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Abstract

Objective Pre-clinical studies with gallium-68 zoledronate ([**Ga]Ga-DOTAZ®Y) have proposed it to be a potent bisphos-
phonate for PET/CT diagnosis of bone diseases and diagnostic counterpart to ["Lu]Lu-DOTAZC" and [**’ Ac]Ac-DOTAZCL,
This study aims to be the first human biodistribution and dosimetric analysis of [®3Ga]Ga-DOTAZOL.

Methods Five metastatic skeletal disease patients (mean age: 72 years, M: F; 4:1) were injected with 150-190 MBq (4.05—
5.14 mCi) of [®Ga]Ga-DOTAZOL i.v. Biodistribution of [**Ga]Ga-DOTAZ°" was studied with PET/CT initial dynamic
imaging for 30 min; list mode over abdomen (reconstructed as six images of 300 s) followed by static (skull to mid-thigh)
imaging at 45 min and 2.5 h with Siemens Biograph 2 PET/CT camera. Also, blood samples (8 time points) and urine samples
(2 time points) were collected over a period of 2.5 h. Total activity (MBq) in source organs was determined using interview
fusion software (MEDISO Medical Imaging Systems, Budapest, Hungary). A blood-based method for bone marrow self-
dose determination and a trapezoidal method for urinary bladder contents residence time calculation were used. OLINDA/
EXM version 2.0 software (Hermes Medical Solutions, Stockholm, Sweden) was used to generate residence times for source
organs, organ absorbed doses and effective doses.

Results High uptake in skeleton as target organ, kidneys and urinary bladder as organs of excretion and faint uptake in
liver, spleen and salivary glands were seen. Qualitative and quantitative analysis supported fast blood clearance, high bone
to soft tissue and lesion to normal bone uptake with [*8Ga]Ga-DOTAZ®L. Urinary bladder with the highest absorbed dose
of 0.368 mSv/MBq presented the critical organ, followed by osteogenic cells, kidneys and red marrow receiving doses of
0.040, 0.031 and 0.027 mSv/MBq, respectively. The mean effective dose was found to be 0.0174 mSv/MBq which results
in an effective dose of 2.61 mSv from 150 MBq.

Conclusions Biodistribution of [**Ga]Ga-DOTAZO" was comparable to ['3F]NaF, [**™Tc]Tc-MDP and [**Ga]Ga-PSMA-617.
With proper hydration and diuresis to reduce urinary bladder and kidney absorbed doses, it has clear advantages over ['*F]
NaF owing to its onsite, low-cost production and theranostic potential of personalized dosimetry for treatment with [7"Lu]
Lu-DOTAZ°" and [**Ac]Ac-DOTAZ",

Keywords ®®Ga]Ga-DOTAZCL . Biodistribution - Theranostic radionuclides - Metastatic skeletal disease - Bronchial
carcinoma

Background

Metastatic skeletal disease is a long known complication in
>4 Ambreen Khawar many solid tumors. It affects up to 70% of patients suffer-
ambreen_khawar@hotmail.com ing from advanced breast or prostate cancer. It is a major
Department of Nuclear Medicine, University Medical Center contributor to increased morbidity and mortality in these
Bonn, Bonn, Germany patients [1-3]. The role of nuclear medicine in diagno-
Institute of Nuclear Chemistry, Johannes sis, staging and assessment of treatment response in these
Gutenberg-University Mainz, Mainz, Germany patients is well established. Among available SPECT and
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PET tracers, ['®F]NaF PET/CT has shown sensitivity of
100% and specificity of 97% [4]. Using ~ and a-emitting
radionuclides for pain palliation in these patients has proved
beneficial [5]. The theranostic role of nuclear medicine for
management of skeletal metastatic disease has progressed
from pain palliation to delivery of targeted cytotoxic radio-
nuclide therapy as is seen with prostate-specific membrane
antigen (PSMA) targeted therapies for prostate carcinoma
[6]. However, targeted therapies for skeletal metastasis sec-
ondary to other tumor entities are still being investigated.

