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Abstract

Background Little is known about parameters that have a relevant impact on (dis)similarities in biodistribution
between various *®Ga-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 [%8Ga]
Ga-DOTATATE and [*®Ga]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 [%8Ga]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 [®*Ga]Ga-DOTATATE and [*®Ga]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 [®Ga]Ga-DOTATATE and [*®Ga]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 (Y7Lu)-labeled SSAs, DOTA-Tyr*-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 (°®Ga)-labeled
SSAs are FDA -and EMA-approved and several are cur-
rently used for routine imaging of NETs, such as DOTA-
Tyr®-octreotide (DOTATOC), DOTA-1-Nal*-octreotide
(DOTANOC), DOTATATE and DOTA-iodo-Tyr3-octre-
otate (HA-DOTATATE; HA, high-affinity) [5-8]. Dis-
tribution patterns of these ®*Ga-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 (*’Lu-)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 NETSs, which showed the importance
of somatostatin receptor 2 (SSTR2) density and admin-
istered peptide amount on the organ distribution for
[®Ga]Ga-DOTATATE [26]. Extending this model with
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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 [1”’Lu]Lu-DOTATATE [27]. However,
this [Y“Lu]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 [*®Ga]Ga-DOTATATE
and [*®Ga]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 [*®Ga]Ga-DOTATATE or [*®*Ga]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 [**Ga]
Ga-(HA-)DOTATATE administration (where (HA-)
DOTATATE refers to both peptides). ®®Ga-labeled (HA-)
DOTATATE was produced in-house according to vali-
dated procedures described previously [30]. An intrave-
nous injection of approximately 100 MBq ®3Ga-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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SUVpeaio SUVjo and  radioactivity concentrations
(MBq/L) for aorta, spleen, thyroid, liver, primary tumor
and metastatic lesions>2 c¢m 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 (ug/L) per organ or tumor were
calculated based on the measured radioactivity concen-
trations and the administered specific activities (MBgq/
Hg).

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 [®Ga]Ga-
DOTATATE and [**Ga]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 [*®Ga]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 [*3Ga]Ga-HA-DOTATATE
were 1628.5 g/mol and —3.12, respectively [32]. Plasma
protein binding for [*®Ga]Ga-HA-DOTATATE was
unknown, but a major difference compared to [*®Ga]
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
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(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~'. This was based on a 1.67-fold increase in
internalization rate for [*®Ga]Ga-HA-DOTATATE com-
pared to [**Ga]Ga-DOTATATE (accumulation of [*®Ga]
Ga-HA-DOTATATE in spleen plateaued 30 min post-
injection compared to 50 min post-injection for [**Ga]
Ga-DOTATATE) [26, 33, 35]. Unknown input param-
eters for HA-DOTATATE (the equilibrium dissociation
constant (Kp) and dissociation rate constant (k.g)) were
optimized by using all observed spleen concentrations
from all included patients at once and thus optimized
values represent K, and kg 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:
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APK;  pj
ij = L o 1)
Ap;i ~ PK;

where PK; is a PK parameter of a certain output to an
input parameter (p;) Thus, the sensitivity for the PK
parameter to that input parameter was calculated as the
ratio of the relative change of that PK parameter (4PK))
and the relative variation of the input parameter (4Ap,).
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 [®®Ga]Ga-DOTATATE
and [®®Ga]Ga-HA-DOTATATE are based on radioactiv-
ity (~100 MBq per administration). Specific activities
(MBq/ug) 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 [*®Ga]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
[*®*Ga]Ga-DOTATATE and [®Ga]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 (SUV, and
SUV

peak

max) ¢

Tumor sink effect
Imaging data regarding uptake (SUV ., and SUV,,.)
were compared between the three patient groups (limited
disease, liver-only and extensive metastases) to assess
differences in organ and tumor uptake for [**Ga]Ga-
DOTATATE and [*®Ga]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
[®*Ga]Ga-DOTATATE and [®®Ga]Ga-HA-DOTATATE
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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 C,,,) 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
(SUV . and SUV,,,,) 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 pg). This resulted in a final
inclusion of 39 and 59 GEP-NET patients receiving
either [®*Ga]Ga-DOTATATE or [®Ga]Ga-HA-DOTA-
TATE, respectively. The peptide amounts and admin-
istered radioactivity were 13.1+2.18 pg (7.16-16.6 pg)
and 85.8+16.0 MBq (50.3-132.7 MBq) for [**Ga]Ga-
DOTATATE, and 6.06+226 pg (2.43-11.1 pg) and
85.7+14.1 MBq (43.8-106.3 MBq) for [®®Ga]Ga-HA-
DOTATATE. Mean injection-acquisition interval was
4446 min (34-55 min) for [**Ga]Ga-DOTATATE and
44+ 6 min (29-55 min) for [®®*Ga]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 [**Ga]Ga-DOTA-
TATE and [®*Ga]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 [*®Ga]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 K, and 0.00709 min~" for k g An over-
view of compound-specific input parameters for both
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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 [®®Ga]Ga-DOTATATE and [**Ga]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 [*®Ga]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 [*Ga]Ga-HA-
DOTATATE, spleen uptake was underpredicted more
often compared to [®®Ga]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 [*Ga]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 [*®Ga]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 (SUV,,,, and SUV,,) in spleen, liver, thyroid
(p<0.001 for all organs) and a significantly higher uptake
in aorta (p<0.001) for [*®Ga]Ga-DOTATATE compared
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Table 1 Patient demographics and characteristics for all GEP-NET patients receiving [%Ga]Ga-DOTATATE or [¥Ga]Ga-HA-DOTATATE

