of new lesion detection was investigated separately by noting the absence 

or presence of new lesions on each scan compared to baseline. 
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Data analysis 

OS in months was determined from the start of PRRT until death from any cause or 

censured at last follow-up. Kaplan-Meier curves were plotted to compare median OS 

and inverse Kaplan-Meier was used to determine the follow-up time. Associations 

between imaging parameters, CgA levels and OS were evaluated using Cox survival 

analysis and Log Rank tests. Pearson’s correlation analysis was performed to assess 

the correlation between two evaluation methods. Statistical analysis was performed in 

SPSS (version 22, IBM, Armonk, NY) and PRISM (GraphPad, San Diego, CA). 
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Results

A total of 44 patients were included in this retrospective study and all patients completed 

four cycles of PRRT. The average age at start of PRRT was 63.0 ± 9.6 years and 47.7% of 

patients were male. The median time between the baseline 68Ga-DOTATATE PET/CT and 

anatomical imaging modality and the first PRRT administration was 1.5 months [IQR 1-3 

months] and 1 month [IQR 0-1 months], respectively. The median cumulative activity over 

four cycles was 29.7 GBq 177Lu-DOTATATE [IQR 29.3–29.9 GBq] and the median follow-

up time was 31 months [IQR 26-36mo]. Median OS was 39 months [IQR 32 months-not 

reached] and 12 (27.3%) patients died during follow-up (Figure 1A). CECT scans were 

performed in 41/44 patients, whereas 3/44 patients received baseline and follow-up 

MRI scans of the liver. 68Ga-DOTATATE PET/CT was performed in 41/44 patients (93.3%) 

after 3 months and in 27/44 patients (61.4%) after 9 months. All patient characteristics 

are shown in Table 1. In four patients only the 3-month time point was included due 

to radioembolisation treatment with [166Ho]Holmium-microspheres between 3 and 9 

months after PRRT. 

Anatomical imaging assessment compared to OS

RECIST 1.1 measurement of 110 lesions was performed (62 liver lesions, 25 lymph 

nodes and 23 other soft tissue lesions). 81% and 66.7% of the patients showed stable 

disease according to RECIST 1.1 after 3 and 9 months respectively, whereas 45.2% 

and 33.3% of patients showed stable disease using Choi criteria (see Table 2). Median 

overall survival was not reached for all response groups using both RECIST 1.1 and 

Choi criteria, therefore the mean overall survival was estimated. Both RECIST 1.1 

and Choi analysis after 3 months showed no association with OS (see Figure 1 and 

supplementary materials). 

Response groups according to RECIST 1.1 determined at 9 months showed significant 

differences in estimated mean OS: 39 months for patients with stable disease, 32 

months for patients with response and 27 months for patients with progressive disease 

(Log Rank, p = 0.002). Progressive disease according to RECIST 1.1 at 9 months was 

significantly associated with worse OS compared to patients with stable disease [Cox 

regression, HR 9.04 (95% CI 2.10-38.85)]. 

Similar, response groups according to Choi criteria determined at 9 months showed 

significant differences in estimated mean OS: 37 months for patients with stable disease, 

42 months for patients with response and 28 months for patients with progressive 

disease (Log Rank, p<0.001). Progressive disease at 9 months according to Choi criteria 

was associated with worse OS compared to patients with stable disease [Cox regression, 
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HR 6.10 (95% CI 1.38-27.05)] and compared to patients with response [Cox regression, HR 

22.66 (95% CI 2.33-219.99)]. Figure 1 shows the survival curves for the total population 

as well as divided per response group according to RECIST 1.1 and Choi criteria after 

both 3 and 9 months. 

Evaluation of the continuous variable of the cumulative size of target lesions also showed 

significant association between an increase in size and worse survival after 3 months 

[Cox regression, HR 1.041 (95% CI 1.015-1.068)] and after 9 months [Cox regression, 

HR 1.036 (95% CI 1.011-1.061)].

The appearance of new lesions in liver, bone and lung, detected on anatomical imaging 

with respect to baseline imaging, was reported in two patients (4.8%) after 3 months 

and in an additional three patients after 9 months, resulting in five patients (12.8%) with 

new lesions after 9 months. However, in this small group, no association between the 

presence of new lesions and OS was found (Figure 2A-B). 

68Ga-DOTATATE PET/CT analysis compared to OS

A total of 189 PET target lesions were segmented on baseline 68Ga-DOTATATE PET/CT 

(77 liver lesions, 35 bone lesions and 77 ‘other’ lesion). The lesions with the highest 

uptake were located primarily in the liver (61.4%), followed by ‘other’ locations (27.3%) 

and less often in the bone (11.4%). No associations between change in uptake on 68Ga-

DOTATATE PET/CT using any of the four quantification methods and OS was observed 

(see supplementary materials). 

New lesions in bone, liver and lung were detected in 6/41 patients (14.6%) after 3 months. 

An additional 3/26 patients (11.5%) showed new lesions after 9 months. Also these new 

lesions on 68Ga-DOTATATE PET/CT were not associated with OS, see Figure 2C-D. 

In Figure 3, the correlation between SULpeak measurements after 3 and 9 months is 

shown. There is a good correlation between image quantification after 3 and 9 months. 

Serum CgA evaluation compared to OS

The median CgA level at baseline was 739 µg/L [IQR 125–1746]. After 3 months, the 

median absolute CgA difference was -87 µg/L [IQR -341–16], and the percentage 

difference was -15% [IQR -42–24]. At 9 months a median absolute CgA difference with 

respect to baseline of -21 µg/L [IQR -294–69] and a percentage difference of -11% [IQR 

-34–36] was observed. Neither the absolute differences in CgA nor the percentage 

difference after 3 or 9 months were associated with OS. 
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Table 1 Patient characteristics and number of scans performed

Number (%)

Age Years ± SD 63.0±9.6

Gender Female 23 (52.3%)

Primary tumour Small intestine 28 (63.6%)

Pancreas 11 (25.0%)

Lung 3 (6.8%)

Unknown 2 (4.5%)

Grade 1 26 (59.1%)

2 16 (36.4 %)

3 2 (4.5%)

Anatomical imaging Baseline # 44 (100%)

3 months # 42 (95.5%)

Time [range] 2 months [1-5]

9 months # 39 (88.5%)

Time [range] 9 months [5-12]

68Ga-DOTATATE 

PET/CT 

Baseline # 44 (100%)

3 months # 41 (93.3%)

Time [range] 3 months [2-3]

9 months # 27 (61.4%)

Time [range] 9 months [6-12]

CgA Baseline # 44 (100%)

3 months # 42 (95%)

Time [range] 2.5 months [1-6]

9 months # 39 (89%)

Time [range] 9 months [6-12]
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Figure 1 Kaplan-Meier curves of overall survival (A), and response according to RECIST 1.1 (B-C) 

and Choi (D-E)
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Table 2 Response according to RECIST 1.1 and Choi criteria. Data is represented as (n (%)). 

Response Stable Progression

3 months (n = 42) RECIST 1.1 4 (9.5) 34 (81.0) 4 (9.5)

Choi 19 (45.2) 19 (45.2) 4 (9.5)

9 months (n = 39) RECIST 1.1 5 (12.8) 26 (66.7) 8 (20.5)

Choi 17 (43.6) 13 (33.3) 9 (23.1)
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Figure 3 SULpeak differences after 3 and 9 months with respect to baseline 68Ga-DOTATATE 

PET/CT of patients undergoing PET/CT at all three time points. Presence of new lesions on 

either scan 3 or 9 months is indicated with colours. Pearson correlation coefficients between 

both times points are A) 0.888 with p < 0.001, B) 0.862 with p < 0.001, C) 0.846 with p < 0.001, and 

D) 0.824 with p < 0.001.

Comparison between therapy evaluation methods

All new lesions observed on anatomical imaging were also detected on 68Ga-DOTATATE 

PET/CT, however not the other way around. After 3 months, 6 patients presented with 

new lesions on 68Ga-DOTATATE PET/CT, of whom only 2 patients presented with the 

same new lesions on anatomical imaging. In one patient a new liver lesion was detected 

on CT, however multiple liver lesions were already visible on 68Ga-DOTATATE PET/CT. 

On the other hand, no patients with new lesions on anatomical imaging alone were 

found. All results are shown in Table 3. After 9 months, an additional three patients 
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showed new lesions on 68Ga-DOTATATE PET/CT but not on anatomical imaging. One 

patient showed new lesions on anatomical imaging, but a 68Ga-DOTATATE PET/CT was 

not available for comparison. Meanwhile, two patients that had new lesions after 3 

months on 68Ga-DOTATATE PET/CT only showed new lesions on anatomical imaging 

after 9 months. In one patient different new lesions were detected (liver lesions on 

PET/CT and lymphadenopathy on CT), whereas in the other patient bone lesions were 

earlier observed on PET/CT than on CT. 