Since many years, bisphosphonates have been used for
pain palliation and prevention of complications from skel-
etal metastases. Their anti-resorptive effect has been proven
in vivo and in vitro fact [7]. The high rate of adsorption by
bisphosphonates encouraged its labeling with theranostic
radionuclides [8]. Success in this regard has been found in
successful development of *™Tc-labeleld bisphosphonates
such as [*™Tc]Tc-Alendronate [9] and various acyclic bis-
phosphonates such as, e.g., EDTMP [ethylenediamine tetra
(methylene phosphonic acid] labeled with trivalent ®Ga
and '"Lu such as [**Ga]Ga-EDTMP [10], and ['"’Lu]Lu-
EDTMP [11-15]. In addition, there is a class of bisphos-
phonates conjugated to macrocyclic chelators, which allow
for labeling with trivalent radiometals [16, 17]. Among this
group, simple bisphosphonates have been investigated first
such as BPAMD (4-{[(bis(phophonomethyl)carbamoyl]
methyl}-7,10-bis(carboxymethyl)-1,4,7,10-tetraazacyclo-
dodec-1-yl) acetic acid, resulting in [**Ga]Ga-BPAMD [18]
and ['"Lu]Lu-BPAMD [18, 19]. Despite the great potential
of BPAMD as a theranostic pair, further radiopharmaceuti-
cal research demonstrated, that the NOTA version [*Ga]
Ga-NO2APB? (68Ga— 1,4,7-triazacyclonone- 1,4-diacetic acid)
of that bisphosphonate not only allowed for more effective
labelling with %3Ga, but also demonstrated superior targeting
quality [20]. It is superior with high thermodynamic sta-
bility and kinetic inertness as compared to DOTA-labeled
68Ga bisphosphonates, labeling of which is less efficient and
more vulnerable to experimental conditions. It was charac-
terized by high skeletal uptake and less kidney uptake [20].
However, in pre-clinical animal biodistribution studies, its
therapeutic counterpart ["""Lu]Lu-NO2APP? was found
inferior to ['”’Lu]Lu-BPAMD with less affinity to skeleton
[21]. To date, [**Ga]Ga-NO2AP®” and ['""Lu]Lu-BPAMD
thus represent the theranostic combination of the simple
bisphosphonate.

Alpha-hydroxy bisphosphonates like pamidronate and,
in particular, alpha-hydroxy bisphosphonates containing a
potent nitrogen-containing moiety like zoledronate represent
the next generation of bisphosphonates [22—-24]. In addition
to binding with hydroxyapatite structure of the bone, their
interaction with the HMG CoA reductase pathway results
in inhibition of farnesyl diphosphate synthase (FPPS) cul-
minating in apoptosis of osteoclasts, hence exhibiting a

biochemical target [8]. Among them, zoledronic acid has
shown the highest FPPS inhibition and best affinity to
hydroxyl apatite making it the bisphosphonate of choice for
labeling with diagnostic and therapeutic radionuclide [24].
The bifunctional chelate DOTA has facilitated labeling of
these bisphosphonates with Me (III), %8Ga and '""Lu [17]
for diagnosis and treatment of skeletal metastatic disease,
respectively, thus achieving a chemical goal of new thera-
nostic development [17].

Pre-clinical in vitro and in vivo studies with [*®Ga]Ga-
DOTAZ®L have shown high hydroxyapatite binding, good
target to background ratio with fast renal clearance and over-
all skeletal uptake comparable to other ®*Ga-labeled DOTA
o-H and a-OH bisphosphonates as well as ['8F]Na-F [16,
17]. Moreover, in vivo biodistribution in a single patient
with prostatic carcinoma showed intense uptake in skeletal
metastatic lesions with lower activity in background and
other normal organs in comparison with complimentary
[*Ga]Ga-PSMA image [16]. Recently, pre-clinical animal
studies with alpha emitter [>* Ac]Ac-DOTAZCL [25] have
shown biokinetics similar to [**Ga]Ga-DOTAZ°" and pro-
posed its translational use with strategies to reduce nephro-
toxicity, thus increasing the importance of theranostic use
of [**Ga]Ga-DOTAZ".