[*®GalGa-DOTATATE (n=39) [*®GalGa-HA-DOTATATE (n=59) p-value
Sex
Male 4 (36%) 31 (53%) 0.356
Female 25 (64%) 28 (47%)
Age (years) 62411.6(39-84) 624 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) 1714£7.62 (157-185) 1734+8.25(158-192) 0.290
GFR (Cockcroft Gault, mL/min) 90.7+£26.9 (33.8-147) 823+252(35.8-183) 0.149
Peptide amount administered (ug) 13.14+£2.18(7.16-16.6) 6.0642.26 (2.43-11.1) <0.001
Radioactivity administered (MBq) 85.84+16.0 (50.3-133) 85.7+14.1 (43.8-106) 0.981
Injection-acquisition interval (min) 44 46 (34-55) 4446 (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 2(31%) 27 (46%)
Unknown 6 (15%) 12 (20%)
SUV e
Aorta 1.81+£0.635(0.93-3.26) 1.25+0.408 (0.62-2.36) <0.001
Spleen 182£6.14(7.07-31.5) 2771904(12,6—52.8) <0.001
Liver 747 +£283(2.81-17.7) 1.3£2.92(5.23-184) <0.001
Thyroid 347 +145 (1.38-7.85) 530+2.17 (2.17-14.9) <0.001
Primary tumor 2414153 (6.33-63.5) 2994186 (8.58-74.9) 0.291
Liver metastases 25.1+£124(6.97-53.7) 33.14+£13.2(13.8-79.8) 0014
Other metastases 15.5+133(2.12-834) 213+158(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 1644552 (6.34-26.3) 252+£791(115-41.2) <0.001
Liver 6.07£2.19 (245-12.9) 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 180+ 13.1 (4.74-53.7) 9(6.21-487) 0.509
Liver metastases 19.6+£10.3 (6.18-47.2) 254410.1(11.5-54.6) 0.017
Other metastases 9.67 £844 (1.06-44.5) 1464115 (1.53-51.5) 0.007
Peptide accumulation (ug/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) 81+1.64(0.31-7.67) 0.092
Liver metastases 3.48+2.00 (0.76-8.39) 2.3041.09 (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

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

GFR Glomerular filtration rate; SUV Standardized uptake value

to [®®Ga]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 [®Ga]Ga-DOTATATE and [%®Ga]

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



Page 7 of 16

(2023) 13:8

Siebinga et al. EJINMMI Research

9)eJ uones|y Jejniswol ¥45

06) J2QWINU se sa|getieA [ed110631ed pue (36uel) UOIRIASP PJePUR]S TF URSW SB UMOYS 1€ S9|]eLIBA SNONUIIUO
o IqeleA |eol

(UIw) [eAIRIUI UOR

85€0 (55-5€) 9F ¥ (€5-S€) LF ¥ (55-60) 9F v (55-5€) 9F Sv €510 (SS-S€) 9F v¥ (S-1v) CFev (SS-ve) LF eV (8/-5€) LLF8F  -Isinboe-uondsful

(bg)

(901-8°¢h) (S01-0'69) (901-1°09) (0L1-099) (€€1-€09) (966-L19) (101-8°£9) (OEL-¥ep) palsisiuiipe

€150 8% FC98 0CLF8S8 YLF6V8 ¥1ILFS68 8/€0 991F588 ESLFLE8 (YLFL6L YECFL L6 Alanoeolpey

O11-£€€) (Ir-1ee) (8LL-€¥'T) (Cli-6v0) 991-91°2) 091-¥€l) (£S1-901) (691-509)  (Br) passisiuiwpe

¥0C0 Y F L9 CLTFVL9 8G'LF S 6CCFEL9 590 8V CF 8L 80'LF Sl SYLFLEL GOZFGTL  unowe spndad

(€T1-8'S€) (€81-€'LY) (£11-€09) (06 L) (FT1-8'¢€) (SLL-¥'€6) Ov1-v'£p) (091-9°6) (Ui nes,

010 YOCFeEo6L L'6Y F0€6 SLCFOT8 g Nvﬂm L 8%0 G9CFES8 CO0LF966 SleF Lol SlEF8Y6 YOIDD0D) Y49
(c61-851) (S81-651) (981-091) (€61-¥S1) (S81-£S1) (€81-¥91) (081-851) (961-551)

/80 0LLFVLL ELLFVLL 0€8F IL ol Hmt 0£C0 Yo' LFLLL 6C6FVLL CL9F 691 ELLFoLL (W) 3ybieH
(001-19) (co1-29) (ELL-¥P) (S 1-0v) (LL1-€9) (€01-€2) (#01-09) (0z1-€9)

1000 90LF969 I'8LF98L L9LFGeL €CLCFIL8 Sly'0 0SLFLSL 0€ELFE88 CYLF9LL y8LF I8 (B3) bIam

78C0 (C8-0W) LLLF L9 (L9-¥h) 186F LS (08-LY) €86F 9 (¥8-L0) CL F 65 0020 (r8-6¢€) €L F79 (S/-8V) TLF LS (SL=9%) 6 F ¥9 (6/-C0) ¥L F95 (sieak) aby