Table 3 Presence (grey) or absence (N/white) of new lesions compared to baseline on each scan 

of all patients presenting with new lesions

Patient 

ID

PET/CT after 2 

months

n = 41

CT/MRI after 3 

months

n = 42

PET/CT after 9 

months

n = 27

CT/MRI after 9 

months

n = 39

9 Bone2

Liver1

N n.a. N

17 Bone1 N n.a. Other4

18 Bone1 N n.a. Bone4

24 Bone3 Bone3 n.a. Bone4

29 Lung3 Lung3

Liver1

n.a. Lung4

Liver4

35 Bone1 N Bone1 N

5 N N Bone1 N

11 N N Liver1 N

22 N N Other1 N

10 N N n.a. Other4

n.a.: not acquired. 1Not visible on other imaging modality but within scan range. 2Not within 

scan range of other imaging modality. 3Visible on other imaging modality. 4No other imaging 

performed at this time point for comparison.

The response assessment methods were compared in different ways. At first, the change 

in size of the target lesions on anatomical imaging was compared to the 68Ga-DOTATATE 

uptake of the same RECIST 1.1 target lesions. The change in SUL in the RECIST 1.1 lesions 

with the corresponding RECIST 1.1 and Choi response category is shown in waterfall 

plots in Figure 4 and Figure 5, respectively. 

Although visually response evaluation according to Choi criteria shows improved 

concordance with SUL-measurements compared to RECIST 1.1 criteria, some patients 

classified with progressive disease still show a large decrease in SUL, whereas some 
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patients with response still show an increase in SUL. No significant correlation was 

found between the percentage difference in diameter on anatomical imaging and the 

percentage difference in SULmax or SULpeak after 3 and 9 months (Figure 6). Secondly, 

response based on the change in size of the target lesions on anatomical imaging 

was compared to SUL changes in separately identified PET target lesions quantified 

with all previously described methods. No significant association between response on 

anatomical imaging and change in 68Ga-DOTATATE uptake using all four quantification 

methods was observed. Thirdly, the percentage change in serum CgA level after 9 

months and the response according to RECIST 1.1 at that time point were significantly 

different between the groups (p = 0.031). Patients with stable disease according to 

RECIST 1.1 had a decrease of CgA (median -14.3%, IQR -30.0 - +31.6%), responding 

patients also had a decrease in CgA (median -42.3%, IQR -79.3 - -9.3%), whilst progressive 

patients showed an increase in CgA (median +27.4%, IQR -11.7% - + 370.1%). There was no 

difference in CgA changes between Choi response groups.

31 16 36 8 29 23 7 40 37 34 17 5 4 26 6 39 38
1 21 33 9 19 12 14 13 54 11 32 25 3 41 42 28 22 2 24 10 35 15 18 27

-100

-50

0

50

100

SULmax after 3 months

Ch
an

ge
 S

U
L m

ax
 (%

)

8 31 16 36 7 34 39 29 23 5 17 40 37 4 26 6 38
1 14 13 19 33 21 12 9 11 25 3 54 32 2 42 41 22 24 28 10 35 15 18 27

-100

-50

0

50

100

SULpeak after 3 months

Ch
an

ge
 S

U
L pe

ak
 (%

)

16 47 51 37 23 19 36 34 38
1 21 33 54 32 25 13 18 5 26 11 22 42 35 49 41 3 15

-80

-60

-40

-20

0

20

40

SULmax after 9 months

Ch
an

ge
 S

U
L m

ax
 (%

)

16 47 51 37 23 19 38
1

36 34 49 54 33 21 32 5 13 18 25 26 11 22 42 41 35 3 15

-100

-50

0

50

100

SULpeak after 9 months

Ch
an

ge
 S

U
L pe

ak
 (%

)

ResponseStableProgression

A

C

B

D

Figure 4 Waterfall plot of RECIST 1.1 outcome (response, stable disease or progression) and 

change in SUL-measurements of RECIST 1.1 target lesions for (A) SULmax after 3 months, (B) 

SULpeak after 3 months, (C) SULmax after 9 months and (D) SULpeak after 9 months.
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Figure 5 Waterfall plot of Choi results (response, stable disease, or progression) and change in 

SUL-measurements of the same target lesions after 3 months (A-B) and 9 months (C-D)
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Figure 6 Comparison of percentage change in SUL and size of the same lesion. Pearson 

correlation coefficients between both time are A) -0.030 with p = 0.852, B) 0.039 with p = 0.810, 

C) 0.304 with p = 0.123, and D) 0.338 with p = 0.084. 
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Discussion

Currently, different response assessment methods for anatomical imaging are applied in 

NET, mainly SWOG and/or RECIST (1.0 or 1.1) criteria16. In functional imaging, traditionally 

[111In]Indium-octreotide scans were visually assessed using the Krenning score, which 

compared tumour uptake with uptake in the liver and spleen/kidney17. However, with 

the introduction of SSA-labelled PET-tracers response evaluation of receptor imaging 

could be performed quantitatively. In current SSA-PET/CT research, tumour SUVmax is 

often used as a reference, but also the tumour-to-spleen and tumour-to-liver ratios are 

described11,18. Previous studies used different selection criteria for target lesions, such 

as a single reference lesion with a diameter above 1.5 cm9, a maximum of three lesions 

divided over four organs18, or methods according to (modified)PERCIST11. The SUVpeak, as 

recommended by PERCIST, is used rarely in current literature and was therefore taken 

into consideration here. In our study, progression on anatomical imaging determined 

using both RECIST 1.1 and Choi criteria after 9 months was associated with worse OS. 

Although new lesions were detected earlier with 68Ga-DOTATATE PET/CT than with 

anatomical imaging, changes in 68Ga-DOTATATE uptake, and serum CgA after PRRT 

were not predictive for OS. 

Response on anatomical imaging, assessed by Choi criteria at 9 months, was 

associated with longer OS in this study. No association between response according 

to RECIST 1.1 at either time point and OS was observed, however this could be due 

to the low number of patients with response. The Cox survival analysis, however, was 

significantly different between patients with progressive disease compared to patients 

with stable disease after 9 months. This was also shown in other studies evaluating 

response within one year after the fourth cycle of PRRT treatment with [90Y]Yttrium-

labelled and/or 177Lu-labelled compounds19–21. In addition, Vinjarmuri et al. observed 

that patients with both radiological, biochemical and clinical response had improved 

OS compared to the patients with partial response or stable disease19. In our study no 

cut-off values for change in 68Ga-DOTATATE uptake nor CgA levels were used to divide 

patients in response categories to allow for identification of certain threshold. The 

presented results, however, do not point to certain change 68Ga-DOTATATE uptake 

nor CgA levels that could be related with therapy response. In contrast to our study, 

Kong et al. did find associations between OS and response on anatomical imaging 

(CT), functional imaging ([111In]In-Octreotate SPECT, 68Ga-octreotate PET and 18F-FDG 

PET) and biochemical response using CgA levels22. Patients with response on all three 

response evaluation methods had significant improved OS. An important difference is 

that Kong et al. used the Krenning score for the receptor imaging modalities whereas 

methods inspired by PERCIST were applied in the current study. Although no ratios 
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between normal tissue and tumour uptake were evaluated in this study, a decrease in 

tumour-to-spleen SUV ratio after PRRT is suggested to predict the time to progression 

according to RECIST 1.118. With respect to CgA, in this study the percentage change in 

serum CgA levels after 9 months was significantly different over all response groups 

according to RECIST 1.1. This is in line with the association between change in plasma 

CgA and tumour response according to RECIST 1.1 in 28 patients, observed by Kim 

et al.23 

In this study, patients with progressive disease on anatomical imaging showed a 

significantly shorter OS compared to patients with stable disease for both RECIST 1.1 

and Choi. It is important to notice that progressive disease is defined as either substantial 

growth of existing lesions and/or the appearance of new lesions. Therefore, the 

presence of new lesions alone was also investigated for association with OS. Although 

not statistically significant, again probably due to the small number of patients and short 

follow-up time, our results suggests that the presence of new lesions alone might be 

associated with a worse OS. Furthermore, new lesions were detected earlier or solely 

on 68Ga-DOTATATE PET/CT in 7/10 patients, whilst in 2/10 patients new lesions were 

detected simultaneously on both PET/CT and separate anatomical imaging. In 1/10 

patients new lesions were detected on anatomical imaging only, but no 68Ga-DOTATATE 

PET/CT was available for comparison. This suggests that 68Ga-DOTATATE PET/CT might 

be the modality of choice for detection of new lesions that have arisen during or (shortly) 

after PRRT indicating therapy failure, which is relevant in decision making on (future) 

additional cycles of PRRT. To the best of our knowledge, the impact of progression due 

to the appearance of new lesions on survival has not yet been studied in NET. In non-

small cell lung cancer patients, however, the new-lesion status on 18F-FDG PET/CT 

during erlotinib treatment was a potential surrogate biomarker for survival and treatment 

failure, being more informative than SUV measurements24. Similarly, increase in size 

of RECIST 1.1 target lesions was not predictive for OS, whilst the appearance of new 

lesions and progression of non-target lesions could predict OS in metastatic renal cell 

carcinoma patients25.