Literature-based comparison of [°8Ga]Ga-DOTAZO
[17] with [®3Ga]Ga-NO2APP? [20] revealed slightly less
hydroxyapatite binding (92.7 +1.3% versus 93.8 +4.4%)
and low bone uptake at 60 min p.i. (standard uptake value
(SUV) of 5.27 +£0.62 versus 6.19+1.27). The in vivo biodis-
tribution of [®*Ga]Ga-DOTAZ®" in male Wistar rats showed
faster kidney clearance with peak uptake in less than 5 min
followed by clearance in comparison to [*Ga]Ga-NO2APBP
that showed continuous uptake till 50 min followed by clear-
ance through urinary bladder [20]. However, SUV for kid-
neys at 60 min p.i was found to be higher for [**Ga]Ga-
DOTAZOL (0.53 +0.04) as compared to [*3Ga]Ga-NO2APBP
(0.26 +0.09). Evaluation of [**Ga]Ga-NO2AP®® in female
breast carcinoma patients already proved its excellent ability
to detect lesions along with favorable radiation dosimetry
with very low kidney absorbed dose [26]. However, [%8Ga]
Ga-DOTAZOL has not been evaluated clinically so far.

[®3Ga]Ga-DOTAZC" with benefit of low cost, onsite gen-
erator production of gallium-68 [27], having biodistribution
and skeletal uptake comparable with [!”’Lu]Lu-DOTAZOL
[17,25] and [***Ac]Ac-DOTAZOL [25] suggests it to be bet-
ter than['®F]Na-F as potential theranostic tracer allowing
for patient-individual dosimetry. In this study, we evaluated
human biodistribution and radiation dosimetry with [%8Ga]
Ga-DOTAZL,
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Materials and methods

It is stated that [*3Ga]Ga-DOTAZ® was applied to the
patients within an individual treatment attempt accord-
ing to German drug regulations. The data were evaluated
afterwards retrospectively. All procedures were followed
in accordance with ethical standards of our institutional
review board and therefore been performed in accordance
with the ethical standards laid down in the 1964 Declara-
tion of Helsinki and all subsequent revisions. All patients
gave their informed consent prior to their inclusion in the
study.

Patient population

Between April 2016 to March 2018, 5 patients (M: F;
4: 1) with metastatic skeletal disease not responding to
other treatment modalities were included in this study
(Table 1). The patients were injected intravenously (i.v.)
with mean + SD dose of 168.25 +20.27 MBq (4.55 mCi)
of [®Ga]Ga-DOTAZOL. Skeletal metastatic disease in
patients was secondary to breast, bronchial and metastatic
castration-resistant prostate carcinoma (mCRPC). All of
these patients had shown painful progression while being
treated with conventional treatment modalities.

Preparation of [°®Ga]Ga-DOTAZ%:

Gallium-68 was obtained from a 1.85 GBq (50 mCi)
%8Ge/%%Ga generator (iThemba Labs; South Africa).
Radiolabeling was performed according to the method
described by Meckel et al. [17]. Development of silica
TLC plates was conducted in acetylacetone/acetone (1:1)

Table 1 Characteristics of study population

for iTLC plates. A radiochemical yield of >98% and radi-
ochemical purity of >97% were obtained.

[8GalGa-DOTAZ! PET/CT imaging protocol

For qualitative and dosimetric analysis, a Siemens Biograph
2 PET/CT scanner with a 58.5 cm axial field of view and
a 16.2 cm longitudinal field of view was used for acquir-
ing PET/CT images. The scanner has a spatial resolution
of about 6 mm in axial and transversal direction (at a radius
of 10 mm). All patients underwent a low-dose CT scan
(120 kV, 40mAs) of abdomen for attenuation correction
and patient positioning with kidneys in field of view, fol-
lowed by dynamic imaging of abdomen for 30 min in list
mode started simultaneously with i.v. injection of [**Ga]Ga-
DOTAZOL. Later, static skull to mid-thigh PET/CT images
were acquired at 45 min and 2.5 h post-injection (p.i), each
preceded by low-dose CT examination for patient position-
ing and attenuation correction. Images were reconstructed
using an iterative reconstruction algorithm (OSEM with 8
iterations, 16 subsets), application of Gaussian filter of 4 mm
and were corrected for scatter. The dynamic images were
reconstructed into 6 images of 300 s.