(%¢9) 9L (%£9) ¥ (9¢9) LL (9699) 5T (%89) L1 (9%08) ¢ (%09) 9 (9697) 61 oo

1000> (%8%) Sl (%EP) € (%8%) 01 (%¥¥) 0C  1000> (%c¢) 8 (9609) € (%60%) ¥ (9vS) TC SleN
(sy=u) (ly=u)
anjea-d (Lg=u)gdnoin (£=u)gzdnoin (Lz=u) | dnoip dnoib josuoy anjea-d (gz=u)gdnoin (y=u)gdnoin (oL=u) | dnoip dnoub josyuo)

31VIV10Q-VH-eD[eDg4] 31V1V10Qd-eD[eDg,] sislpweled

$95LISLISW SAISUSIXS i€ dNoIb pue saseIseIaW AJUO-JaA]| ig dNoUb ‘(3583SIP PAWI|) SISLISLIDW (7 =) M3
e Yl 10 A|3]0s siown Atewld 1| dnolb ‘| D/134 uo paseq sisoubelp [N 1noyum siuaned :dnoib (011uod Bunuasaidal 'sdnolb 1usned Inoj Yyl Jo sD1Is1S1deIeyd 1Used € 3jqel



Siebinga et al. EJINMMI Research

(2023) 13:8

O
Lung

A 4

SSTR;, = 0.08

Primary

tumor <

SSTR,, = 1.5

Liver

metastases
SSTRy, = 2

Other

metastases [
SSTR = 2
—

Fat <

“—
)

A

Bone
—

)

Skin

A

—_—
)

A

Muscle

Venous blood

[or}
&
o
5
A

A

Heart
) —
)

Thyroid

'y

SSTR;, = 0.04

)

A

Gonads
—

Stomach ¢

SSTR, = 0.13

Intestines”

v

A

SSTR;, = 0.2

Liver

Pancreas
SSTR;, = 0.04

-~

SSTR,, = 0.18

Galbladder

Kidney L

Spleen
SSTR;, = 1

A

SSTR;, = 0.3

CL

i
v renal

Arterial blood

Page 8 of 16

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 SSTR;,. *Intestinal compartment consists of small intestine (SSTR2 fraction =0.09) and large intestine (SSTR2
fraction=0.11). CL gy renal clearance; SSTR,: somatostatin receptor fraction
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Table 3 Fixed and fitted input parameters for the PBPK model, showing compound-specific parameter differences between [%Ga]
Ga-DOTATATE and [*3Ga]Ga-HA-DOTATATE, and system-specific parameter differences between the tumor compartments

Parameter

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

Compound-specific

[*®GalGa-DOTATATE

[*®GalGa-HA-DOTATATE

Molecular weight 1502.3 g/mol 1628.5 g/mol
Lipophilicity —3.69 —-3.12

Ko 0.20 nmol/L 0.23 nmol/L*
Kost 0.012 min~! 0.0071 min~"*
Kin 0.161 min~' 0.268 min~'
Kieq 0.00012 min™"' 0.00012 min™"'
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 03 0.3 03

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

Ko Equilibrium dissociation constant; k.« Dissociation rate constant; ki, Internalization rate; ko, Degradation rate; SSTR Somatostatin receptor

of spleen SUV values of these three groups are shown
in Fig. 3. A significant decrease in spleen uptake was
observed for [*Ga]Ga-DOTATATE compared to [**Ga]
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 K}, and kg 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
SUV, . or SUV, .. in this study population.

peak max

Tumor sink effect

Organ uptake (SUV,. and SUV,_,) 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 [**Ga]Ga-DOTATATE (SUV,:
1524568 vs. 18.85+3.95, p=0.0301 and SUV_,:
17.04+6.52 vs. 20.9+£4.20, p=0.0290) and [**Ga]Ga-HA-
DOTATATE (SUVpeak: 22.947.44 vs. 30.7 £ 6.86, p<0.001
and SUV_,.: 25.04+7.97 vs. 33.9+£7.53, p<0.001). Moreo-
ver, for [®*Ga]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 (SUV ¢ 22.94£7.44 vs. 29.4+6.58, p=0.0418
and SUV . 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 (C,,,,) 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 C,,, 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.
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Fig. 2 PBPK model prediction results per group (solid lines) for [®*Ga]Ga-DOTATATE (A) and [**Ga]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 [%3Ga]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

Compartment Input parameter Sensitivity value
Primary tumor Fraction vascular of primary 0.655
tumor
Primary tumor [%8Ga]Ga-DOTATATE dose (Hg) 1.03
Liver metastases  [®Ga]Ga-DOTATATE dose (ug) 1.03
Liver metastases  Fraction vascular of liver metas- ~ 0.735
tases
Liver metastases  SA proportionality factor 0.527
Other metastases  [*®Ga]Ga-DOTATATE dose (Mg) 1.03
Other metastases  Fraction vascular of other 0.575

metastases

Only sensitivity values < —0.5 or > 0.5 were reported

Discussion

A PBPK model was developed to describe biodistribu-
tion and tumor uptake of [*®Ga]Ga-DOTATATE and
[°®Ga]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 [*®Ga]Ga-DOTATATE spleen uptake (main refer-
ence organ) was significantly lower compared to [**Ga]
Ga-HA-DOTATATE, irrespective of the amount of pep-
tide administered consistent with affinity differences. In
addition, differences in administered peptide amount of
[*Ga]Ga-HA-DOTATATE did not affect spleen uptake.
Lastly, scan observations and predictions by the PBPK
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amounts) showed a significant higher uptake for [®GalGa-DOTATATE compared to [®Ga]Ga-HA-DOTATATE. In addition, peptide amount differences

max:

for [%*Ga]Ga-HA-DOTATATE did not affect spleen SUV,,., and SUV,
**p<0.01,***p<0.001 and ****p <0.0001)

