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Abstract 

Background Little is known about parameters that have a relevant impact on (dis)similarities in biodistribution 
between various 68Ga‑labeled somatostatin analogues. Additionally, the effect of tumor burden on organ uptake 
remains unclear. Therefore, the aim of this study was to describe and compare organ and tumor distribution of  [68Ga]
Ga‑DOTATATE and  [68Ga]Ga‑HA‑DOTATATE using a physiologically based pharmacokinetic (PBPK) model and to 
identify factors that might cause biodistribution and tumor uptake differences between both peptides. In addition, 
the effect of tumor burden on peptide biodistribution in gastroenteropancreatic (GEP) neuroendocrine tumor (NET) 
patients was assessed.

Methods A PBPK model was developed for  [68Ga]Ga‑(HA‑)DOTATATE in GEP‑NET patients. Three tumor compart‑
ments were added, representing primary tumor, liver metastases and other metastases. Furthermore, reactions 
describing receptor binding, internalization and recycling, renal clearance and intracellular degradation were added 
to the model. Scan data from GEP‑NET patients were used for evaluation of model predictions. Simulations with 
increasing tumor volumes were performed to assess the tumor sink effect.

Results Data of 39 and 59 patients receiving  [68Ga]Ga‑DOTATATE and  [68Ga]Ga‑HA‑DOTATATE, respectively, were 
included. Evaluations showed that the model adequately described image‑based patient data and that different 
receptor affinities caused organ uptake dissimilarities between both peptides. Sensitivity analysis indicated that tumor 
blood flow and blood volume impacted tumor distribution most. Tumor sink predictions showed a decrease in spleen 
uptake with increasing tumor volume, which seemed clinically relevant for patients with total tumor volumes higher 
than ~ 550 mL.

Conclusion The developed PBPK model adequately predicted tumor and organ uptake for this GEP‑NET population. 
Relevant organ uptake differences between  [68Ga]Ga‑DOTATATE and  [68Ga]Ga‑HA‑DOTATATE were caused by different 
affinity profiles, while tumor uptake was mainly affected by tumor blood flow and blood volume. Furthermore, tumor 
sink predictions showed that for the majority of patients a tumor sink effect is not expected to be clinically relevant.
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Introduction
The incidence of neuroendocrine tumors (NETs) has 
increased over the last decades, which is mainly due to 
improved awareness and better diagnostic imaging using 
radiolabeled somatostatin analogues (SSAs) [1, 2]. The 
relatively new theranostics concept encompasses diag-
nosis, treatment and therapy evaluation with the same 
radiolabeled peptide. For radionuclide therapy with Lute-
tium-177 (177Lu)-labeled SSAs, DOTA-Tyr3-octreotate 
(DOTATATE) is nowadays used most often as it is incor-
porated in the FDA- and EMA-approved  Lutathera® [3, 
4]. On the other hand, some Gallium-68 (68Ga)-labeled 
SSAs are FDA -and EMA-approved and several are cur-
rently used for routine imaging of NETs, such as DOTA-
Tyr3-octreotide (DOTATOC), DOTA-1-NaI3-octreotide 
(DOTANOC), DOTATATE and DOTA-iodo-Tyr3-octre-
otate (HA-DOTATATE; HA, high-affinity) [5–8]. Dis-
tribution patterns of these 68Ga-labeled SSAs have been 
assessed clinically, comparing observed uptake differ-
ences and similarities for DOTATOC, DOTANOC and 
HA-DOTATATE with DOTATATE [5, 9–12]. There 
appears no clear preference of one compound over the 
others, so choices for a diagnostic peptide are primarily 
driven by local availability.

Although DOTATATE and its twin HA-DOTATATE 
should show similar uptake profiles on diagnostic imag-
ing [5, 13], relevant variations in uptake patterns were 
observed in certain patients in clinical practice. Mis-
matches in biodistribution and tumor uptake have also 
been described between pre-therapeutic imaging and 
actual (177Lu-)therapy [14–19]. As these differences in 
biodistribution and tumor uptake limit the predictive 
value of pre-treatment imaging, it is important to identify 
chemical, biological or physiological factors (i.e., com-
pound- or system-specific parameters) that may influ-
ence peptide accumulation.

Physiologically based pharmacokinetic (PBPK) mod-
els have been introduced as a tool to mathematically 
describe and predict whole-body distributions of (radio)
pharmaceuticals [20]. The application of these models 
in the field of nuclear medicine is still limited, but these 
models may help to give an insight in factors that cause 
inter-individual uptake variability and dissimilarities in 
distribution profiles between the different SSAs. Only a 
few PBPK models have been developed for the various 
SSAs [21–25], but, to our knowledge, direct comparisons 
of distribution profiles for different SSAs have not been 
performed yet. Recently, a PBPK model has been devel-
oped by our group describing normal organ distribution 
in patients without NETs, which showed the importance 
of somatostatin receptor 2 (SSTR2) density and admin-
istered peptide amount on the organ distribution for 
 [68Ga]Ga-DOTATATE [26]. Extending this model with 

tumor compartments will allow prediction of organ and 
tumor peptide accumulation in patients with different 
(tumor) physiologies. Such an approach has previously 
been published for  [177Lu]Lu-DOTATATE [27]. However, 
this  [177Lu]Lu-DOTATATE model with varying tumor 
volumes was developed in virtual patients; thus, no com-
parisons with (many) clinical data were performed. Addi-
tionally, this study did not assess the effect of increasing 
tumor burden on organ uptake, even though a high total 
tumor burden could result in reduced organ uptake, also 
known as the tumor sink effect [28]. This sequestration 
of the radiotracer into large-volume metastasis is known 
to have a direct effect on biodistribution and can, in 
diagnostic imaging, lead to deviating patterns in normal 
distributions and reduced uptake in reference tissues. In 
radionuclide therapy, this phenomenon is even more rel-
evant as it may lead to a dependency between absorbed 
organ dose and tumor volume for fixed peptide amounts.