Qualitative analysis

All dynamic and static images were visually analyzed to see
physiological and pathological tracer distribution. Organs
with increased tracer uptake were identified as source organs
for further dosimetric analysis.

Quantitative dosimetric analysis

For dosimetric analysis kidneys, liver, spleen, urinary
bladder, lumbar (L1-L3) vertebrae, salivary glands and
whole body were selected as source organs. MEDISO
interview fusion software (MEDISO Medical Imaging

PT1 PT2 PT3 PT4 PT5 Mean SD

Age 83 83 66 64 64 72 10.07
Weight 76 76 85 82 82 80 4.02
Sex M M F M M
Hematocrit 0.4 0.41 0.34 0.39 0.37 0.38 0.03
Dose 152 150 181 190 190 172.60 20.07
Tumor mCRPC mCRPC Breast Bronchial carcinoma Bronchial carcinoma
Previous AHY CTY AH?Y CT CTP + local CT® denosumab, nivolumab CT®/ denosumab, nivolumab

therapies ['""Lu]Lu- ['""Lu]Lu- irradia-

received PSMA-617 PSMA-617 tion
2 Antihormonal
®Chemotherapy
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Systems, Budapest, Hungary) was used to draw a volume
of interest (VOI) encompassing the entire source organs
on CT image for calculating organ volume and to deter-
mine mean counts/ml (kBg/ml) from a co-registered PET
image. Total source organ activity (MBq) was calculated
by multiplying source organ CT volume with correspond-
ing mean counts/ml and dividing it with 1000. The percent
of injected activity in source organs was calculated to gen-
erate time activity curves and calculating residence time
(MBg-h/MBq) using OLINDA/EXM version 2.0 (Hermes
Medical Solutions, Stockholm, Sweden). Mono-exponen-
tial curve was fit on whole body and salivary glands. Bi-
exponential curve was applied for the remaining source
organs. Assuming homogenous distribution of tracer in
the remainder of the body, the percentage of injected dose
in the image was scaled proportional to percentage weight
of body in the image by using Eq. (1) [28]. The percentage
of body weight in image was calculated using Eq. (2) [28].

Activity in static (skull — midthigh)image (#) x 100

The mean of residence times, organ absorbed doses
(mSv/MBq) and mean effective doses (mSv/MBq) were
calculated. The total effective dose in mSv received after
injection of 150 MBq of [®Ga]Ga-DOTAZ°" was calcu-
lated by multiplying the mean effective dose (mSv/MBq)
with 150 MBgq.

Results

Qualitative [®Ga]Ga-DOTAZ°! distribution
and kinetics analysis

Visual analysis of PET/CT images revealed intense tracer
uptake in kidneys, skeleton and urinary bladder. Faint uptake
in liver, spleen and salivary glands was also seen. Rapid
tracer kinetics was seen through kidneys as shown in Fig. 1
with early uptake in renal parenchyma as early as 2.5 min

%Whole body Activity(r) =

ey

Scaled injected activity in image

CT volume of whole bodyimage X mean CT density X 100

%Body weight(image) =

Patient weight

(@)

For the remainder of body activity A x [1 — exp™™]
function was fit for cumulative urinary excretion using the
method explained by Stabin [29]. For skeletal activity, the
mean counts/ml in lumbar vertebrae were multiplied by
5000 (total weight of skeleton in an adult) [30].