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 [**Ga]Ga-
DOTATATE and [*®Ga]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

Lines indicate significant uptake differences between two groups (*p <0.05,

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
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Fig. 4 Spleen and tumor uptake (S, (A) and SV, (B)) of [**Ga]Ga-DOTATATE and [**Ga]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 <0001 and ****p <0,0001)

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 [**Ga]Ga-HA-DOTATATE com-
pared to [*®Ga]Ga-DOTATATE was described previ-
ously, although these differences seemed on average
minor and tumor uptake was found to be comparable for
[*®*Ga]Ga-DOTATATE and [*®Ga]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
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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

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 (K
and k,q) 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 ug).

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
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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 [®*Ga]Ga-DOTATATE and
[®Ga]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 [®®Ga]
Ga-DOTATATE and [*®Ga]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

Page 14 of 16

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.

Abbreviations

AUC Area under the curve

DOTATATE DOTA-Tyr*-octreotate

%Ga Gallium-68

GEP Gastroenteropancreatic

GFR Glomerular filtration rate

HA-DOTATATE (High affinity) DOTA-iodo-Tyr*-octreotate
YLy Lutetium-177

NET Neuroendocrine tumor

PBPK model Physiologically based pharmacokinetic model
PK Pharmacokinetic

SSA Somatostatin analogue

SSTR2 Somatostatin receptor 2

SUv Standardized uptake value

VOI Volume of interest

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513550-023-00958-7.

Additional file 1: Table S1. Patient details for the subanalysis groups
regarding GEP-NET patients receiving higher amounts of [**Ga]Ga-HA-
DOTATATE. Fig. S1. Results of liver and thyroid uptake (SUVpeak (A) and
SUV,,x (B)) on PET/CT after administration of [**Ga)Ga-DOTATATE and
[°8Ga)Ga-HA-DOTATATE for patient groups; C control group, (1) limited
disease, (2) liver-only metastases and (3) extensive metastases

Acknowledgements
Not applicable.

Author contributions

HS, JJMAH, BJdW contributed to the study conception and design. HS devel-
oped the PBPK model and HS, JJMAH, ADRH and TPCD discussed the mod-
eling methodology. HS, JJMAH, ADRH, TPCD, BJdW and JHB contributed to the
interpretation of the results. The first draft of the manuscript was written by
HS. All authors provided critical review on previous versions of the manuscript
and approved the final manuscript.

Funding
No funds, grants or other support were received.

Availability of data and materials
The datasets analyzed during the current study are available from the cor-
responding author on reasonable request.

Declarations

Ethics approval and consent to participate

All procedures performed in studies involving human participants were in
accordance with the ethical standards of the institutional and/or national
research committee and with the 1964 Helsinki declaration and its later
amendments or comparable ethical standards. Informed consent was
obtained from all individual participants included in the study. The study was
approved by the Institutional Review Board (IRB) of the Netherlands Cancer
Institute in Amsterdam, the Netherlands (IRBd18078).

Consent for publication
Not applicable.


https://doi.org/10.1186/s13550-023-00958-7
https://doi.org/10.1186/s13550-023-00958-7

Siebinga et al. EJINMMI Research (2023) 13:8

Competing interests
All authors declare that they have no conflict of interest that are relevant to
the content of this article.

Author details

'Department of Pharmacy and Pharmacology, The Netherlands Cancer
Institute, Amsterdam, The Netherlands. ?Department of Nuclear Medicine,
The Netherlands Cancer Institute, Amsterdam, The Netherlands. >Department
of Pharmacy, Uppsala University, Uppsala, Sweden. “Department of Clinical
Pharmacy, University Medical Center Utrecht, Utrecht University, Utrecht, The
Netherlands. °Department of Pharmacology, Princess Maxima Center for Pedi-
atric Oncology, Utrecht, The Netherlands.

Received: 25 March 2022 Accepted: 26 January 2023
Published online: 03 February 2023

References

1. Cives M, Strosberg JR. Gastroenteropancreatic neuroendocrine tumors.
CA Cancer J Clin. 2018;68:471-87. https://doi.org/10.3322/caac.21493.

2. Stueven AK, Kayser A, Wetz C, Amthauer H, Wree A, Tacke F, et al. Soma-
tostatin analogues in the treatment of neuroendocrine tumors: past,
present and future. Int J Mol Sci. 2019. https://doi.org/10.3390/ijms2
0123049.

3. European Medicines Agency (EMA). European Public Assessment Report
Lutathera. 2018.

4. Food and Drug Administration (FDA) - Center for Drug Evaluation and
Research (CDER). Approval Letter Lutathera. 2018.

5. Brogsitter C, Zophel K, Hartmann H, Schottelius M, Wester HJ, Kotzerke J.
Twins in spirit part Il: DOTATATE and high-affinity DOTATATE-the clinical
experience. Eur J Nucl Med Mol Imaging. 2014;41:1158-65. https://doi.
org/10.1007/500259-014-2690-1.