The main limitations of this study are the small number of patients and limited follow-up 

time. As a result, the number of patients in our study presenting with new lesions is too 

small to provide any recommendations for patients presenting with new lesions after 

PRRT. Furthermore, most patients included in this study had grade I or grade II mid-gut 

NETs, of which the majority grade I which are slow growing tumours and require long 

follow-up times in order to observe progression of the disease. Also, the range of time 

between follow-up assessments is variable, which could affect the results. Although the 

protocol was to perform follow-up scans 3 and 9 months after PRRT, this is not always 
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possible in routine clinical situations. Therefore, this study reflects clinical observations 

and these different types of progression after PRRT might warrant further investigation, 

as well as the role of 18F-FDG PET/CT. 

PERCIST is developed and validated for 18F-FDG PET/CT imaging15, but not for 68Ga-

DOTATATE. Hence, other imaging analysis methods could be used for 68Ga-DOTATATE 

PET/CT assessment, for example the total tumour volume26 or assessment of tracer 

distribution with texture analysis27,28. However, PERCIST-like methods are easy to perform 

and are more likely to be adapted in the routine clinical practice. For that reason the 

focus in this study was on simple SUL-measurements, these have the highest chance 

for clinical implementation in our opinion. A disadvantage of our approach of measuring 

the most intense lesions on 68Ga-DOTATATE PET/CT is that probably low grade tumours 

are measured. Low grade (GI/GII) tumours are likely to show more somatostatin receptor 

expression than high grade tumours (GIII) and therefore more 68Ga-DOTATATE uptake29. 

It might be argued that these low-grade/high-uptake lesions respond better to PRRT, 

therefore measuring the lesions with the highest uptake might overestimate the 

response of the patient as a whole, however no evidence for this is available.

Finally, clinical response assessment in patients with NETs is as important as imaging 

and laboratory derived parameters and PRRT has shown to improve quality of life30. 

Clinical response was however beyond the scope of the current study.
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Conclusions

Progression on anatomical imaging performed 9 months after PRRT is associated with 

worse OS compared to stable disease or partial response. Although new lesions were 

detected earlier with 68Ga-DOTATATE PET/CT than with anatomical imaging, 68Ga-

DOTATATE uptake and serum CgA after PRRT were not predictive for OS in this cohort 

with limited number of patients and follow-up time.
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Supplementary materials

Table S1 Continuous variables and association with overall survival 

Time point Approach HR (95% CI) p value

3 months CT size 1.041 (1.015-1.068) 0.002

Follow-up5* 1.007 (0.987-1.030) 0.471

Follow-up1* 1.001 (0.983-1.018) 0.939

Independent5* 1.008 (0.989-1.029) 0.407

Independent1* 1.030 (0.974-1.090) 0.300

CgA absolute 1.000 (1.000-1.000) 0.015

CgA percentage 1.000 (1.000-1.000) 0.009

9 months CT size 1.036 (1.011-1.061) 0.004

Follow-up5* 1.020 (0.969-1.075) 0.448

Follow-up1* 0.997 (0.966-1.030) 0.861

Independent5* 1.004 (0.986-1.023) 0.646

Independent1* 1.017 (0.983-1.052) 0.325

CgA absolute 1.000 (1.000-1.000) 0.009

CgA percentage 1.000 (1.000-1.000) 0.009

*68Ga-DOTATATE PET/CT analysis using SULpeak

Table S2 Categorised variables and association with overall survival

Time point Approach Category HR (95% CI) p value

3 months RECIST Stable 1 0.163

Response 0 0.984

Progression 4.943 (0.956-25.571) 0.057

Choi Stable 1 0.121

Response 0.780 (0.217-2.799) 0.703

Progression 4.880 (0.867-27.460) 0.072

9 months RECIST Stable 1 0.011

Response 2.289 (0.236-22.185) 0.475

Progression 9.042 (2.104-38.853) 0.003

Choi Stable 1 0.007

Response 0.269 (0.027-2.650) 0.261

Progression 6.104 (1.377-27.054) 0.017
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Table S3 Difference in CgA and uptake on 68Ga-DOTATATE PET/CT between 

response groups according to RECIST and Choi

Time point Approach p value

3 months RECIST vs. CgA absolute 0.235

RECIST vs. CgA percentage 0.164

Choi vs. CgA absolute 0.216

Choi vs. CgA percentage 0.164

RECIST vs. Follow-up5 0.006

RECIST vs. Follow-up1 0.087

RECIST vs. Independent5 0.045

RECIST vs. Independent1 0.040

Choi vs. Follow-up5 0.076

Choi vs. Follow-up1 0.213

Choi vs. Independent5 0.289

Choi vs. Independent1 0.257

9 months RECIST vs. CgA absolute 0.031

RECIST vs. CgA percentage 0.078

Choi vs. CgA absolute 0.324

Choi vs. CgA percentage 0.421

RECIST vs. Follow-up5 0.150

RECIST vs. Follow-up1 0.842

RECIST vs. Independent5 0.771

RECIST vs. Independent1 0.979

Choi vs. Follow-up5 0.522

Choi vs. Follow-up1 0.929

Choi vs. Independent5 0.384

Choi vs. Independent1 0.254

Table S4 Detection of new lesions and association with overall survival

Time point Approach HR (95% CI) p value

3 months Anatomical imaging 0.047 (0.000-209941.54) 0.695

68 Ga-DOTATATE PET/CT 2.972 (0.780-11.325) 0.111

9 months Anatomical imaging 3.809 (0.946-15.329) 0.060

68 Ga-DOTATATE PET/CT 2.801 (0.240-32.676) 0.411
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General discussion and future perspectives

Nuclear medicine diagnostic imaging and treatment options for patients with 

neuroendocrine tumours (NETs) have improved and expanded in recent years. Novel 

imaging systems with improved sensitivity at higher resolutions have been developed 

and state-of-the-art computer technology now allows for voxel-based dosimetry in a 

few seconds. At this moment, peptide receptor radionuclide therapy (PRRT) is still a 

‘one-size-fits-all’ approach, but new insights could move PRRT towards a personalised 

therapeutic strategy. In this chapter, the contribution of imaging and clinical parameters 

to each phase of the PRRT treatment cycle is discussed and future perspectives are 

provided.

Patient selection
PRRT is an expensive and time consuming treatment consisting of four administrations 

of 7.4 GBq of [177Lu]Lutetium (177Lu)-DOTATATE in 6-12 weeks intervals. Hence, there is a 

clear need to fully exploit the therapeutic benefits both from the patient’s and clinician’s 

perspective, as well as from a social point of view1. PRRT is based on the theranostics 

principle, where a tumour targeting peptide is coupled to radionuclides with similar 

chemical characteristics for either diagnostic or therapeutic purposes2. In current patient 

treatment selection, tumour uptake of the diagnostic radiopharmaceutical [68Ga]Gallium 

(68Ga)-DOTATATE is visually assessed before a patient is considered suitable for 177Lu-

DOTATATE therapy3–5. Some centres also perform [18F]Fluorine (18F)-FDG PET/CT since 

the presence of 18F-FDG positive lesions is associated with early progressive disease in 

NET6–9. However, good uptake of 177Lu-DOTATATE and even good response to PRRT is 

observed in patients with lesions that accumulate both 18F-FDG and 68Ga-DOTATATE10. 

The benefit of PRRT in patients with 18F-FDG positive lesions or in patients with high 

grade (grade 3) NETs is under debate5 as high values of the proliferation marker Ki-

67 are related to worse outcomes11,12. In Chapter 6 it was shown that clinical baseline 

parameters are associated with survival after PRRT; high values of both Ki-67 and 

tumour marker serum Chromogranin-A, previous therapies, co-morbidities and poor 

performance status were associated with worse survival. With the increasing number of 

studies available in literature, clinical, imaging and histopathological data are combined 

to assess the potential benefit of PRRT for individual patients in guidelines3,5,13.