To determine bone marrow dosimetry, 1-2 ml venous
blood samples were collected at eight time points (5, 10,
15, 20, 25, 30, 45 min and 2.5 h) post-injection. Urine
samples were also collected in pre-weighed containers
after 45 min and 2.5 h p.i. Radioactivity in 1 ml blood and
urine samples was measured along with known standard
activity using 1480 WIZARD™ 3n Gamma counter. The
indirect blood-based method using patient hematocrit-
based red marrow to blood ratio and bone marrow mass
was used to determine bone marrow self-dose [31-34].
For urinary bladder contents residence time, a trapezoidal
method was used while taking into account urinary bladder
activity in images at 45 min, and 2.5 h along with activity
in urinary samples. OLINDA/EXM version 2.0 (Hermes
Medical Solutions, Stockholm, Sweden) software was used
to calculate mean organ absorbed doses and effective doses
after adjusting for the weight of patient organs by multi-
plying the reference adult male/female whole body weight
with factor obtained by dividing patient weight with refer-
ence adult (male/female) weight, respectively.

followed by clearance with minimal activity in the collecting
system at 45 min p.i.. and minimal to no residual activity at
2.5 h p.i.. Uptake in bone increased over time. Good bone to
soft tissue and metastatic lesion to normal bone uptake was
visualized at 45 min p.i.. which increased at 2.5 p.i. as seen
in Fig. 2. For dosimetric analysis, source organs identified on
qualitative analysis included kidneys, urinary bladder, lum-
bar vertebrae (L1-L3) as representative of skeletal system,
liver, spleen, salivary glands and whole body.

Comparison of mean SUV-based skeletal to soft tissue
ratio was found to be 7.36 and 12.96 at 45 min p.i. that
increased to 15.034 and 28.82 at 2.5 h p.i. for two repre-
sentative lesions as shown in Fig. 2 in comparison to 4.81
and 3.30 on previous [**Ga]Ga-PSMA-617 in a patient with
mCRPC. Lesion to normal bone ratio for these lesions was
found to be 7.53 and 12.95 at 45 min and 6.79 and 13.01 at
2.5 h p.i.. on PET/CT images of [®®Ga]Ga-DOTAZ?"" in
comparison to 7.5 and 5.14, respectively, on the [**Ga]Ga-
PSMA-617 image. The number of lesions was also higher on
[®*Ga]Ga-DOTAZCL as compared to [®*Ga]Ga-PSMA-617 in
the mCRPC patient.

Visual comparison of [*¥Ga]Ga-DOTAZ with ['®F]FDG
in bronchial carcinoma patients and [*™T¢]Tc-MDP bone
scan in the female patient as shown in Figs. 3 and 4, respec-
tively, also revealed that uptake in lesions and the apparent
number of lesions were also higher. SUV max in lesion was
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Fig. 1 [®®Ga]Ga-DOTAZ kinetics through kidneys in dynamic (150 s, 450 s, 750 s, 1050s, 1350s, 1650s) and static images (45 min and 2.5 h)

Fig.2 Uptake in two metastatic lesions on a. [%*Ga]Ga-PSMA-617, b. [**Ga]Ga-DOTAZ" at 45 min p.i.. and c. [®*Ga]Ga-DOTAZC at 2.5 h
p.i.. showing higher and progressive uptake with [®*Ga]Ga-DOTAZCL as a result of enhanced lesion to normal bone uptake

Fig.3 Comparison of PET/CT images of a. [®Ga]Ga-DOTAZ®" with b. ['®F]FDG in patient with skeletal metastases secondary to bronchial
carcinoma.

also higher on [*®*Ga]Ga-DOTA“" (15.24 g/ml) as com-  Dosimetric analysis for normal organs

pared to ['*F]JFDG PET/CT images (5.95 g/ml) in bronchial

carcinoma patients. Plotting of percentage injected activity in source organs with
respect to time as shown in Figs. 5 and 6 further supported
the results of visual analysis. The highest tracer localization
was seen in the skeletal system followed by liver, kidneys,
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Fig.4 Comparison of [*™Tc]
Te-MDP with [*®Ga]Ga-DOTA-
ZOL in patient with skeletal
metastases secondary to breast
carcinoma
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Fig.5 Tracer kinetics of [%Ga]Ga-DOTAZ®" in source organs with
decay correction and $(estimated initial activity)

spleen and salivary glands. An initial rapid increase uptake
was seen in the skeleton for almost half an hour p.i. fol-
lowed by a slow rise. Simultaneous rapid tracer uptake and
fast washout in the other source organs and blood pool was
found. Rapid tracer kinetics with early peak physiological
uptake as early as 2.5 min p.i. was seen in kidneys, followed
by fast clearance with minimal to almost no activity at 2.5 h
p-i.. Almost 11% of the injected activity remained in whole
body at 2.5 h showing 89% renal excretion.