6. Bodei L, Ambrosini V, Herrmann K, Modlin I. Current concepts in (68)
Ga-DOTATATE imaging of neuroendocrine neoplasms: interpreta-
tion, biodistribution, dosimetry, and molecular strategies. J Nucl Med.
2017,58:1718-26. https://doi.org/10.2967/jnumed.116.186361.

7. European Medicines Agency. Assessment report SomaKit TOC. 2016.

8. Food and Drug Administration (FDA) - Center for Drug Evaluation and
Research (CDER). Approval letter for Ga-DOTA-TOC 2019.

9. Poeppel TD, Binse |, Petersenn S, Lahner H, Schott M, Antoch G, et al.
68Ga-DOTATOC versus 68Ga-DOTATATE PET/CT in functional imaging of
neuroendocrine tumors. J Nucl Med. 2011;52:1864-70. https://doi.org/10.
2967/jnumed.111.091165.

10. Sandstrom M, Velikyan |, Garske-Roman U, Sorensen J, Eriksson B,
Granberg D, et al. Comparative biodistribution and radiation dosimetry
of 68Ga-DOTATOC and 68Ga-DOTATATE in patients with neuroendocrine

tumors. J Nucl Med. 2013;54:1755-9. https://doi.org/10.2967/jnumed.113.

120600.

11. Kabasakal L, Demirci E, Ocak M, Decristoforo C, Araman A, Ozsoy Y,
et al. Comparison of (6)(8)Ga-DOTATATE and (6)(8)Ga-DOTANOC PET/
CTimaging in the same patient group with neuroendocrine tumours.
Eur J Nucl Med Mol Imaging. 2012;39:1271-7. https://doi.org/10.1007/
500259-012-2123-y.

12. Wild D, Bomanji JB, Benkert P, Maecke H, Ell PJ, Reubi JC, et al. Comparison
of 68Ga-DOTANOC and 68Ga-DOTATATE PET/CT within patients with gas-
troenteropancreatic neuroendocrine tumors. J Nucl Med. 2013;54:364—
72. https://doi.org/10.2967/jnumed.112.111724.

13. Brogsitter C, Schottelius M, Zophel K, Kotzerke J, Wester HJ. Twins in spirit:
DOTATATE and high-affinity DOTATATE. Eur J Nucl Med Mol Imaging.
2013;40:1789. https://doi.org/10.1007/500259-013-2497-5.

14. Roll W, Riemann B, Schafers M, Stegger L, Vrachimis A. 177Lu-DOTATATE
therapy in radioiodine-refractory differentiated thyroid cancer: a single
center experience. Clin Nucl Med. 2018;43:e346-51. https://doi.org/10.
1097/rlu.0000000000002219.

15. Thuillier P, Maajem M, Schick U, Blanc-Beguin F, Hennebicq S, Metges JP,
et al. Clinical assessment of 177Lu-DOTATATE quantification by compari-
son of SUV-based parameters measured on both post-PRRT SPECT/CT
and 68Ga-DOTATOC PET/CT in patients with neuroendocrine tumors: a
feasibility study. Clin Nucl Med. 2021;46:111-8. https://doi.org/10.1097/
rlu.0000000000003412.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

Page 150f 16

. Ezziddin S, Lohmar J, Yong-Hing CJ, Sabet A, Ahmadzadehfar H, Kukuk G,

et al. Does the pretherapeutic tumor SUV in 68Ga DOTATOC PET predict
the absorbed dose of 177Lu octreotate? Clin Nucl Med. 2012;37:e141-7.
https://doi.org/10.1097/RLU.0b013e31823926e5.

. Sainz-Esteban A, Prasad V, Schuchardt C, Zachert C, Carril JM, Baum RP.

Comparison of sequential planar 177Lu-DOTA-TATE dosimetry scans with
68Ga-DOTA-TATE PET/CT images in patients with metastasized neuroen-
docrine tumours undergoing peptide receptor radionuclide therapy.
Eur J Nucl Med Mol Imaging. 2012;39:501-11. https://doi.org/10.1007/
500259-011-2003-x.

. Oksliz M, Winter L, Pfannenberg C, Reischl G, Missig K, Bares R, et al. Pep-

tide receptor radionuclide therapy of neuroendocrine tumors with (90)
Y-DOTATOC: Is treatment response predictable by pre-therapeutic uptake
of (68)Ga-DOTATOC? Diagn Interv Imaging. 2014,95:289-300. https://doi.
0rg/10.1016/}.diii.2013.07.006.

. Huizing DMV, Aalbersberg EA, van der Hiel B, Stokkel MPM, Versleijen

MWIJ. Discordant uptake between diagnostic 68Ga-HA-DOTATATE PET/
CT and posttherapy 177Lu-HA-DOTATATE SPECT/CT in patients with
neuroendocrine tumors. Clin Nucl Med. 2021;46:e475-7. https://doi.org/
10.1097/rlu.0000000000003618.

Jones H, Rowland-Yeo K. Basic concepts in physiologically based pharma-
cokinetic modeling in drug discovery and development. CPT Pharma-
comet Syst Pharmacol. 2013;2:e63. https://doi.org/10.1038/psp.2013.41.
Kletting P Muller B, Erentok B, Schmaljohann J, Behrendt FF, Reske SN,

et al. Differences in predicted and actually absorbed doses in peptide
receptor radionuclide therapy. Med Phys. 2012;39:5708-17. https://doi.
org/10.1118/1.4747266.