At this moment PRRT is considered a second-line or even third-line treatment, primarily 

after progression under somatostatin analogues5. There is no exclusive evidence about 

the optimal position of PRRT in the NET-treatment strategy and clinical benefits for 

specific NETs in comparison to targeted therapies or chemotherapy. Patients with liver 

dominant disease could also be candidates for treatment with transarterial embolisation 
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(selective occlusion of hepatic arterial supply to tumour lesions14) or selective internal 

radiation therapy (SIRT, with 90Yttrium or 166Holmium)15–18. In addition, intra-arterial 

administrations of 177Lu-DOTATATE in the hepatic artery are suggested to maximise the 

effect due to a first pass effect in liver lesions19,20. 

Toxicity during PRRT
In general PRRT is considered a safe treatment with limited (sub)acute adverse events, 

yet moderate (CTCAE grade 2) haematotoxicity is common and severe (CTCAE grade 

3-4) haematotoxicity is observed in 11-63.5% of selected patients21–24. Older patients 

and low baseline haematological parameters are known for association with severe 

haematotoxicity during PRRT. On the other hand, the tumour sink effect, i.e. less 

circulating 177Lu-DOTATATE due to high tumour load, has been suggested to result in 

less haematotoxicity21,25. Chapter 7 did not reveal any association between the incidence 

of haematotoxicity during PRRT and the tumour volume on pre-therapy 68Ga-DOTATATE 

PET/CT. Consequently, frequent haematological monitoring during PRRT remains 

advised, especially around 6-7 weeks post-administration to indicate the lowest value. 

In addition, sufficient bone marrow reserve at baseline is required to allow for temporarily 

reduced haematological parameters. With adequate screening, monitoring and therapy 

adjustments, 97% of patients should be able to finish four cycles of PRRT without major 

haematological toxicity increasing the likelihood of a favourable treatment response. 

In the patients that do develop haematotoxicity it can be considered to administer a 

lowered dosage or postpone the treatment.

Post-therapy dosimetry 
Uptake of 177Lu-DOTATATE in both proven as well as potential new tumour localisations 

could be monitored using post-therapy imaging. In case of SPECT/CT acquisitions, 

the accompanying anatomical imaging allows for investigation of major anatomical 

changes, for example ascites, dilation of the bowel and pleural fluid. A recent study in our 

department on the value of post-therapy imaging showed that these additional findings 

on low-dose CT have the most clinical impact. In this study, only 1% of patients show 

disease progression in terms of number of metastases under PRRT which was detected 

by 177Lu-imaging. With this knowledge, solely planar post-therapy imaging for uptake 

confirmation after 177Lu-DOTATATE infusion would have limited clinical consequences. 

SPECT/CT acquisitions provide more information due to the accompanied low-dose 

CT, and are advised based on these study results. The benefit of post-therapy imaging 

according to current guidelines is however mainly focussed on dosimetric analysis3,26. 
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Post-therapy dosimetry is required under the European directive Euratom 2013/59 

which is active since 2018. This directive states that the delivered absorbed dose should 

be measured and noted for all therapies with ionizing irradiation27. Currently, no active 

surveillance of law adherence is performed and opinions concerning the implementation 

of this directive vary between professional associations. Although required by law, 

dosimetric analysis currently has no clinical impact due to limited evidence. Dosimetry 

is not included in registration studies such as the NETTER-1 trial for 177Lu-DOTATATE1 and 

VISION trial for 177Lu-PSMA28, therefore there is no data on dose-response relationships 

in these trials and dosimetry-based dosing would be considered off-label use. 

The issue with dosimetry is a ‘chicken-and-egg’ problem: dosimetry is not performed 

due to limited evidence, but evidence will not be collected if dosimetry is never 

performed. Three clinical trials have been conducted where the number of PRRT cycles 

was based on the kidney absorbed dose22,23,29. In one study grade 2 kidney toxicity was 

observed in 4% of patients, and grade 4 in 0.5%, whereas in the two other studies no 

renal toxicity was observed. The median absorbed kidney doses were 4.5 Gy (range 

2.2-14.3)29, 5.2 Gy (1.8-10.5)22 per treatment cycle, and 61.5% reached 23 Gy to the kidneys 

after 3-10 cycles of PRRT. The number of administered therapy cycles ranged between 

3-6 and the absorbed dose to the tumour was higher than would have been after the 

conventional number of four PRRT cycles. Both studies are a motivation that tailored 

PRRT is feasible and safe.

The absorbed dose should be determined as precise as possible, however each 

component in the dosimetry chain adds to the total uncertainty of the calculation: 

volume determination, time-integrated activity calculation (time-activity curve fitting), 

quantification, and absorbed dose calculation (S-values)30. Final uncertainties are also 

dependent on the target of interest; the uncertainty of the absorbed dose delivered 

to liver tumour lesions is much higher compared to kidney dose30. Although many 

sophisticated methods for 177Lu-DOTATATE dosimetry are available, most clinical 

dosimetry in literature is still performed with the assumptions of homogeneous activity 

distributions and geometries derived from ICRP reference phantoms, as shown in 

Chapter 4. Personalised medicine is one of the goals of the European Union, thus 

stretching the importance of the development of voxel-based dosimetry methods. Many 

dosimetry tools are still in a research and development stage and are not designed for 

routine clinical use. Also, a practical guideline for dosimetry after PRRT would be highly 

beneficial for the community and should touch upon all factors as pointed out in the 

uncertainty document30. In current literature absorbed dose estimates are described, but 

the clinical relevance is limited in these cases, as the overview in Chapter 4 shows that 

many different approaches are used and most research is performed in a retrospective 
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setting. Therefore, clinical trials are essential for further personalisation of PRRT. The 

in-house developed LundADose and OLINDA/EXM are used in these studies, which 

have different approaches and assumptions in the dosimetric calculation. Yet, Chapter 5 

showed that dosimetric results determined with two software packages are comparable 

with similar time-activity curve fitting. These results were recently confirmed in a 

comparison with again PLANET Dose (DOSIsoft) and OLINDA/EXM (Hybrid Dosimetry 

Module, Hermes), with the addition of SurePlan MRT (MIM) and STRATOS (Philips)31. 

Therefore, it should be possible to compare dosimetry results and to gather more 

evidence for dosimetry, with the requirements of harmonised, well-chosen imaging 

time points, imaging protocol and time-activity curve fitting. 

Response assessment 
At this moment, PRRT is a black box of at least 30 weeks (four cycles with ten weeks 

intervals) plus often a couple of months before therapy effects are evaluated, primarily 

using anatomical imaging modalities. The main objective of PRRT at the moment 

is stabilisation of the disease, but in a minority of patients (18-39%) tumour volume 

reduction can be observed on anatomical imaging1,23,32. Chapter 7 showed that 

progression on anatomical imaging after 9 months was associated with worse survival, 

but no associated with PET/CT uptake measurements was observed. In addition, 

new lesions were detected earlier with 68Ga-DOTATATE PET/CT than with anatomical 

imaging. Therefore both anatomical and receptor imaging is recommended for response 

evaluation after PRRT, and could assist in identifying patients to receive more than four 

PRRT cycles. Since the benefit of imaging for response evaluation is limited, a promising 

option would be the use of liquid biopsies33,34. A major pitfall for the clinical introduction 

of response assessment with liquid biopsies, however, is the lack of standardisation and 

harmonisation between platforms and techniques, as well as independent validation in 

prospective clinical trials35.

For multicentre PET/CT studies, reliable comparison of quantitative measures between 

centres and imaging systems is essential. Response assessment with 18F-FDG PET/CT 

is validated and demonstrated in the PERCIST criteria36, however no clear cut off values 

for response and progressive disease are available for 68Ga-DOTATATE PET/CT. The 

EANM Research Ltd. (EARL) was initiated to provide guidelines for quantitative imaging 

which is exchangeable between the accredited centres and PET/CT imaging systems, 

but lacks guidelines for 68Ga PET/CT37. Chapter 2 showed an underestimation of 68Ga 

quantification compared to the EARL-1 guidelines for 18F of 5% after a 68Ga/18F cross-

calibration correction. This correction can be performed afterwards and requires no 
68Ga PET/CT specific imaging protocols. 
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Conclusion
In conclusion, nuclear medicine imaging techniques for diagnostic imaging and treatment 

of neuroendocrine tumours have evolved, but current clinical practise has not changed 

accordingly. This thesis contributes to knowledge of NET-image quantification and post-

therapy dosimetry, as well as prediction of toxicity, response and survival after PRRT. 

Specialists from all disciplines should focus on multimodality approaches, multidisciplinary 

meetings and multicentre collaborations to accomplished harmonised and personalised 

workflows for patients with NETs receiving PRRT. 

Future perspectives
At this moment, somatostatin receptor analogues are mainly used for nuclear medicine 

diagnostics and therapy for neuroendocrine tumours. Other theranostics tracers are 

developed that have potential for diagnostics and therapy in NET, for example somatostatin 

antagonists38,39 and the fibroblast activation protein (FAPI)40,41. 