Table 2 shows the residence times (MBq-h/MBq)
for source organs in individual patients as well as the
mean + SD of residence times. High residence time was
seen in the remainder of the body followed by urinary
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©
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Fig.6 Change in percentage of activity of [*®Ga]Ga-DOTAZ" in
whole skeleton (with decay correction) and remaining source organs
(without decay correction)

bladder, cortical and trabecular bone, liver, red mar-
row, kidneys, spleen and salivary glands. Table 3 shows
mean + SD and ranges of organ absorbed doses as well
as effective dose according to ICRP103. The results very
clearly demonstrate that the urinary bladder receives the
highest dose of 0.368 mSv/ MBq (range 0.203—0.609 mSv/
MBq) and is the organ at risk as kidneys were found to be
the only route of its excretion. Osteogenic cells received
dose of 0.040 mSv/MBq followed by kidneys (0.031 mSv/
MBq), red marrow (0.027 mSv/MBq), spleen (0.018 mSv/
MBq), liver (0.013 mSv/MBq) and salivary glands
(0.011 mSv/MBq).
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Fig.7 Comparison of organ absorbed doses between [¥Ga]Ga-DOTAZC" and ['®F|NaF (35, 36)
Table2 Comparison of Organs [°Ga]Ga-DOTAZO" this study Mean
residence time (MBq-h/ MBq)
in source organs with [%Ga] PT1 PT2 PT3 PT4 PT5 mean +SD ["®FINaF ['®F]NaF [36]
Ga-DOTAZCL and ['®F|NaF [35]
S. glands 0.004 0.002 0.001 0.001 0.001 0.002 0.001
Kidney 0.024 0.024 0.020 0.018 0.016 0.021 0.003 0.010
Spleen 0.005 0.004 0.008 0.004 0.006 0.005 0.001 0.002
Liver 0.057 0.034 0.052 0.028 0.032 0.040 0.012 0.017
Red marrow 0.034 0.038 0.053 0.039 0.058 0.042 0.009 0.130
Trabecular Bone  0.148 0.117 0.116 0225 0.150 0.127 0.041 0.207 0.830
Cortical bone 0.148 0.117 0.116 0.225 0.150 0.127 0.041 0.901 0.550
Urinary Bladder 0.172 0.191 0.160 0.534 0496 0.174 0.177 0.190 0.290
Remainder of body 0.392 0.468 0.213 0251 0377 0.358 0.095 0.330

Discussion

In the current study, [%3Ga]Ga-DOTAZC was evaluated in
bronchial carcinoma patients in addition to mCRPC and
breast carcinoma patients. [®3Ga]Ga-DOTAZCL showed
fast kinetics with increased tracer elimination through
kidneys resulting in whole body activity to decrease to
almost 11% by 2.5 h p.i. In the skeletal target organ, there
is an initial rapid uptake till 30 min followed by a further
gradual rise. The maximum tracer accumulation was seen
in the skeletal system with 18% of injected activity (IA) in
one of the bronchial carcinoma patients with a high burden
of skeletal metastases.

@ Springer

An initial uptake in liver, spleen and salivary glands was
also seen followed by a sharp decline. Soft tissue and blood
activity decreases with time and results in enhanced bone
uptake and an increased metastatic lesion to bone ratio as
can be seen in Fig. 2 which is consistent with the results of
other 68Ga—bisphosphonate agents and ['8FNaF [17, 27].