Therefore, the aim of this current study was to develop 
a PBPK model to describe and compare normal organ 
and tumor distribution of both  [68Ga]Ga-DOTATATE 
and  [68Ga]Ga-HA-DOTATATE and to identify factors 
that might cause biodistribution and tumor uptake differ-
ences between both peptides. Furthermore, the relevance 
of the tumor sink effect in patients with gastroenteropan-
creatic (GEP) NETs was assessed.

Methods
Patient population and imaging data
Patients diagnosed with GEP-NET who received a whole-
body  [68Ga]Ga-DOTATATE or  [68Ga]Ga-HA-DOTA-
TATE PET/CT between August 2011 and April 2016 
were included. Patients without apparent NET-lesions 
on diagnostic PET/CT were allocated to a separate 
cohort that was used as a control group, which repre-
sented patients that were referred with suspected NET or 
received treatment for prior NET. Informed consent was 
obtained via institutional procedures from all individual 
participants included in the study.

Patients were treated according to the EANM-guide-
lines [29], and SSA therapy was withdrawn prior to  [68Ga]
Ga-(HA-)DOTATATE administration (where (HA-)
DOTATATE refers to both peptides). 68Ga-labeled (HA-)
DOTATATE was produced in-house according to vali-
dated procedures described previously [30]. An intrave-
nous injection of approximately 100  MBq 68Ga-labeled 
(HA-)DOTATATE was administered, and at ~ 45  min 
post-injection a scan was acquired on a Gemini TF PET/
CT (Philips, the Netherlands) with 2–2.5  min per bed 
position from skull to thighs (axial field of view of 18 cm). 
Image data was reconstructed using the Philips specific 
BLOB OS-ToF algorithm with ‘normal’ smoothing (iso-
tropic 4 mm voxels).
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SUVpeak,  SUVmax and radioactivity concentrations 
(MBq/L) for aorta, spleen, thyroid, liver, primary tumor 
and metastatic lesions > 2  cm in diameter were deter-
mined by placing spherical volume of interests (VOIs) of 
at least 2 cm. Then, all radioactivity concentrations were 
corrected for decay to time of injection and subsequent 
peptide concentrations (µg/L) per organ or tumor were 
calculated based on the measured radioactivity concen-
trations and the administered specific activities (MBq/
µg).

To assess the effect of tumor burden on biodistribution, 
patients were divided into three groups based on quan-
tity and location of metastases on their clinical PET/CT 
report. These three groups were: (1) patients with pri-
mary tumors or with ≤ 2 metastases (limited disease), 
(2) patients with liver-only metastases, and (3) patients 
with extensive metastases (i.e. , not classified as group 1 
or 2). The PBPK model predictions, for both  [68Ga]Ga-
DOTATATE and  [68Ga]Ga-HA-DOTATATE, were evalu-
ated with clinical imaging data for these three groups 
separately.

PBPK model development
A PBPK model for GEP-NET patients was developed in 
PK-Sim® and  MoBi® (Open Systems Pharmacology soft-
ware, version 9.0) using the standardized protein base 
model [31]. Compound-specific information includes 
the physicochemical parameters of the compound, and 
this was separately added for DOTATATE and HA-
DOTATATE to obtain compound-specific predictions. 
Eventually, predictions were performed separately for 
each patient group, based on metastatic status, for both 
peptides.

All input parameters for peptide specific distribu-
tion and uptake, including intracellular degradation 
rates and SSTR2 amounts, were based on the previ-
ous described  [68Ga]Ga-DOTATATE PBPK model [26]. 
Compound-specific parameters for DOTATATE were 
also derived from the previous published PBPK model 
[26], while compound-specific input parameters of HA-
DOTATATE (molecular weight and lipophilicity) were 
based on literature. The input parameters molecular 
weight and lipophilicity for  [68Ga]Ga-HA-DOTATATE 
were 1628.5 g/mol and −3.12, respectively [32]. Plasma 
protein binding for  [68Ga]Ga-HA-DOTATATE was 
unknown, but a major difference compared to  [68Ga]
Ga-DOTATATE was not expected; thus, the fraction 
unbound was set at 0.69, accordingly. Renal clearance 
was manually scaled to a predicted 13% unchanged 
excretion in urine within the first 2  h post-injection 
for all patients [33]. For the predictions per group for 
both peptides, the mean estimated glomerular filtration 
rate (GFR) per group was used as renal function input 

(calculated using the Cockcroft–Gault equation [34]). In 
addition, all other assessed patient characteristics (i.e., 
age, weight and height) were used as system-specific 
input parameters. Internalization rates were assumed to 
be similar for organ and tumor tissue and were fixed to 
0.268   min−1. This was based on a 1.67-fold increase in 
internalization rate for  [68Ga]Ga-HA-DOTATATE com-
pared to  [68Ga]Ga-DOTATATE (accumulation of  [68Ga]
Ga-HA-DOTATATE in spleen plateaued 30  min post-
injection compared to 50  min post-injection for  [68Ga]
Ga-DOTATATE) [26, 33, 35]. Unknown input param-
eters for HA-DOTATATE (the equilibrium dissociation 
constant (KD) and dissociation rate constant (koff)) were 
optimized by using all observed spleen concentrations 
from all included patients at once and thus optimized 
values represent KD and koff for the entire population. By 
using observed data of spleen, which expresses SSTR2 
but not SSTR5 [32, 36], it was ensured that the opti-
mized affinity values of HA-DOTATATE were specific 
for SSTR2. Model fitting was performed using a built-in 
Monte Carlo algorithm for parameter identification to 
optimize selected input parameter to describe the data 
best.