Combinations of β-- and α-emitting radionuclides could further enhance therapeutic 

effects39. The distribution and uptake of radiopharmaceuticals can be modelled using 

physiologically based pharmacokinetic (PBPK) modelling42. A patient-specific PBPK model 

can be created using pre-therapy data to optimise the therapy beforehand or to estimate 

possible response or toxicities. PRRT can be also optimised from a radiation oncology point 

of view using absorbed dose estimates. Current models for external beam radiation therapy 

are based on a balance between normal tissue complication probability and tumour control 

probability43, however such data is not available for peptide receptor radionuclide therapy. 

Ideally, such models would be available for radionuclide therapy and specified for each 

radionuclide due to the varying electron energies. Identification of patients suitable for 

PRRT as well as therapy response assessment is performed using multimodality imaging 

techniques44. Deep learning is often suggested to be the future of medical imaging analysis, 

but it remains difficult yes critical to develop robust and validated models45,46. Biomarker 

models, including imaging, histopathological and clinical data, could be created to assist 

patients and physicians in the optimal treatment strategy and illustrate potential risks and 

outcomes. Ideally, the diagnostic 68Ga-DOTATATE PET/CT could be used as a predictive 

tool for response after 177Lu-DOTATATE therapy. Further research on this relation could focus 

on 68Ga-DOTATATE uptake using semi-quantitative measures in large cohorts and specific 

NET-categories, since the data in Chapter 7 showed limited association between SUL 

measurement and survival. Sophisticated techniques like PBPK modelling or deep learning 

methods (e.g. for total tumour volume47 or textural features assessment) could be options to 

further analyse correlations between diagnostic imaging and therapy outcome. Still, large 

patient cohorts are required in order to evaluate the predictive value of these techniques. 
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Summary

The aim of this thesis was to quantify and harmonise nuclear imaging techniques for 

patients with neuroendocrine tumours (NETs), and to identify parameters associated 

with survival, toxicity and response after peptide receptor radionuclide therapy (PRRT) 

in order to advance post-therapy dosimetry and response evaluation, which may 

ultimately lead to personalised treatment. 

Part I - Quantitative nuclear imaging and post-therapy dosimetry in 
NETs
Nuclear medicine imaging techniques are embedded in current clinical care for patients 

with NETs, both in the diagnostic and therapeutic setting. However, assessment of 

diagnostic [68Ga]Gallium (68Ga)-DOTATATE PET/CT is mainly performed visually due to 

the lack of evidence for quantitative measurements and guidelines for harmonisation. 

Therefore, quantitative 68Ga PET/CT imaging was evaluated in a multicentre setting and 

described in Chapter 2. 68Ga RC-curves were on the lower limit of established standards 

for [18F]Fluorine (18F) without any corrections. After correction for local 68Ga/18F cross-

calibration, the mean 68Ga PET/CT quantification performance was 5% below mean of 

the 18F-performance specifications. Therefore, it is advised to maintain acquisition and 

reconstruction protocols as designed and validated for 18F to avoid multiple protocols, 

and to perform local corrections for 68Ga/18F calibration mismatch. 

The advantage of PRRT with [177Lu]Lutetium (177Lu)-DOTATATE is that this isotope 

emits γ-photons to enable post-therapy imaging, in addition to the therapeutic effect 

of the emitted β--particles. Two principal photopeaks at 113 keV and 208 keV can be 

selected for 177Lu imaging, often acquired with a medium energy low penetration (MELP) 

collimator and multiple scatter windows for scatter correction. Combinations of the 

aforementioned settings and a comparable collimator ([99mTc]Technetium-Krypton or 

Mullekom) were evaluated for image quality, recovery and spatial resolution in Chapter 3. 

The NEMA image quality phantom was filled with three sphere-to-background ratios and 

accordingly imaged with all combinations of acquisition and reconstruction parameters. 

Overall, 177Lu-SPECT/CT was optimal when acquired with the MELP collimator and 

reconstructed using the 208 keV photopeak with scatter correction. 

Quantitative post-therapy 177Lu-imaging-based dosimetry enables therapy evaluation by 

means of absorbed dose assessment. Sequential imaging acquisitions are required to 

determine the cumulative activity in a certain organ or tumour, since uptake and excretion 

of the radiopharmaceutical are dynamic processes. The state-of-the-art literature review 

in Chapter 4 shows that clinical dosimetry in PRRT is feasible, and can result in improved 
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treatment outcomes. However, current clinical dosimetry studies mainly focus on safety 

and apply non-voxel based dosimetry methods. The next step towards routine dosimetry 

in PRRT for NET should include the use of sophisticated methods with standardised 

time points and routine assessment of tumour and normal tissue uptake. Since NETs are 

rare tumours and follow-up of several years is required before treatment effects can be 

observed, multicentre data collection and comparison is essential to gather evidence for 

dosimetry. However, many different approaches are used in literature.

In Chapter 5, dosimetry results of two commercial software packages, OLINDA/EXM 

and PLANET Dose, were evaluated using the same clinical dataset with similar kinetic 

modelling. The mono-exponential fits of the time-activity curve showed the most 

comparable correlation between the measured and fitted data between the two 

software packages, with intraclass correlation coefficients >0.7 for kidneys and tumour 

lesions. The according dosimetric outcomes using the mono-exponential fitting were 

comparable with Spearman correlation coefficients >0.9 for kidneys and tumour lesions. 

The results in Chapter 5 showed that 177Lu-DOTATATE dosimetry results of two software 

packages are comparable in the same dataset. These results should be verified in future 

studies with emphasis on the effect of different acquisitions, protocols, timing of the 

post-therapy imaging acquisitions and target definitions. 

Part II - Clinical outcome after PRRT
Survival is the most important outcome parameter for patients and clinicians, and prior 

knowledge on clinical and treatment parameters associated with progression free 

survival and overall survival is helpful to determine whether or not a patient should be 

considered for PRRT. The multivariate analysis in Chapter 6 showed that higher Ki-67 

values had a negative outcome on both progression free survival and overall survival, 

in addition to higher Chromogranin-A levels and previous chemotherapy. Furthermore, 

progression free survival was negatively associated with previous interferon-α treatment 

and diabetes, while lower overall survival was related to prior ablation and higher 

performance status.

Although severe (CTCAE grade 3-4) haematotoxicity during PRRT is generally limited, 

grade 2 is common and could affect patient’s therapy management. Therefore, the 

course and incidence of haematotoxicity during PRRT was investigated in Chapter 7, 

as well as its influence on therapy management. Furthermore, differences in baseline 

characteristics between patients with different CTCAE haematotoxicity grades were 

explored. The highest observed haematotoxicity CTCAE grade was grade 0-1 in 55% of 

patients, grade 2 in 39% and grade 3-4 in 6%. In 21/100 of patients the treatment schedule 

was adjusted due to haematotoxicity, of whom in 3 patients PRRT was permanently 
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discontinued and the others could continue treatment. However, no differences in 

baseline patient and tumour characteristics between none to mild, moderate and severe 

haematotoxicity were identified. The results in this chapter suggest that the predictive 

value of pre-therapy parameters is limited for the incidence of haematotoxicity during 

PRRT, and with the low number of patients with established toxicity the selection criteria 

should not be adjusted. 

At this moment, response assessment after PRRT is performed by evaluation of change 

in size on anatomical imaging, however, NETs are slow-growing tumours and changes 

on anatomical imaging are often limited. Therefore, change in somatostatin receptor 

expression visualised on 68Ga-DOTATATE PET/CT or change in serum tumour marker 

Chromogranin-A could be biomarkers for earlier response assessment. 

The role of different response evaluation methods (anatomical imaging, 68Ga-DOTATATE 

PET/CT and Chromogranin-A) and their predictive value for overall survival was evaluated 

in Chapter 8. Patients with progressive disease after 9 months on anatomical imaging 

had a significantly worse OS compared to patients with stable disease or response. 

Progressive disease according to Response Evaluation Criteria in Solid Tumours (RECIST) 

after 9 months resulted in significant worse survival compared to patients with stable 

disease. Similarly, progressive disease at 9 months according to Choi was associated 

with worse OS of compared patients with stable disease, and also compared to patients 

with response. Furthermore, new lesions were detected earlier with 68Ga-DOTATATE 

PET/CT than with anatomical imaging, however this was not associated with overall 

survival. 