PET/CT images of [®*Ga]Ga-DOTAZ" could be com-
pared to previous [*®*Ga]Ga-PSMA-617 and ['F]FDG PET/
CT images in the male patients and a [**™Tc]Tc-MDP bone
scan enrolled in this study. Here, the uptake of [**Ga]Ga-
DOTAZCL was 2.56 times higher than that of ['*F]FDG in
a bronchial carcinoma patient. A greater number of appar-
ent lesions was also found with [®*Ga]Ga-DOTAZC as
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Table 3 Organ absorbed doses (mSv/MBq) and effective dose(mSv) from 150 MBq

PT1 PT2 PT 3 PT4 PTS5 Mean SD
Organs
Adrenals 9.24E-03 6.59E-03 9.68E—-03 6.25E-03 7.27E-03 7.81E-03 1.56E-03
Brain 4.29E-03 2.23E-03 3.22E-03 3.05E-03 3.82E-03 3.32E-03 7.85E—-04
Breast 2.65E-03 2.65E-03
Esophagus 4.64E-03 2.38E-03 3.65E-03 3.01E-03 4.04E-03 3.54E-03 8.80E—-04
Eyes 4.27E-03 2.22E-03 3.23E-03 3.06E-03 3.83E-03 3.32E-03 7.82E—-04
Gall bladder wall 6.54E—03 3.57E-03 4.72E-03 3.87E-03 5.21E-03 4.78E-03 1.18E-03
Left colon 5.30E-03 3. 02E-03 4.56E-03 4.19E-03 5.37E-03 4.49E-03 9.60E—-04
Small intestine 5.67E—03 3.45E-03 4.72E-03 5.53E-03 6.79E-03 5.23E-03 1.24E-03
Stomach wall 4.65E-03 2.34E-03 3.91E-03 2.86E—03 4.10E-03 3.57E-03 9.46E—-04
Right colon 5.25E-03 2.81E-03 4.01E-03 4.03E-03 5.28E—03 4.28E-03 1.03E-03
Rectum 8.19E—-03 6.31E-03 1.14E-02 1.27E-02 1.39E-02 1.05E-02 3.17E-03
Heart wall 4.72E-03 2.37E-03 3.46E-03 2.92E-03 4.09E-03 3.51E-03 9.29E—-04
Kidneys 3.67E—-02 3.66E—02 3.52E-02 2.48E-02 2.36E—02 3.14E-02 6.59E-03
Liver 1.75E-02 1.06E—-02 2.01E-02 8.15E—-03 9.80E—03 1.32E-02 5.24E-03
Lungs 4.52E-03 2.30E-03 3.64E-03 2.86E—03 3.92E-03 3.45E-03 8.76E—04
Ovaries 6.91E-03 6.91E-03
Pancreas 5.22E-03 2.78E—03 4.88E-03 3.45E-03 4.67E-03 4.20E-03 1.04E-03
Prostate 9.57E-03 7.90E-03 1.68E—02 1.80E—02 8.74E-03 1.18E-03
Salivary glands 2.16E—02 1.07E-02 6.51E-03 4.75E-03 6.56E—03 1.00E—-02 6.83E—03
Red marrow 2. 65E-02 2.20E-02 3.02E-02 2.91E-02 2.83E-02 2.72E-02 3.22E-03
Osteogenic cells 4.19E-02 3.38E—02 3.51E-02 4.86E—02 4.06E-02 4.00E-02 5.92E-03
Spleen 1.71E-02 1.34E-02 2.93E-02 1.25E-02 1.75E-02 1.80E—02 6.71E—03
Testes 5.02E-03 3.11E-03 5.60E—03 6.68E—03 4.07E-03 1.35E-03
Thymus 4.14E-03 1.99E-03 3.10E-03 2.54E-03 3.65E-03 2.94E-03 9.18E—-04
Thyroid 4.26E-03 2.10E-03 3.06E—03 2.78E-03 3.79E-03 3.20E-03 8.48E—04
Urinary bladder wall 2.03E-01 2.22E-01 2.35E-01 6.09E—01 5.72E-01 3.68E—01 2.04E-01
Uterus 1.14E-02 1.14E-02
Total body 8.20E-03 5.75E-03 7.68E-03 6.92E—-03 7.47E-03 7.20E-03 9.33E-04
Effective dose (150 MBq) 2.61 mSv

compared to [*¥Ga]Ga-PSMA-617 (Fig. 2), ['*F]FDG in
bronchial carcinoma (Fig. 3) and [*™T¢c]Te-MDP in breast
carcinoma patients (Fig. 4).