Kletting P, Kull T, Maass C, Malik N, Luster M, Beer AJ, et al. Optimized
peptide amount and activity for (9)(0)Y-labeled DOTATATE therapy. J Nucl
Med. 2016;57:503-8. https://doi.org/10.2967/jnumed.115.164699.
Hardiansyah D, Attarwala AA, Kletting P, Mottaghy FM, Glatting G. Predic-
tion of time-integrated activity coefficients in PRRT using simulated
dynamic PET and a pharmacokinetic model. Phys Med. 2017,42:298-304.
https://doi.org/10.1016/j.ejmp.2017.06.024.

Gospavic R, Knoll P, Mirzaei S, Popov V. Physiologically based pharma-
cokinetic (PBPK) model for biodistribution of radiolabeled peptides in
patients with neuroendocrine tumours. Asia Ocean J Nucl Med Biol.
2016;4:90-7. https://doi.org/10.7508/aojnmb.2016.02.005.

Maass C, Sachs JP, Hardiansyah D, Mottaghy FM, Kletting P, Glatting

G. Dependence of treatment planning accuracy in peptide receptor
radionuclide therapy on the sampling schedule. EINMMI Res. 2016;6:30.
https://doi.org/10.1186/513550-016-0185-8.

Siebinga H, de Wit-van der Veen BJ, Beijnen JH, Stokkel MPM, Dorlo TPC,
Huitema ADR, et al. A physiologically based pharmacokinetic (PBPK)
model to describe organ distribution of (68)Ga-DOTATATE in patients
without neuroendocrine tumors. EJNMMI Res. 2021;11:73. https://doi.
0rg/10.1186/513550-021-00821-7.

Jimenez-Franco LD, Glatting G, Prasad V, Weber WA, Beer AJ, Kletting P.
Effect of tumor perfusion and receptor density on tumor control prob-
ability in (177)Lu-DOTATATE therapy: an in silico analysis for standard and
optimized treatment. J Nucl Med. 2021;62:92-8. https://doi.org/10.2967/
jnumed.120.245068.

Beauregard JM, Hofman MS, Kong G, Hicks RJ. The tumour sink effect on
the biodistribution of 68Ga-DOTA-octreotate: implications for peptide
receptor radionuclide therapy. Eur J Nucl Med Mol Imaging. 2012,39:50-
6. https://doi.org/10.1007/500259-011-1937-3.

Virgolini I, Ambrosini V, Bomanji JB, Baum RP, Fanti S, Gabriel M, et al.
Procedure guidelines for PET/CT tumour imaging with 68Ga-DOTA-con-
jugated peptides: 68Ga-DOTA-TOC, 68Ga-DOTA-NOC, 68Ga-DOTA-TATE.
Eur J Nucl Med Mol Imaging. 2010;37:2004-10. https://doi.org/10.1007/
s00259-010-1512-3.

Aalbersberg EA, Geluk-Jonker MM, Young-Mylvaganan T, de Wit-van der
Veen LJ, Stokkel MPM. A practical guide for the production and PET/CT
imaging of 68Ga-DOTATATE for neuroendocrine tumors in daily clinical
practice. J Vis Exp. 2019. https://doi.org/10.3791/59358.

Open System Pharmacology. PK-Sim® and MoBi® software manual. Avail-
able from: https://docs.open-systems-pharmacology.org/.

Schottelius M, Simecek J, Hoffmann F, Willibald M, Schwaiger M, Wester
HJ. Twins in spirit - episode I: comparative preclinical evaluation of [(68)
Ga]DOTATATE and [(68)GalHA-DOTATATE. EJNMMI Res. 2015;5:22. https://
doi.org/10.1186/513550-015-0099-x.


https://doi.org/10.3322/caac.21493
https://doi.org/10.3390/ijms20123049
https://doi.org/10.3390/ijms20123049
https://doi.org/10.1007/s00259-014-2690-1
https://doi.org/10.1007/s00259-014-2690-1
https://doi.org/10.2967/jnumed.116.186361
https://doi.org/10.2967/jnumed.111.091165
https://doi.org/10.2967/jnumed.111.091165
https://doi.org/10.2967/jnumed.113.120600
https://doi.org/10.2967/jnumed.113.120600
https://doi.org/10.1007/s00259-012-2123-y
https://doi.org/10.1007/s00259-012-2123-y
https://doi.org/10.2967/jnumed.112.111724
https://doi.org/10.1007/s00259-013-2497-5
https://doi.org/10.1097/rlu.0000000000002219
https://doi.org/10.1097/rlu.0000000000002219
https://doi.org/10.1097/rlu.0000000000003412
https://doi.org/10.1097/rlu.0000000000003412
https://doi.org/10.1097/RLU.0b013e31823926e5
https://doi.org/10.1007/s00259-011-2003-x
https://doi.org/10.1007/s00259-011-2003-x
https://doi.org/10.1016/j.diii.2013.07.006
https://doi.org/10.1016/j.diii.2013.07.006
https://doi.org/10.1097/rlu.0000000000003618
https://doi.org/10.1097/rlu.0000000000003618
https://doi.org/10.1038/psp.2013.41
https://doi.org/10.1118/1.4747266
https://doi.org/10.1118/1.4747266
https://doi.org/10.2967/jnumed.115.164699
https://doi.org/10.1016/j.ejmp.2017.06.024
https://doi.org/10.7508/aojnmb.2016.02.005
https://doi.org/10.1186/s13550-016-0185-8
https://doi.org/10.1186/s13550-021-00821-7
https://doi.org/10.1186/s13550-021-00821-7
https://doi.org/10.2967/jnumed.120.245068
https://doi.org/10.2967/jnumed.120.245068
https://doi.org/10.1007/s00259-011-1937-3
https://doi.org/10.1007/s00259-010-1512-3
https://doi.org/10.1007/s00259-010-1512-3
https://doi.org/10.3791/59358
https://docs.open-systems-pharmacology.org/
https://doi.org/10.1186/s13550-015-0099-x
https://doi.org/10.1186/s13550-015-0099-x