In conclusion, this thesis contributes to knowledge of NET-imaging quantification and 

post-therapy dosimetry, as well as prediction of toxicity, response and survival after 

PRRT. Future research should at least include (imaging) analysis and modelling to further 

investigate biomarkers for patient selection. Multimodality approaches, multidisciplinary 

meetings and multicentre collaborations are essential for evaluation and to accomplish 

harmonised and personalised workflows for patients with NETs receiving PRRT. 
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Samenvatting

Neuro-endocrine tumoren (NETs) zijn zeldzame maligniteiten en patiënten worden 

vaak gediagnosticeerd in de gemetastaseerde setting. Deze goedgedifferentieerde 

tumoren tonen vaak overexpressie van de somatostatine receptor, welke gebruikt 

kan worden voor beeldvormende en therapeutische doeleinden. De somatostatine 

analoog ‘DOTATATE’ kan gekoppeld worden aan [68Ga]Gallium (68Ga) ten behoeve van 

diagnostische beeldvorming bij NETs met behulp van positron emissie tomografie in 

combinatie met computer tomografie (PET/CT). Therapie met DOTATATE gekoppeld 

aan [177Lu]Lutetium (177Lu) wordt ook wel peptide receptor radionuclide therapie 

(PRRT) genoemd. Een standaard PRRT schema houdt in dat patiënten vier keer 

behandeld worden met 7.4 GBq 177Lu-DOTATATE met intervallen tussen de 6 tot 12 

weken. Doordat 177Lu naast β--elektronen voor therapie-effect, ook gammastraling 

uitzendt, is posttherapie gamma beeldvorming mogelijk. Op basis van deze 

beeldvorming kan de dosis op zowel normale organen als tumorlaesies bepaald 

worden. 

Het doel van dit onderzoek was enerzijds om nucleaire beeldvormingstechnieken 

te kwantificeren en harmoniseren voor patiënten met een NET. Anderzijds was het 

doel om factoren te identificeren die geassocieerd zijn met overleving, toxiciteit en 

therapierespons na PRRT. De ambitie is dat door middel van dit onderzoek posttherapie 

dosimetrie en responsevaluatie na PRRT wordt geoptimaliseerd, om zo uiteindelijk te 

kunnen zorgen voor gepersonaliseerde behandelingen. 

Deel I – Kwantitatieve nucleaire beeldvorming en posttherapie 
dosimetrie in NETs 
Nucleaire beeldvormingstechnieken zijn ingebed in de klinische praktijk voor zowel 

diagnostische als therapeutische toepassingen bij patiënten met NETs. Tot op heden 

wordt diagnostische beeldvorming met behulp van 68Ga-DOTATATE PET/CT vooral 

visueel beoordeeld, omdat er beperkt bewijs is voor de toegevoegde waarde van 

kwantitatieve metingen. Daarnaast ontbreekt een richtlijn voor de harmonisatie van 
68Ga PET/CT tussen verschillende scanners, waardoor kwantitatieve resultaten tussen 

scanners en centra niet vergeleken kunnen worden. In Hoofdstuk 2 is een multicenter 

kwantitatieve 68Ga PET/CT studie uitgevoerd om de verschillen tussen scanners te 

onderzoeken en zijn de resultaten vergeleken met de huidige Europese richtlijn voor 

[18F]Fluor (18F). De ongecorrigeerde recovery curves van 68Ga PET/CT bleken aan de 

onderkant van de geldende limieten voor 18F. Na een correctie voor de lokale kalibratie 

verschillen tussen 68Ga en 18F, was de 68Ga kwantificatie gemiddeld 5% onder het 

gemiddelde van de 18F curves. Om te voorkomen dat er lokaal veel verschillende 
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acquisitie- en reconstructieprotocollen zijn, is de conclusie van dit hoofdstuk om de 

gevalideerde protocollen voor 18F te gebruiken en lokale correcties voor 68Ga/18F toe 

te passen voor 68Ga kwantificatie. 

De twee fotopieken van 177Lu, 113 en 208 keV, kunnen onafhankelijk of beide geselecteerd 

worden ten behoeve van beeldvorming. 177Lu gamma opnamen worden vaak met de 

medium energy low penetration (MELP) collimator gemaakt, met attenuatiecorrectie 

en eventueel scattercorrectie. De effecten van deze instellingen op de beeldkwaliteit, 

kwantificatie en spatiële resolutie zijn geëvalueerd in Hoofdstuk 3. Tevens is een 

collimator met vergelijkbare eigenschappen als de MELP, de 99mTechnetium/Krypton 

(Mullekom) collimator, beoordeeld. Het NEMA fantoom was gevuld met verschillende 

ratio’s tussen de bollen en de achtergrond, waarna verschillende acquisities en 

reconstructies gemaakt zijn. 177Lu SPECT/CT beeldkwaliteit, kwantificatie en resolutie 

bleken optimaal indien de acquisities waren vervaardigd met de MELP collimator en 208 

keV fotopiek, en de reconstructie naast attenuatiecorrectie ook scattercorrectie bevatte.

Kwantitatieve posttherapie 177Lu-beeldvorming maakt het mogelijk om de 

geabsorbeerde dosis in gezonde organen en in tumorlaesies te evalueren. Aangezien 

er een opnamefase en uitscheidings-/vervalfase van het radiofarmacon is, is 

beeldvorming op meerdere tijdspunten nodig om de cumulatieve activiteit te bepalen. 

Er zijn verschillende methoden om de tijds-activiteitscurve te modelleren en ook om 

de cumulatieve activiteit (tijdsgeïntegreerde activiteit in MBq.s-1) om te rekenen naar 

geabsorbeerde dosis in Gray (Joule per weefselmassa). Daarnaast kan het belang van 

de dosisberekening verschillen; veiligheid van de behandeling wordt in kaart gebracht 

door de dosis op normale organen te evalueren, terwijl de effectiviteit van de therapie 

kan worden onderzocht door de dosis in tumorlaesies te bepalen. Het state-of-the-

art review in Hoofdstuk 4 beschrijft dat klinische dosimetrie mogelijk is en potentieel 

kan zorgen voor verbeterde resultaten van de PRRT behandeling. Huidige klinische 

dosimetrie studies zijn echter vooral gefocust op veiligheid en passen geen voxel-

gebaseerde methoden toe. Voor het toepassen van posttherapie dosimetrie in de kliniek 

is het van belang dat er gebruik wordt gemaakt van de nieuwste computertechnologie 

met geïntegreerde methoden van segmentatie en kwantificatie. Daarnaast zouden de 

tijdspunten voor de posttherapie beeldvorming gestandaardiseerd moeten worden 

en routinematig dosisberekeningen gedaan moeten worden van zowel tumorlaesies 

als normale organen. Samenwerking tussen centra is essentieel om genoeg data te 

verzamelen en om te kunnen vergelijken, aangezien NETs zeldzame tumoren zijn 

en patiënten een lange vervolgtijd hebben. Potentieel kan hierdoor het bewijs voor 

posttherapie dosimetrie aangetoond worden, echter op dit moment worden nog veel 

verschillende methoden toepast in de literatuur.



Samenvatting   |   207

A

In Hoofdstuk 5 zijn de dosimetrie resultaten van twee commercieel verkrijgbare 

softwarepakketten, OLINDA/EXM (als onderdeel van Hermes Hybrid Dosimetry) 

en PLANET Dose, met elkaar vergeleken. Hierbij is dezelfde methode van kinetiek 

modellering toegepast en is data van dezelfde patiënten gebruikt. De correlatie tussen 

de geobserveerde en gemodelleerde data van de twee softwarepakketten kwam het 

best overeen met een mono-exponentiële fit van de tijdactiviteitscurves. Het intraclass 

correlatiecoëfficiënt van deze analyse was goed (>0.7) wanneer de kinetiek van de 

nieren en tumorlaesies gemodelleerd werd. De dosimetrie uitkomsten die bepaald 

zijn op basis van deze mono-exponentiele fit resulteerde in een goede overstemming 

tussen de twee pakketten, met een zeer goede Spearman correlatiecoëfficiënt (>0.9) 

voor de tumorlaesies en nieren. Op basis van deze resultaten kan worden gezegd 

dat posttherapie 177Lu-DOTATATE dosimetrie tussen deze twee softwarepakketten 

vergelijkbaar is, mits de kinetische modellering vergelijkbaar is. Deze conclusie moet 

worden geverifieerd in toekomstige studies waarbij ook het effect van verschillende 

acquisities, protocollen, de gekozen tijdspunten voor posttherapiebeeldvorming en 

de selectie van de organen en tumorlokalisaties voor dosimetrie moeten worden 

meegenomen. 

Deel II – Klinische uitkomsten na PRRT
Overleving is zowel voor de patiënt, artsen als voor de samenleving de belangrijkste 

uitkomstmaat. Hierbij is voorkennis over klinische en therapeutische factoren die 

geassocieerd zijn met progressievrije overleving en overleving na therapie essentieel. 