Separate tumor compartments were added to the 
model to describe distribution to these compartments 
and the effect of this tumor uptake on normal organ 
uptake. Since physiological tumor characteristics can 
differ between primary tumors and its metastases, three 
compartments were added: primary tumor, liver metas-
tases and other metastases. All metastases other than 
liver metastases were gathered in one compartment 
since only small uptake differences were observed in 
clinical practice between those metastases and also for 
reasons of model simplicity. Tumor physiology charac-
teristics for all three tumor compartments were based 
on literature. The tumor volume for the primary tumor 
was set at 10  mL for all groups, and liver metastases 
were assumed to have a total volume of 50 mL. Volumes 
of other tumor metastases differed for each patient 
group and were set at 5 mL, 0 mL and 50 mL for groups 
1, 2 and 3, respectively, based on clinical observations 
indicating a mean total tumor volume of approximately 
65  mL in 232 patients [37]. Although quantification of 
tumor volumes in this article was debatable, since there 
is no gold standard for tumor volume measurements, 
yet a mean total NET volume of approximately 65  mL 
reflected the population of patients treated in our hos-
pital. Besides, this was comparable to median tumor 
volumes that were used (or fitted) in previous PBPK 
models [21, 27, 38, 39]. Vascular sub-compartments 
within tumors were estimated based on literature values 
for primary tumors and liver metastases, resulting in 
fraction vascular of 0.21 and 0.17, respectively [40–45]. 
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Fraction vascular for other metastases was unknown 
and fixed to 0.075 based on previous PBPK models 
[21, 22, 46]. The interstitial fraction was assumed to be 
similar for each tumor and was fixed to 0.3 [22]. Blood 
flow was set at 152  mL/min/100  g for the primary 
tumor compartment [45]. In absence of relevant data 
for distant metastatic sites, the same value was used 
for these sites. For liver metastases, a higher blood flow 
of 203  mL/min/100  g was used as an input parameter, 
due to their nature of  hyperperfusion [42–44]. SSTRs 
were added to the tumor compartments with an expres-
sion relative to spleen. Since NET metastases showed 
higher SSTR2 expressions compared to primary tumor 
sites [47], a higher relative expression was added to this 
compartment (relative value of 1.5 for primary tumors 
and 2 for all metastases). These fractional differences 
between tumors compared to spleen were in accordance 
with previous NET PBPK models [21, 22]. Transcapil-
lary exchange of the radiopharmaceutical from plasma 
to the interstitial space was described by the two-pore 
formalism [46]. Pore radii for small and large pores were 
fixed to 4.5 and 500  nm, respectively, representing a 
leaky tumor vessel capillary [46, 48]. The flow fraction 
via the large pores was 0.8, reflecting a discontinuous 
membrane as expected in tumors [46]. Hydraulic con-
ductivity describes passage of porous material and was 
fixed to a literature value of 0.00126  mL/N/min for 
tumors [49, 50].

Minimum and maximum ranges for administered pep-
tide amounts per group and SSTR2 organ expression 
(derived from the previously published PBPK model) 
were imputed to derive prediction intervals for organ 
and tumor radionuclide distributions [26]. In addition, 
to take into account a high variability in tumor uptake, 
prediction intervals in all three tumor compartments 
were based on observed (inter)quartile ranges in blood 
flow and blood volumes of the specific compartment 
[42–45]. For other metastases, blood flow was assumed 
to be comparable to primary tumors and fraction vascu-
lar was assumed to vary from 50 to 150% relative to the 
median. This resulted in minimum and maximum blood 
flow of 53 and 252 mL/min/100 g for primary tumors and 
other metastases and 139 and 363 mL/min/100 g for liver 
metastases. Fraction vascular ranged from 0.09 to 0.34 
for primary tumors, 0.1 to 0.23 for liver metastases and 
0.025 to 0.125 for other metastases.

A sensitivity analysis was performed to calculate the 
sensitivity of the PK model output for certain param-
eter assumptions using a build-in algorithm, which was 
performed by alteration of input parameters with ± 10% 
[51]. This sensitivity (Si,j) is calculated using the following 
equation:

where PKj is a PK parameter of a certain output to an 
input parameter (pj). Thus, the sensitivity for the PK 
parameter to that input parameter was calculated as the 
ratio of the relative change of that PK parameter (ΔPKj) 
and the relative variation of the input parameter (Δpi). 
A sensitivity value of − 1 implies that a 10% increase of 
the input parameter resulted in a 10% decrease of the PK 
parameter output.

DOTATATE versus HA‑DOTATATE
Administered patient doses of  [68Ga]Ga-DOTATATE 
and  [68Ga]Ga-HA-DOTATATE are based on radioactiv-
ity (~ 100  MBq per administration). Specific activities 
(MBq/µg) were derived from the tracer production logs 
to calculate the administered absolute peptide amount. 
However, specific activities, and thus administered pep-
tide amounts, differed between production batches and 
peptides. In general, this resulted in higher administered 
total peptide amounts for DOTATATE compared to 
HA-DOTATATE.

It is of interest to directly compare organ uptake 
between both peptides to assess (dis)similarities in this 
organ accumulation, without discrepancies in adminis-
tered peptide amounts that could alter such a compari-
son. Due to a change in production procedures in 2017, 
an additional group of GEP-NET patients receiving 
higher peptide amounts of  [68Ga]Ga-HA-DOTATATE 
(comparable to administered DOTATATE amounts) 
could be selected for a subanalysis to exclude a poten-
tial effect of different administered peptide amounts for 
 [68Ga]Ga-DOTATATE and  [68Ga]Ga-HA-DOTATATE 
on organ uptake. The sample size of this additional group 
was matched to the included patients for PBPK evalua-
tion receiving HA-DOTATATE, and spleen was used 
as a reference organ to compare uptake  (SUVpeak and 
 SUVmax).