Siebinga et al. EJINMMI Research

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

(2023) 13:8

Hartmann H, Freudenberg R, Oehme L, Zophel K, Schottelius M, Wester
HJ, et al. Dosimetric measurements of (68)Ga-high affinity DOTATATE:
twins in spirit - part lll. Nuklearmedizin. 2014;53:211-6. https://doi.org/10.
3413/Nukmed-0667-14-05.

Cockceroft DW, Gault MH. Prediction of creatinine clearance from serum
creatinine. Nephron. 1976;16:31-41. https://doi.org/10.1159/000180580.
Velikyan I, Sundin A, Sorensen J, Lubberink M, Sandstrom M, Garske-
Roman U, et al. Quantitative and qualitative intrapatient comparison of
68Ga-DOTATOC and 68Ga-DOTATATE: net uptake rate for accurate quan-
tification. J Nucl Med. 2014,55:204-10. https://doi.org/10.2967/jnumed.
113.126177.

Boy C, Heusner TA, Poeppel TD, Redmann-Bischofs A, Unger N, Jentzen
W, et al. 68Ga-DOTATOC PET/CT and somatostatin receptor (sst1-sst5)
expression in normal human tissue: correlation of sst2 mMRNA and SUV-
max. Eur J Nucl Med Mol Imaging. 2011,38:1224-36. https://doi.org/10.
1007/500259-011-1760-x.

Tirosh A, Papadakis GZ, Millo C, Sadowski SM, Herscovitch P, Pacak K, et al.
Association between neuroendocrine tumors biomarkers and primary
tumor site and disease type based on total (68)Ga-DOTATATE-Avid tumor
volume measurements. Eur J Endocrinol. 2017;176:575-82. https://doi.
org/10.1530/EJE-16-1079.

Kletting P, Schuchardt C, Kulkarni HR, Shahinfar M, Singh A, Glatting G,

et al. Investigating the effect of ligand amount and injected therapeutic
activity: a simulation study for 177Lu-labeled PSMA-targeting peptides.
PLoS ONE. 2016;11:20162303. https://doi.org/10.1371/journal.pone.01623
03.

Jiménez-Franco LD, Kletting P, Beer AJ, Glatting G. Treatment planning
algorithm for peptide receptor radionuclide therapy considering multiple
tumor lesions and organs at risk. Med Phys. 2018. https://doi.org/10.
1002/mp.13049.

Delrue L, Blanckaert P, Mertens D, Van Meerbeeck S, Ceelen W, Duyck P.
Tissue perfusion in pathologies of the pancreas: assessment using 128-
slice computed tomography. Abdom Imaging. 2012;37:595-601. https://
doi.org/10.1007/500261-011-9783-0.

Ng CS, Wei W, Duran C, Ghosh P, Anderson EF, Chandler AG, et al. CT
perfusion in normal liver and liver metastases from neuroendocrine
tumors treated with targeted antivascular agents. Abdom Radiol (NY).
2018;43:1661-9. https://doi.org/10.1007/500261-017-1367-1.

Ng CS, Chandler AG, Yao JC, Herron DH, Anderson EF, Charnsangavej C,
et al. Effect of pre-enhancement set point on computed tomographic
perfusion values in normal liver and metastases to the liver from neu-
roendocrine tumors. J Comput Assist Tomogr. 2014;38:526-34. https://
doi.org/10.1097/rct.0000000000000053.

Ng CS, Hobbs BP, Chandler AG, Anderson EF, Herron DH, Charnsangavej
C, et al. Metastases to the liver from neuroendocrine tumors: effect

of duration of scan acquisition on CT perfusion values. Radiology.
2013;269:758-67. https://doi.org/10.1148/radiol.13122708.

Wang Y, Hobbs BP, Ng CS. CT perfusion characteristics identify metastatic
sites in liver. Biomed Res Int. 2015;2015:120749. https://doi.org/10.1155/
2015/120749.

dAssignies G, Couvelard A, Bahrami S, Vullierme M-P, Hammel P, Hentic O,
et al. Pancreatic endocrine tumors: tumor blood flow assessed with per-
fusion CT reflects angiogenesis and correlates with prognostic factors1.
Radiology. 2009;250:407-16. https://doi.org/10.1148/radiol.2501080291.
Niederalt C, Kuepfer L, Solodenko J, Eissing T, Siegmund HU, Block M,

et al. A generic whole body physiologically based pharmacokinetic
model for therapeutic proteins in PK-Sim. J Pharmacokinet Pharmacodyn.
2018;45:235-57. https://doi.org/10.1007/510928-017-9559-4.