Deze kennis kan helpen om de beslissing te maken of PRRT de juiste behandeling is 

voor een specifieke patiënt. In Hoofdstuk 6 is een multivariate analyse uitgevoerd om 

klinische en therapeutische factoren te bepalen die geassocieerd zijn met overleving. 

Hogere Ki-67 waarden bleken, net als een hoger Chromogranine-A en chemotherapie 

voorafgaand aan PRRT, geassocieerd te zijn met een kortere (progressievrije) overleving 

na PRRT. Daarnaast werd een kortere progressievrije overleving ook gezien bij patiënten 

die eerder behandeld waren met interferon-α en bij patiënten met diabetes, terwijl 

patiënten die eerdere ablatieve behandelingen hebben gehad en die een hogere 

performance status hadden ook een kortere overleving hadden. 

Ernstige (CTCAE graad 3-4) hematologische toxiciteit gedurende PRRT komt weinig 

voor, in tegenstelling tot matige (CTCAE graad 2) toxiciteit, wat ook al invloed 

kan hebben op de behandeling van de patiënt. De incidentie en het verloop van 

hematologische toxiciteit gedurende PRRT was onderzocht in Hoofdstuk 7, evenals 

de gevolgen van hematologische toxiciteit op de behandeling. Hierbij zijn verschillen 

in patiëntkarakteristieken voorafgaand aan de therapie en het voorkomen van 

hematologische toxiciteit geëvalueerd. In 55% van de patiënten werd CTCAE graad 
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0-1 toxiciteit het meest frequent geobserveerd, graad 2 in 39% van de patiënten en 

graad 3-4 in 6%. Het therapieschema moest worden aangepast in 21/100 patiënten 

door hematologische toxiciteit, waarvan 3 patiënten definitief moesten stoppen met 

de behandeling terwijl de overige patiënten vervolggiften hebben kunnen ontvangen. 

Er was geen significant verschil in pretherapie karakteristieken tussen patiënten 

met verschillende mate van hematologische toxiciteit. Hierdoor is de conclusie 

van dit hoofdstuk dat de voorspellende waarde van pretherapie parameters voor 

hematologische toxiciteit gedurende PRRT beperkt is. Het advies is dan ook, juist 

ook vanwege de kleine aantallen patiënten met ernstige toxiciteit, om de huidige 

selectiecriteria niet aan te passen.

Momenteel is responsevaluatie na PRRT vooral gebaseerd op het meten van de 

maximale diameter van specifieke doeltumorlaesies op anatomische beeldvorming. 

NETs zijn echter langzaam groeiende tumoren, waardoor therapie-effect en 

daarmee volumereductie op anatomische beeldvorming pas laat zichtbaar kan zijn. 

Veranderingen op moleculair gebied zijn wellicht eerder te detecteren; daarom 

zouden zowel somatostatine receptor expressie op 68Ga-DOTATATE PET/CT als de 

serum tumormarker Chromogranine-A potentiele biomarkers voor responsevaluatie 

na PRRT kunnen zijn. In Hoofdstuk 8 zijn de verschillende responsevaluatie methoden 

(anatomische beeldvorming, 68Ga-DOTATATE PET/CT en serum Chromogranine-A) 

onderzocht op hun voorspellende waarde voor overleving na PRRT. Patiënten met 

progressieve ziekte volgens RECIST, gemeten negen maanden na de laatste PRRT 

behandeling, bleken een significant slechtere overleving te hebben dan patiënten met 

stabiele ziekte. Patiënten die volgens Choi na negen maanden progressieve ziekte 

hadden, hadden eveneens een slechtere overleving dan patiënten die stabiele ziekte of 

respons toonden. Daarnaast waren nieuwe tumorlaesies bij sommige patiënten eerder 

ontdekt op de 68Ga-DOTATATE PET/CT; echter nieuwe laesies waren niet geassocieerd 

met verschil in overleving. 

Concluderend draagt dit proefschrift bij aan de kennis over nucleaire beeldvorming, 

kwantificatie en posttherapie dosimetrie bij patiënten met NETs. Daarnaast zijn 

voorspellende factoren voor hematologische toxiciteit, respons en overleving na 

PRRT onderzocht. Toekomstig onderzoek zou zich moeten richten op geavanceerde 

beeldanalysetechnieken en biomarkermodellen om patiёntselectie en evaluatie 

verder te ontwikkelen en te verbeteren. Hierbij is een aanpak waarbij meerdere 

beeldvormingsmodaliteiten, multidisciplinaire bijeenkomsten en multicenter 

samenwerkingen worden betrokken, essentieel. Uiteindelijk zou dit kunnen leiden 

tot een geëvalueerd en geharmoniseerd protocol voor gepersonaliseerde PRRT 

behandelingen voor patiënten met NETs.
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Dankwoord

Onderzoek doen is teamwork en goed onderzoek is niet mogelijk zonder goede 

begeleiding en gezellige collega’s, ik ben iedereen dankbaar met wie ik tijdens mijn 

promotietraject heb samengewerkt. Maar allereerst wil ik alle patiënten bedanken wiens 

data ik heb mogen gebruiken voor het onderzoek. Zonder hen was dit boekje het niet 

mogelijk geweest.

De zebra staat symbool voor neuro-endocrine tumoren, vanwege de uitspraak "if you 

hear hoofbeats, think horses not zebras." Daarnaast zijn alle streeppatronen van zebra's 

anders, net als de klachten van patiënten met een NET. Het zebra-paard op de kaft is 

een verwijzing naar personalisering van de PRRT-behandeling voor patiënten met een 

NET.

Dr. M.P.M. Stokkel, beste Marcel, op de eerste dag van mijn afstudeerstage vroeg je me 

al of ik interesse had in een promotietraject. Dat wist ik toen nog niet, maar ik ben blij 

dat je me hebt gemotiveerd om het toch te gaan doen. Bedankt voor alle discussies 

en de vrijheid tijdens het onderzoek, met de nodige sturing als ik die nodig had. Ik ben 

blij met alle mogelijkheden die ik heb gekregen, en kijk uit naar alle nieuwe dingen die 

we nog gaan doen om betere diagnostiek en therapieën te in te zetten, uiteraard met 

de nodige borrels met cava.

Dr. B.J. de Wit – van der Veen, lieve Linda, dank je wel dat je mijn co-promotor en 

mentor bent. De artikelen zijn zo veel beter geworden nadat ik ze, vrijwel volledig in het 

rood, van je terugkreeg. Ik heb veel van je geleerd, zowel op wetenschappelijk, klinisch 

als persoonlijk vlak. Het was heel fijn dat ik zo maar kon binnen lopen en je alles kon 

vertellen, je nam altijd de tijd. Bedankt voor de fijne samenwerking, maar vooral ook voor 

de gezelligheid buiten werk tijdens de uitjes, barbecues, borrels en feestjes. 

Prof. dr. M. Verheij, beste Marcel, bedankt dat je mij, toch wel als een vreemde eend in 

de bijt, wilde begeleiden. In een team met een nucleaire focus was een blik vanuit de 

radiotherapeutische hoek een welkome aanvulling. Bedankt voor alle kritische feedback 

op de stukken en de motiverende, maar ook vooral gezellige gesprekken. Ik hoop dat 

we in de toekomst blijven samenwerken.

Ik wil de leden van de beoordelingscommissie, prof. dr. M.E.G.H. Lam, prof. dr. M. 

Gotthardt, dr. M. Konijnenberg, dr. M.E.T. Tesselaar, prof. dr. G. Valk en prof. dr. Boellaard 

bedanken voor hun kritische beoordeling van het proefschrift. Margot, dank je wel voor 

alle kennis die je me als NET-specialist hebt gegeven.
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Twee lieve paranimfen staan naast me op deze bijzondere dag. Lieve Pheck Hwa, we 

kennen elkaar al ruim 18 jaar en ik ben heel blij dat je nu naast me wilt staan. Je bent 

een geweldig mens en zonder twijfel een lieve betrokken dokter, die zich voor volle 

100% inzet voor haar patiënten. Mocht ik tijdens de verdediging het even niet meer 

weten, heb ik er alle vertrouwen in dat je het stokje kan overnemen. Lieve Judith, een 

leukere kamergenoot had ik me niet kunnen wensen. Ik heb genoten van alles wat we 

hebben meegemaakt, met als hoogtepunt de reis naar New York en Philadelphia. Dank 

je wel voor al je ideeën, luisterend oor en je geniale inzichten. De PhD-tijd is zo veel 

leuker geworden door alle wandelingen buiten en naar de markt op woensdag, borrels, 

feesten op congressen en tijdens de OOA retreat, en natuurlijk de dagelijkse koffie en 

cappuccino momenten. Je bent een topper en voor je het weet is jouw boekje ook klaar. 