Tumor sink effect
Imaging data regarding uptake  (SUVpeak and  SUVmax) 
were compared between the three patient groups (limited 
disease, liver-only and extensive metastases) to assess 
differences in organ and tumor uptake for  [68Ga]Ga-
DOTATATE and  [68Ga]Ga-HA-DOTATATE, potentially 
revealing a tumor sink effect. Organ uptake in GEP-NET 
patients was compared to the control group, to reveal any 
effect of tumor load and location on normal organ uptake 
(spleen, liver and thyroid).

Predictions to identify a relevant tumor sink effect for 
 [68Ga]Ga-DOTATATE and  [68Ga]Ga-HA-DOTATATE 

(1)Si,j =
�PKj

�pi
∗

pj

PKj
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were performed using the final PBPK model. This was 
performed by manually increasing tumor volumes of all 
separate tumor compartments and comparing the accu-
mulation plateau (or  Cmax) in spleen as a reference organ.

Statistical tests
Differences between patient characteristics and demo-
graphics receiving DOTATATE and HA-DOTATATE 
were evaluated using a Student’s t-test (continuous vari-
ables), a Wilcoxon test (continuous variables in case of 
unequal variances) or a Chi-squared test (categorical 
variables). An ANOVA test was used to compare patient 
characteristics of the patient groups for both DOTA-
TATE and HA-DOTATATE. Kruskal–Wallis tests were 
performed to compare uptake in organs and tumors 
 (SUVmax and  SUVpeak) between patient groups, where a 
Bonferroni correction was applied to account for mul-
tiple testing when testing which groups differed signifi-
cantly from each other. Statistical tests were performed 
in R (version 3.6.3) [52]. Continuous variables are dis-
played as mean ± standard deviation (range). A p-value 
less than 0.05 was considered statistically significant.

Results
Patient data
One patient was excluded from this analysis, because 
this patient erroneously received an exceptionally high 
DOTATATE amount (29.8  µg). This resulted in a final 
inclusion of 39 and 59 GEP-NET patients receiving 
either  [68Ga]Ga-DOTATATE or  [68Ga]Ga-HA-DOTA-
TATE, respectively. The peptide amounts and admin-
istered radioactivity were 13.1 ± 2.18  µg (7.16–16.6  µg) 
and 85.8 ± 16.0  MBq (50.3–132.7  MBq) for  [68Ga]Ga-
DOTATATE, and 6.06 ± 2.26  µg (2.43–11.1  µg) and 
85.7 ± 14.1  MBq (43.8–106.3  MBq) for  [68Ga]Ga-HA-
DOTATATE. Mean injection-acquisition interval was 
44 ± 6  min (34–55  min) for  [68Ga]Ga-DOTATATE and 
44 ± 6  min (29–55  min) for  [68Ga]Ga-HA-DOTATATE. 
Patients were classified based on disease extent as limited 
disease, liver-only or extensive metastases. In addition, 
43 and 45 control subjects receiving  [68Ga]Ga-DOTA-
TATE and  [68Ga]Ga-HA-DOTATATE, respectively, were 
included. All patient characteristics, demographics and 
imaging details are shown in Tables  1 and 2; details for 
the subanalysis regarding patients receiving higher pep-
tide amounts of  [68Ga]Ga-HA-DOTATATE are displayed 
in Additional file 1: Table S1.

PBPK model predictions
An overview of the PBPK model structure is provided 
in Fig.  1. Optimized values for HA-DOTATATE were 
0.227 nmol/L for KD and 0.00709  min−1 for koff. An over-
view of compound-specific input parameters for both 

peptides and main system-specific input parameters 
for all tumor compartments is shown in Table  3. Final 
simulated concentration–time curves for the patient 
groups for both  [68Ga]Ga-DOTATATE and  [68Ga]Ga-
HA-DOTATATE are depicted in Fig. 2. The large predic-
tion intervals were in accordance with the observed high 
interpatient variability in organ and tumor accumula-
tion (Table  1). For  [68Ga]Ga-DOTATATE, the predic-
tions of spleen uptake were adequate, with 75%, 75% and 
88% of all observations within the prediction interval for 
group 1, 2 and 3, respectively. Evaluation with primary 
tumor observations showed a  slight overprediction by 
the model, since observations were within the prediction 
interval for 42.9% and 66.7% in groups 1 and 3, respec-
tively (observations were not available for group 2). Some 
liver metastases observations were under- or overpre-
dicted by the model, but, in general, predictions were 
acceptable with 50% and 73.9% of all predictions within 
population ranges in groups 2 and 3, respectively. Other 
metastases predictions showed high accuracy with 100% 
and 89.2% of all observations within population ranges 
for groups 2 and 3, respectively. For  [68Ga]Ga-HA-
DOTATATE, spleen uptake was underpredicted more 
often compared to  [68Ga]Ga-DOTATATE, but preci-
sion of predictions was still acceptable (52.4%, 85.7% and 
80.6% for groups 1, 2 and 3, respectively). In addition, all 
tumor compartment predictions showed high accuracy 
for  [68Ga]Ga-HA-DOTATATE (83.3% (group 1), 66.7% 
(group 2), and 90.0% (group 3) for primary metastases, 
100% (group 2) and 96.4% (group 3) for liver metastases, 
and 100% (group 1) and 86.2% (group 3) for other metas-
tases), although model results showed both over- and 
underprediction for a few outliers.

A sensitivity analysis was performed for the tumor 
compartments of the  [68Ga]Ga-DOTATATE model and 
showed the importance of fraction vascular (sensitivity 
values of 0.655, 0.735 and 0.575 for primary tumor, liver 
metastases and other metastases, respectively) and the 
administered dose (sensitivity value of 1.03 for all tumor 
compartments) on tumor uptake (displayed as area under 
the curve (AUC)). All model parameters were included in 
the sensitivity analysis, which indicated that only seven 
parameters had a substantial impact (higher than 5% 
on tumor uptake, after a 10% adjustment of the param-
eter), meaning that model output was not highly reliant 
on input parameters. Results of the sensitivity values are 
shown in Table 4.