Diakatou E, Alexandraki KI, Tsolakis AV, Kontogeorgos G, Chatzellis E,
Leonti A, et al. Somatostatin and dopamine receptor expression in neu-
roendocrine neoplasms: correlation of immunohistochemical findings
with somatostatin receptor scintigraphy visual scores. Clin Endocrinol
(Oxf). 2015;83:420-8. https://doi.org/10.1111/cen.12775.

Schmidt MM, Wittrup KD. A modeling analysis of the effects of
molecular size and binding affinity on tumor targeting. Mol Cancer Ther.
2009;8:2861-71. https://doi.org/10.1158/1535-7163.MCT-09-0195.
Rasouli SS, Jolma IW, Friis HA. Impact of spatially varying hydraulic con-
ductivities on tumor interstitial fluid pressure distribution. Inform Med
Unlocked. 2019. https://doi.org/10.1016/}.imu.2019.100175.

Sweeney PW, d'Esposito A, Walker-Samuel S, Shipley RJ. Modelling the
transport of fluid through heterogeneous, whole tumours in silico. PLoS

51.

52.

53.

54.

55.

56.

Page 16 of 16

Comput Biol. 2019;15:e1006751. https://doi.org/10.1371/journal.pcbi.
1006751.

Marino S, Hogue IB, Ray CJ, Kirschner DE. A methodology for performing
global uncertainty and sensitivity analysis in systems biology. J Theor Biol.
2008;254:178-96. https://doi.org/10.1016/}.jtbi.2008.04.011.

R Core Team. R: A language and environment for statistical computing: R
Foundation for Statistical Computing, Vienna, Austria; 2020.

Riihimaki M, Hemminki A, Sundquist K, Sundquist J, Hemminki K. The
epidemiology of metastases in neuroendocrine tumors. Int J Cancer.
2016;139:2679-86. https://doi.org/10.1002/ijc.30400.

Anderson J, Silosky M, Karki R, Morgan R, Chin B. Normal biodistribu-
tion and tumor uptake of 68Ga DOTATATE PET/CT in the clinical setting:
normal background activity, and organ specific tumor characterization of
metastatic lesions. J Nucl Med. 2019,60:3031.

Hankus J, Tomaszewska R. Neuroendocrine neoplasms and somatostatin
receptor subtypes expression. Nucl Med Rev Cent East Eur. 2016;19:111—
7. https://doi.org/10.5603/NMR.2016.0022.

Aalbersberg EA, de Wit-van der Veen BJ, Versleijen MWJ, Saveur LJ,

Valk GD, Tesselaar MET, et al. Influence of lanreotide on uptake of (68)
Ga-DOTATATE in patients with neuroendocrine tumours: a prospective
intra-patient evaluation. Eur J Nucl Med Mol Imaging. 2019;46:696-703.
https://doi.org/10.1007/500259-018-4117-x.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



https://doi.org/10.3413/Nukmed-0667-14-05
https://doi.org/10.3413/Nukmed-0667-14-05
https://doi.org/10.1159/000180580
https://doi.org/10.2967/jnumed.113.126177
https://doi.org/10.2967/jnumed.113.126177
https://doi.org/10.1007/s00259-011-1760-x
https://doi.org/10.1007/s00259-011-1760-x
https://doi.org/10.1530/EJE-16-1079
https://doi.org/10.1530/EJE-16-1079
https://doi.org/10.1371/journal.pone.0162303
https://doi.org/10.1371/journal.pone.0162303
https://doi.org/10.1002/mp.13049
https://doi.org/10.1002/mp.13049
https://doi.org/10.1007/s00261-011-9783-0
https://doi.org/10.1007/s00261-011-9783-0
https://doi.org/10.1007/s00261-017-1367-1
https://doi.org/10.1097/rct.0000000000000053
https://doi.org/10.1097/rct.0000000000000053
https://doi.org/10.1148/radiol.13122708
https://doi.org/10.1155/2015/120749
https://doi.org/10.1155/2015/120749
https://doi.org/10.1148/radiol.2501080291
https://doi.org/10.1007/s10928-017-9559-4
https://doi.org/10.1111/cen.12775
https://doi.org/10.1158/1535-7163.MCT-09-0195
https://doi.org/10.1016/j.imu.2019.100175
https://doi.org/10.1371/journal.pcbi.1006751
https://doi.org/10.1371/journal.pcbi.1006751
https://doi.org/10.1016/j.jtbi.2008.04.011
https://doi.org/10.1002/ijc.30400
https://doi.org/10.5603/NMR.2016.0022
https://doi.org/10.1007/s00259-018-4117-x

	A physiologically based pharmacokinetic model for [68Ga]Ga-(HA-)DOTATATE to predict whole-body distribution and tumor sink effects in GEP-NET patients
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods
	Patient population and imaging data
	PBPK model development
	DOTATATE versus HA-DOTATATE
	Tumor sink effect
	Statistical tests

	Results
	Patient data
	PBPK model predictions
	DOTATATE versus HA-DOTATATE
	Tumor sink effect

	Discussion
	Patient population
	PBPK model
	DOTATATE versus HA-DOTATATE
	Tumor sink effect

	Conclusion
	Acknowledgements
	References