Ik wil alle nucleair geneeskundigen bedanken voor al het meedenken met het onderzoek 

en voor alles wat ik heb geleerd in de kliniek: Anneline, Bernies, Christel, Emilia, Erik, 

Karen, Maarten, Wouter en Zing. Michelle, dank je wel dat je me zowel op klinisch als 

wetenschappelijk vlak veel hebt bijgebracht. Ik ben blij met onze samenwerking voor 

de ‘therapie-toko’, waar we in de toekomst vast nog heel veel mooie dingen voor gaan 

doen. 

Onderzoek doen is niet mogelijk zonder een fantastische afdeling nucleaire 

geneeskunde. Bedankt voor alle hulp op de camera’s, dat ik altijd kon bellen als de 

camera niet meer deed wat ik wilde, het optrekken van alle spuiten op het lab voor de 

fantoomproeven, maar bovenal de gezelligheid en kletsen op de afdeling, en natuurlijk 

op de vrijdagmiddagborrels, afdelingsuitjes, congressen en natuurlijk de NucQuiz. Ik 

hoop dat we nog lang blijven samen samenwerken, bedankt Aafke, Arida, Armina, Bas 

H, Cas, Chantal, Chelvi, Christel F, Colinda, Daniëlle, Desiree, Esther, Gaby, Hajar, Ilse, 

Jelmer, Jeroen E, Jonne, Josette, Kirsten, Linda D, Lyandra, Maaike, Marieke, Marien, 

Mariëtte, Marintha, Marle, Miena, Myriam, Nancy, Natascha, Saskia B, Saskia H, Sharon, 

Simone, Sophie, Ted en Theo. 

Ingrid, dank je wel voor alle hulp bij het registreren van de bijwerkingen en de planning 

van de patiënten. Samen met Cheryl zijn jullie een fantastisch therapieteam en heel 

fijn aanspreekpunt voor de patiënten. Apothekers Martine, Jeroen en Tammie bedankt 

voor alle leerzame momenten en het bespreken van de bijwerkingen. Mijnie en Nicole, 

bedankt voor het plannen van alle afspraken in de ingewikkelde agenda’s en voor de 

gezellige kletspraatjes. 
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De technische stukken van dit proefschrift waren niet tot stand gekomen zonder de 

hulp van de klinisch fysici. Erik-Jan Rijkhorst, Esther Martens, Michiel Sinaasappel en 

Saar Müller, bedankt dat ik altijd zomaar kan binnenlopen en allerlei vragen kan stellen. 

Bedankt voor de samenwerking rondom het optimaliseren van de SPECT/CT en PET/CT 

kwantificatie, en ook voor de ondersteuning bij de dosimetrie analyses. 

Graag ik wil de afdeling radiotherapie bedanken voor alle hulp. Iris Walraven, 

dank voor je hulp en uitleg bij de statistiek en data-analyse, het was super dat 

ik laagdrempelig alles kon vragen. Matthew La Fontaine, thanks for your input 

on PET/CT quantification. Eugène Damen, bedankt de begeleiding in de OOA 

commissie. Lotte Lutkenhaus en Anke van Mourik, bedankt voor het meedenken bij 

de dosimetrie software. 

Quantitative imaging and dosimetric analyses are an important part of this thesis. 

I would like to thank the DOSIsoft team for their help and all improvements of the 

software, and especially Sébastien Vauclin for all the calls and support. 

Lieve mede-onderzoekers, dank jullie wel voor de mooie tijd en wat was het leuk 

om samen de NucQuiz te organiseren. Else, we hebben veel meegemaakt, met de 

maand in Bad Berka als het meest memorabele. Wat was ik blij dat we samen (met 

chocolade, bier en wijn) waren in Oost-Duitsland. Dank je wel voor alle stukken 

die je hebt doorgelezen, het meedenken en je luisterend oor. Daan, wat was ik 

altijd blij als je in het tuinhuis was, zelfs al was je veel aan het bellen. Dank je wel 

voor alle goede gesprekken, relativerende woorden en bovenal je nuchterheid en 

spontaniteit. Hanna, Hinke, Jeske en Tom, dank jullie wel voor de nodige koffie en 

cappu’s en de leuke momenten zowel in het AVL als daarbuiten. Ook wil ik de TG-

studenten Aline, Thijs en Jurre bedanken voor de samenwerking en gezelligheid.

Guys from the Tuinhuis, it was great to be part of the imaging research group and join 

you during food and drinks, Sinterklaas, laser gaming and the volleyball competition. 

Lieve Paula, Marjaneh, Femke en Judith B, dank jullie wel voor de betrokkenheid 

en warmte, de feestjes en samen sporten. Door jullie was het fijn om in het Tuinhuis 

te zitten. 
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Vrienden voor het leven, lieve Piwa, Joëlla, Chris, Lesley en partners, we zijn al heel 

lang vrienden en ik wil nog heel veel jaren leuke dingen met jullie beleven. Lieve 

Olga, dank je wel dat je vanuit Parijs zo betrokken bent geweest, je weet hoe het 

is om een PhD te doen. Ik hoop dat we elkaar weer snel vaker kunnen gaan zien. 

Vrienden en sporten zijn ontzettend belangrijk voor me, dank jullie wel voor alle 

gezelligheid en ontspanning awesome TG-mensen in NL, dames en heer van de 

carrousel, dansdames Véro & Mel en de mannen en iedereen die ik nu niet heb 

genoemd. 

Lieve Diny en Hugo, bedankt voor het samen genieten tijdens het duiken en bij vakanties, 

ik ben bevoorrecht met jullie als schoonfamilie. Ome Hans en tante Irma, bedankt voor 

het kritisch nalezen van het manuscript. Lieve opa, oma en tante Betty, ik ben blij dat ik 

deze bijzondere gebeurtenis met jullie kan delen. Lieve Julien, ik ben super trots op je 

en de broer-zus-weekend traditie houden we er in! Lieve pap en mam, dank jullie wel 

voor jullie onvoorwaardelijke steun en motivatie, maar bovenal het fijne samenzijn bij 

jullie thuis, alle verwennerij en ontspanning samen op de golfbaan en op reis.

Lieve Bas, ik had dit niet gekund zonder jouw steun. Tegelijkertijd promoveren was af en 

toe stressvol, maar we begrepen elkaar precies. Al ruim 11 jaar ben je mijn grote liefde 

en beste vriend, ik heb heel veel zin in onze grote dag. Ik kijk uit naar alle avonturen en 

reizen die we samen gaan beleven!
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Curriculum vitae

Daphne Merel Valerie Huizing was born on the 8th of January 

1991 in Zaandam, the Netherlands. In 2009 she graduated 

from high school (Atheneum) at the Bertrand Russell College 

in Krommenie and started studying Technical Medicine at the 

University of Twente in Enschede. During her bachelor’s studies, 

she was active in several committees at the study association 

S.V. Paradoks and the ballroom dance association D.S.V. 4 happy 

feet. She was also the treasurer at the 2010-2011 board of D.S.V. 

4 happy feet. After obtaining her bachelor’s degree, she paused 

her studies during one semester for travelling in South-East Asia and India for five months. 

Thereafter, she continued her studies with the master’s programme Medical Imaging 

and Interventions. In the second year of the master’s study, she performed multiple 

internships of 10-weeks. During her first internship, she investigated the predictive value 

of the 99mTechnetium-MAA SPECT/CT for the distribution of 90Yttrium spheres at the 

nuclear medicine department of the Leiden University Medical Center. The next internship 

included the development of a tool to monitor vascular disease using MRI and PET/CT 

scans, which was performed at the department of vascular medicine at the Amsterdam 

University Medical Center, location AMC. At the department of surgery in the Antoni 

van Leeuwenhoek hospital, she investigated optical spectroscopy to monitor effects of 

chemotherapy in colorectal liver metastases, followed by research on clavicle drill debris 

to improve fracture healing at the department of traumatology at the UMC Utrecht. Her 

graduation internship took place at the department of nuclear medicine in the Antoni 

van Leeuwenhoek hospital focussing on radio-guided surgery for breast cancer using 

a portable gamma camera. After successfully finishing her master’s studies, she started 

her PhD at the department of nuclear medicine in the Antoni van Leeuwenhoek hospital, 

which resulted in this thesis. During her PhD, she was an active member of the quality 

register committee of the Nederlandse Vereniging voor Technische Geneeskunde 

(NVvTG), and supported the BIG-registration for technical physicians. From February 

2020, she combined her PhD-work with clinical activities as a technical physician with 

a focus on radionuclide therapy at the department of nuclear medicine at the Antoni 

van Leeuwenhoek hospital. After finishing her PhD, she will continue her clinical work 

and support research with respect to image quantification, dosimetry and radionuclide 

therapy. Daphne lives together with her partner Bas in Haarlem.
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