DOTATATE versus HA‑DOTATATE
Results from PET/CT analyses showed a significant lower 
uptake  (SUVmax and  SUVpeak) in spleen, liver, thyroid 
(p < 0.001 for all organs) and a significantly higher uptake 
in aorta (p < 0.001) for  [68Ga]Ga-DOTATATE compared 
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to  [68Ga]Ga-HA-DOTATATE. Most likely, these dis-
similarities in uptake were caused by different affinities 
for SSTR for both peptides. To exclude a potential addi-
tional effect of administered peptide amount on uptake 
differences between  [68Ga]Ga-DOTATATE and  [68Ga]

Ga-HA-DOTATATE, a subanalysis was performed. Three 
groups were compared; patients receiving DOTATATE 
(mean peptide amount 13.1 µg), low amount HA-DOTA-
TATE (mean peptide amount 6.06 µg) and high amount 
HA-DOTATATE (mean peptide amount 13.7 µg). Results 

Table 1 Patient demographics and characteristics for all GEP‑NET patients receiving  [68Ga]Ga‑DOTATATE or  [68Ga]Ga‑HA‑DOTATATE

Continuous variables are shown as mean ± standard deviation (range) and categorical variables as number (%)

GFR Glomerular filtration rate; SUV Standardized uptake value

[68Ga]Ga‑DOTATATE (n = 39) [68Ga]Ga‑HA‑DOTATATE (n = 59) p‑value

Sex

 Male 14 (36%) 31 (53%) 0.356

 Female 25 (64%) 28 (47%)

Age (years) 62 ± 11.6 (39–84) 62 ± 10.8 (40–82) 0.895

Weight (kg) 77.5 ± 14.7 (53.0–117) 72.0 ± 13.8 (44.0–113) 0.0697

Height (cm) 171 ± 7.62 (157–185) 173 ± 8.25 (158–192) 0.290

GFR (Cockcroft Gault, mL/min) 90.7 ± 26.9 (33.8–147) 82.3 ± 25.2 (35.8–183) 0.149

Peptide amount administered (µg) 13.1 ± 2.18 (7.16–16.6) 6.06 ± 2.26 (2.43–11.1)  < 0.001

Radioactivity administered (MBq) 85.8 ± 16.0 (50.3–133) 85.7 ± 14.1 (43.8–106) 0.981

Injection‑acquisition interval (min) 44 ± 6 (34–55) 44 ± 6 (29–55) 0.952

Primary tumor

 Pancreas 9 (23%) 17 (29%) 0.815

 Small intestine 23 (59%) 34 (58%)

 Colon 4 (10%) 4 (7%)

 Rectum – 1 (2%)

 Stomach 3 (8%) 3 (5%)

Tumor grade

 1 21 (54%) 20 (34%) 0.103

 2 12 (31%) 27 (46%)

 Unknown 6 (15%) 12 (20%)

SUVmax

 Aorta 1.81 ± 0.635 (0.93–3.26) 1.25 ± 0.408 (0.62–2.36)  < 0.001

 Spleen 18.2 ± 6.14 (7.07–31.5) 27.7 ± 9.04 (12.6–52.8)  < 0.001

 Liver 7.47 ± 2.83 (2.81–17.7) 11.3 ± 2.92 (5.23–18.4)  < 0.001

 Thyroid 3.47 ± 1.45 (1.38–7.85) 5.30 ± 2.17 (2.17–14.9)  < 0.001

 Primary tumor 24.1 ± 15.3 (6.33–63.5) 29.9 ± 18.6 (8.58–74.9) 0.291

 Liver metastases 25.1 ± 12.4 (6.97–53.7) 33.1 ± 13.2 (13.8–79.8) 0.014

 Other metastases 15.5 ± 13.3 (2.12–83.4) 21.3 ± 15.8 (2.71–75.7) 0.020

SUVpeak

 Aorta 1.30 ± 0.425 (0.64–2.33) 0.918 ± 0.278 (0.52–1.75)  < 0.001

 Spleen 16.4 ± 5.52 (6.34–26.3) 25.2 ± 7.91 (11.5–41.2)  < 0.001

 Liver 6.07 ± 2.19 (2.45–12.9) 9.86 ± 2.63 (4.44–16.7)  < 0.001

 Thyroid 2.52 ± 1.18 (0.80–6.50) 3.81 ± 1.50 (1.41–9.54)  < 0.001

 Primary tumor 18.0 ± 13.1 (4.74–53.7) 20.1 ± 11.9 (6.21–48.7) 0.509

 Liver metastases 19.6 ± 10.3 (6.18–47.2) 25.4 ± 10.1 (11.5–54.6) 0.017

 Other metastases 9.67 ± 8.44 (1.06–44.5) 14.6 ± 11.5 (1.53–51.5) 0.007

Peptide accumulation (µg/L)

 Spleen 2.81 ± 1.10 (1.06–4.98) 2.14 ± 1.01 (0.66–5.29) 0.002

 Primary tumor 2.99 ± 2.50 (0.77–8.58) 1.81 ± 1.64 (0.31–7.67) 0.092

 Liver metastases 3.48 ± 2.00 (0.76–8.39) 2.30 ± 1.09 (0.85–4.88) 0.009

 Other metastases 1.34 ± 1.13 (0.19–6.36) 1.05 ± 0.90 (0.11–3.59) 0.067
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Fig. 1 Structural overview of the multi‑compartment PBPK model for GEP‑NET patients, where somatostatin receptor expression fractions 
(related to spleen) are depicted as  SSTRfr. *Intestinal compartment consists of small intestine (SSTR2 fraction = 0.09) and large intestine (SSTR2 
fraction = 0.11).  CLrenal: renal clearance;  SSTRfr: somatostatin receptor fraction
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of spleen SUV values of these three groups are shown 
in Fig.  3. A significant decrease in spleen uptake was 
observed for  [68Ga]Ga-DOTATATE compared to  [68Ga]
Ga-HA-DOTATATE after administration of comparable 
peptide amounts, which implied that organ uptake dif-
ferences were most probably caused by different affinity 
profiles. In PBPK model predictions, this was reflected in 
different values of KD and koff to describe differences in 
distribution profiles between both peptides. Moreover, 
different administered peptide amounts for HA-DOTA-
TATE did not result in significant differences in spleen 
 SUVpeak or  SUVmax in this study population.

Tumor sink effect
Organ uptake  (SUVpeak and  SUVmax) was compared 
between the control group and all patient subgroups. A 
significant decrease in spleen uptake was observed for 
patients with extensive metastases compared to con-
trol subjects for both  [68Ga]Ga-DOTATATE  (SUVpeak: 
15.2 ± 5.68 vs. 18.85 ± 3.95, p = 0.0301 and  SUVmax: 
17.0 ± 6.52 vs. 20.9 ± 4.20, p = 0.0290) and  [68Ga]Ga-HA-
DOTATATE  (SUVpeak: 22.9 ± 7.44 vs. 30.7 ± 6.86, p < 0.001 
and  SUVmax: 25.0 ± 7.97 vs. 33.9 ± 7.53, p < 0.001). Moreo-
ver, for  [68Ga]Ga-HA-DOTATATE a significant decrease 
in spleen uptake for this group compared to patients 
with only primary tumor and/or few metastases was 
noticed  (SUVpeak: 22.9 ± 7.44 vs. 29.4 ± 6.58, p = 0.0418 
and  SUVmax: 25.0 ± 7.97 vs. 32.4 ± 7.39, p = 0.0304). This 
implied a probable tumor sink effect only for patients 

with extensive metastases. No significant differences in 
primary tumor and metastases uptake were observed 
between the patient groups. Results of spleen and tumor 
uptake differences between the groups are depicted in 
Fig.  4. Other organs (liver and thyroid) showed similar 
effects as for spleen (see Additional file 1: Fig. S1).

Simulations, based on the developed PBPK model, 
with varying total tumor volumes of 0 to 1500  mL 
resulted in more detailed insights in the relevance of 
the tumor sink effect by comparing maximum accumu-
lation concentrations  (Cmax) in spleen. All tumor com-
partments and population ranges for tumor blood flow 
and blood volume were included in the simulations, to 
include possible tumor-specific effects and to reveal 
potential minimum and maximum ranges for the tumor 
sink effect for different tumor volumes. Predictions 
showed a decrease in  Cmax in spleen after increasing 
total tumor burden, with a maximum decrease of 41% 
for 1500 mL primary tumor volume. Predictions showed 
that a relevant tumor sink effect (> 20%) was only pre-
sent in patients with an extensive tumor load above 
approximately 550  mL. However, at lower tumor vol-
umes (< 200 mL, representing the majority of patients in 
our clinical population) only a modest decrease in spleen 
uptake was predicted (8.5% for primary tumors (range 
3.7–12.7%)). Results of the tumor sink predictions are 
displayed in Fig. 5. This prediction of the existence of a 
tumor sink effect particularly in patients with high total 
tumor burden was comparable to the observed uptake 
data within the patient subgroups.

Table 3 Fixed and fitted input parameters for the PBPK model, showing compound‑specific parameter differences between  [68Ga]
Ga‑DOTATATE and  [68Ga]Ga‑HA‑DOTATATE, and system‑specific parameter differences between the tumor compartments

KD Equilibrium dissociation constant; koff Dissociation rate constant; kint Internalization rate; kdeg Degradation rate; SSTR Somatostatin receptor

Parameter Fixed or fitted (*) value [range used in predictions]

Compound‑specific [68Ga]Ga‑DOTATATE [68Ga]Ga‑HA‑DOTATATE

Molecular weight 1502.3 g/mol 1628.5 g/mol

Lipophilicity − 3.69 − 3.12

KD 0.20 nmol/L 0.23 nmol/L *

koff 0.012  min−1 0.0071  min−1 *

kint 0.161  min−1 0.268  min−1

kdeg 0.00012  min−1 0.00012  min−1

Fraction unbound 0.69 0.69

System‑specific Primary tumor Liver metastases Other metastases

Fraction vascular 0.21 [0.09–0.34] 0.17 [0.1–0.23] 0.075 [0.025–0.125]

Fraction interstitial 0.3 0.3 0.3

Blood flow 152 mL/min/100 g [53–252] 203 mL/min/100 g [139–363] 152 mL/min/100 g [53–252]

SSTR concentration (interstitial) 168 nmol/L 224 nmol/L 224 nmol/L
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Discussion
A PBPK model was developed to describe biodistribu-
tion and tumor uptake of  [68Ga]Ga-DOTATATE and 
 [68Ga]Ga-HA-DOTATATE in GEP-NET patients. Evalu-
ation based on observed imaging data showed that these 
models adequately predicted peptide uptake in selected 
organs and tumors for patients with different tumor 
loads and location of lesions. A subanalysis showed 
that  [68Ga]Ga-DOTATATE spleen uptake (main refer-
ence organ) was significantly lower compared to  [68Ga]
Ga-HA-DOTATATE, irrespective of the amount of pep-
tide administered consistent with affinity differences. In 
addition, differences in administered peptide amount of 
 [68Ga]Ga-HA-DOTATATE did not affect spleen uptake. 
Lastly, scan observations and predictions by the PBPK 

Fig. 2 PBPK model prediction results per group (solid lines) for  [68Ga]Ga‑DOTATATE (A) and  [68Ga]Ga‑HA‑DOTATATE (B), including minimum and 
maximum population ranges (dashed lines) that were based on administered peptide amount ranges, SSTR2 variability in organs, tumor blood flow 
variability and tumor blood volume variability. Missing data in group 2 for  [68Ga]Ga‑DOTATATE primary tumor uptake due to resection of the primary 
tumor for all patients (n = 4)

Table 4 Sensitivity analysis results for the tumor compartments 
with area under the concentration–time curve (AUC; 0–24 h) as 
output parameter

Only sensitivity values < −0.5 or > 0.5 were reported

Compartment Input parameter Sensitivity value

Primary tumor Fraction vascular of primary 
tumor

0.655

Primary tumor [68Ga]Ga‑DOTATATE dose (µg) 1.03

Liver metastases [68Ga]Ga‑DOTATATE dose (µg) 1.03

Liver metastases Fraction vascular of liver metas‑
tases

0.735

Liver metastases SA proportionality factor 0.527

Other metastases [68Ga]Ga‑DOTATATE dose (µg) 1.03

Other metastases Fraction vascular of other 
metastases

0.575
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model showed that a clinically relevant tumor sink effect 
was only present in patients with an extensive tumor 
load.

Patient population
In the current study, patients were divided based on 
their tumor load into three groups: (1) patients with 
primary tumors or with ≤ 2 metastases (limited dis-
ease), (2) patients with liver-only metastases and (3) 
patients with extensive metastases. Our classification 
roughly follows the work of Riihimaki et  al. [53] and 
reflects the three main categories of patients. For this 
modeling study, it was important to have a simplified 
resemblance of a clinical population, which also pro-
vided a subgroups with comparable tumor burden. 
Lastly, liver metastases have a high incidence in met-
astatic NET and are known to have different uptake 
compared to other metastases and primary tumors [12, 
53, 54]. The latter two arguments were both important 
factors for the identification of a potential tumor sink 
effect.

Because of the retrospective nature of this study, 
the total included patients differed between  [68Ga]Ga-
DOTATATE and  [68Ga]Ga-HA-DOTATATE groups 
(n = 39 vs. n = 59, respectively). However, patient data 
were only used for model evaluation and we believe 
that our data were sufficient to evaluate biodistribu-
tion for both peptides in this population. Also, since 
parameter optimization was performed based on total 
patients rather than smaller patient groups, this dif-
ference in group size was not likely to affect model 

predictions. The control group was created from 
patients without apparent DOTATATE-positive lesions 
(i.e., signal intensity higher than local background) on 
diagnostic PET/CT. This group was assumed to  only 
have physiological tracer accumulation, but actu-
ally  consisted of patients that were referred with sus-
pected GEP-NET or received treatment for prior NET. 
Still, we believe that this assumption did not influence 
our findings and model predictions.

PBPK model
By calculating peptide concentrations based on meas-
ured radioactivity and administered specific activities, 
the assumption was made that peptide degradation did 
not occur during circulation. Intracellular degradation 
of peptides was described with a fixed degradation rate 
constant, but it was unlikely that this impacted our 
assumptions of observed data. Firstly because the rate 
constant is very small and thus degradation is limited, 
but also because most degradation occurs at points in 
time after the observed data.

Despite evidence that SSTR expression is highly vari-
able between individuals [55], changing SSTR2 expres-
sion for tumors did not result in substantial different 
tumor uptake predictions. Results of the sensitivity 
analysis supported this finding (the sensitivity value of 
SSTR2 amount was 0.06 for primary tumor) and, there-
fore, SSTR2 expression on tumors was fixed in further 
analyses. Sensitivity analysis results also showed the 
importance of blood volume (fraction vascular) on 
tumor uptake. Tumor blood flow only slightly affected 

Fig. 3 Comparisons of spleen uptake after PET/CT in patients receiving  [68Ga]Ga‑DOTATATE or  [68Ga]Ga‑HA‑DOTATATE (low and high peptide 
amounts) showed a significant higher uptake for  [68Ga]Ga‑DOTATATE compared to  [68Ga]Ga‑HA‑DOTATATE. In addition, peptide amount differences 
for  [68Ga]Ga‑HA‑DOTATATE did not affect spleen  SUVpeak and  SUVmax. Lines indicate significant uptake differences between two groups (*p ≤ 0.05, 
**p ≤ 0.01, ***p ≤ 0.001 and ****p ≤ 0.0001)
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tumor uptake as shown by the sensitivity analysis 
(0.237 for primary tumor). However, it should be men-
tioned that a 10% change in tumor blood flow is not 
representative for the known inter-individual variabil-
ity [42–45]. Manual adjustments of tumor blood flow 
based on reported literature variability values clearly 
affected tumor uptake and, therefore, these values were 
included as population ranges in the final PBPK tumor 
models.

Two main considerations should be pointed out about 
the model not being able to predict all data observa-
tions, especially for liver metastases and other metasta-
ses. Firstly, segmentation of tumor lesions was based on 
lesions with highest uptake and, therefore, were probably 
not representative for average expected tumor uptake. 
Secondly, interquartile ranges of tumor blood flow and 
blood volume were used to predict minimum and maxi-
mum uptake ranges. Data observations outside of these 

predicted ranges most probably represented patients 
with, for example, extensive tumor blood flow and blood 
volume.

DOTATATE versus HA‑DOTATATE
Higher organ uptake of  [68Ga]Ga-HA-DOTATATE com-
pared to  [68Ga]Ga-DOTATATE was described previ-
ously, although these differences seemed on average 
minor and tumor uptake was found to be comparable for 
 [68Ga]Ga-DOTATATE and  [68Ga]Ga-HA-DOTATATE 
[5, 32]. Sensitivity analysis of the PBPK model showed 
that slight differences in chemical properties, such as 
molecular weight and lipophilicity, could not fully explain 
the observed organ uptake dissimilarities between the 
tracers. In the subanalysis regarding administered pep-
tide amount, it was shown that this peptide amount did 
not cause the difference in spleen uptake. These find-
ings together lead to the conclusion that differences in 

Fig. 4 Spleen and tumor uptake  (SUVpeak (A) and  SUVmax (B)) of  [68Ga]Ga‑DOTATATE and  [68Ga]Ga‑HA‑DOTATATE for: (C) control group, (1) limited 
disease, (2) liver‑only metastases and (3) extensive metastases patients. Lines indicate significant uptake differences between two groups (*p ≤ 0.05, 
**p ≤ 0.01, ***p ≤ 0.001 and ****p ≤ 0.0001)
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receptor affinity are the likely cause for increased organ 
uptake for HA-DOTATATE. This was taken into account 
in the PBPK model by the optimization of affinity (KD 
and koff) of HA-DOTATATE to describe uptake differ-
ences between both peptides.

Apparently, the increased affinity of HA-DOTATATE 
did not affect (primary) tumor uptake, since primary 
tumor uptake was not significantly different between 
both peptides (Table 1). Results of the PBPK model were 
in agreement with these observations, because tumor 
blood flow and volume showed most effect on tumor 
uptake and not SSTR binding or expression of the recep-
tor. In addition, the subanalysis showed that adminis-
tered peptide amount did not alter spleen uptake (for 
HA-DOTATATE), probably indicating that receptor sat-
uration was not likely to occur within these relatively low 
ranges of peptide amounts (< 20 µg).

Tumor sink effect
To the best of our knowledge, this is the first study to 
compare organ uptake in patient groups with varying 
tumor burden. Scan analysis showed no significant effect 
of total tumor burden on organ uptake for groups 1 and 2 
compared to the control group; thus, a tumor sink effect 

was not present within the range of observed total tumor 
burden in these patients. PBPK model predictions also 
showed a small and probably clinically irrelevant tumor 
sink effect for tumors with rather low-to-moderate vol-
umes (which represents the majority of patients) [37]. To 
clarify, for patients with a median NET volume (approxi-
mately 65  mL) [37], a decrease in spleen uptake of ~ 3% 
was predicted. However, PBPK model predictions showed 
a clear decrease in spleen accumulation for patients with 
increasing total tumor loads (Fig. 5). Although variability 
in predictions was high, it was expected that liver metas-
tases play an import part for patients with extensive NET 
volumes and predictions within the minimum decrease 
range in spleen uptake (based on high tumor load of 
other metastases with low tumor blood flow and blood 
volume) will be less likely to occur. When looking at the 
day-to-day variability in DOTATATE spleen accumula-
tion, differences of approximately 15% can be observed 
according to previous work of Aalbersberg et  al. [56]. 
Therefore, we believe that a tumor sink effect of > 20% 
may be considered clinically relevant and, based on the 
model predictions, this only occurs in patients with 
total tumor loads higher than ~ 550  mL. These predic-
tions were in agreement with scan observations, since for 

Fig. 5 Predictions of tumor sink effect for each tumor compartment (points and lines) (where primary tumor and liver metastases predictions are 
overlapping) with ranges in predictions (shaded areas) based on inter‑individual variability of tumor blood flow and tumor blood volume
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patients with extensive metastases (group 3), a measur-
able tumor sink effect was indeed demonstrated, where 
a significant lower organ uptake (spleen, liver, thyroid) 
was observed compared to the control groups (Fig. 4 and 
Additional file 1: Fig. S1).

Personalizing therapy by increasing injected activity 
for patients with extensive tumor burden will probably 
result in greater radiation delivery to tumor sites, while 
not exceeding maximum organ doses. Such a similar 
individualized approach was suggested by Beauregard 
et al.; however, their observed decrease in organ uptake 
was caused by increased tumor sequestration or increas-
ing body size [28]. Unfortunately, tumor volumes were 
not analyzed as potential cause of this effect and, there-
fore, results remain difficult to compare. Still, increasing 
activity doses for patients with high total tumors loads 
remains an interesting topic for future research. The 
characterization of the tumor sink effect as a disease-drug 
interaction will allow the further use of PBPK models to 
personalize dosing in the near future. However, based on 
these results, it seems that only a small part of all treated 
NET patients would benefit from individualized dos-
ing based on tumor volume, since a relevant tumor sink 
effect was only predicted for patients with total tumor 
loads higher than ~ 550  mL. Regarding peptide selec-
tion, model predictions demonstrated only slight organ 
and tumor uptake differences for DOTATATE compared 
to HA-DOTATATE despite their differences in physico-
chemical parameters and receptor affinity, and thus there 
seems no clear preference of one peptide over the other. 
Future model predictions could help to select optimal 
dosing regimens to increase tumor lesion uptake while 
limiting organ uptake in patients receiving these radiola-
beled SSAs for both diagnosis and therapy.

Conclusion
The developed PBPK model could adequately predict 
organ and tumor uptake of  [68Ga]Ga-DOTATATE and 
 [68Ga]Ga-HA-DOTATATE in 39 and 59 GEP-NET 
patients, respectively. Variability in tumor blood flow and 
tumor blood volume appeared most important to predict 
tumor uptake population ranges, while SSTR2 expres-
sion differences seemed less relevant. Furthermore, 
differences in administered peptide amount of  [68Ga]
Ga-DOTATATE and  [68Ga]Ga-HA-DOTATATE did not 
affect organ uptake and affinity differences appeared to 
be mainly responsible for the significant differences in 
organ uptake observed between both peptides. Lastly, a 
decrease of reference organ uptake was not observed and 
predicted for the majority of NET patients with low total 
tumor loads, but for patients with higher total tumor vol-
umes (> 550  mL) a clinically relevant tumor sink effect 

was predicted. These developed PBPK models could be 
pivotal in, for example, finding optimal individualized 
doses, selecting ligands with regard to achieving optimal 
organ and tumor distribution ratios and providing a basis 
for translating uptake between theranostic tracers.
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