Compared with [**Ga]Ga-PSMA-617, the qualitative
analysis of [°3Ga]Ga-DOTAZC showed better uptake in
skeleton with higher skeleton to soft tissue and metastatic
lesions to normal bone ratio as seen in Fig. 2. This finding is
consistent with the in vivo biodistribution analysis of [%*Ga]
Ga-DOTAZOL in one patient with prostate cancer [16].

Dosimetric analysis showed comparable residence times
for the rest remainder of the body to that of ['8F]NaF which
was 0.358 h in the current study and 0.33 reported in ICRP
106 report. Urinary bladder residence time (0.174 h) was
found to be less than that of ['*F]NaF (0.19 and 0.29 h); how-
ever, the residence time for kidneys was found to be higher
(0.022 h) as compared to ['8F]NaF (0.01 h). This could be
explained by the fact that [®®Ga]Ga-DOTAZ°" shows 89%
renal excretion over a period of 2.5 h as compared to 15%

and 50% in the case of ['*F]NaF [35, 36]. The residence time
of [°®Ga]Ga-DOTAZCL in trabecular and cortical bone was
found to be 0.127 with 50% weightage given to both. The
residence time in bone components as well as bone marrow
was lower as compared to ['8F]NaF. This might be a result
of the lower half-life of ®*Ga as compared to '°F as well as
the difference in osteogenic tumor load in patients evalu-
ated by Kurdziel et al. [35] and the current study. Residence
times for liver and spleen were higher than those of ['*F]
NaF. The uptake of free/unbound ®®Ga can be responsible
for prolonged residence times in these organs.
[®3Ga]Ga-DOTAZ®L like other bone-seeking agents
was found to be characterized by delivery of the highest
radiation absorbed dose to urinary bladder, followed by
osteogenic cells, red marrow and kidneys. This finding is
comparable with dosimetric analysis of ['8F]NaF [35, 36].
Kidney being its physiological route of excretion results
in the highest dose seen in urinary bladder. The doses
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Table 4 Comparison of organ absorbed doses of [%Ga]Ga-NO2APE?
[27] with [*Ga]Ga-DOTAZ"

Study [%8Ga]Ga-NO2APE? [%®Ga]Ga-
DOTAZO:
Organs Organ absorbed doses(mSv/MBq)
Kidneys 0.00760 0.0314
Red marrow 0.02030 0.0272
Urinary bladder 0.00011 0.3680
Skeleton 0.05800 0.0400
Whole body 0.00583 0.0072
Mean effective dose 0.00860 0.0174

delivered to urinary bladder and kidneys were higher and
the radiation absorbed doses to osteogenic tissue and red
marrow were lower as compared to ['®F]NaF as shown
in Fig. 7 [35, 36]. Mean effective dose and total effective
dose were found to be 0.017 mSv/MBq and 2.61 mSv with
[°®Ga]Ga-DOTAZO- comparable to 0.017 mSv/MBq and
1.88-3.15 mSv with [!8F]NaF respectively [35].

Comparison of dosimetric analysis of [**Ga]Ga-DOTA-
ZOL with [*8Ga]Ga-NO2APB? [26] revealed high absorbed
doses delivered to kidneys and urinary bladder, almost
comparable absorbed doses to bone marrow and osteo-
genic cells, high total body absorbed dose and high effec-
tive dose equivalent as shown in Table 4 which illustrates
the superiority of [**Ga]Ga-NO2APBP [26]. The difference
in kidney and urinary bladder absorbed doses could be due
to differences in the collection of data points till 4 h for
[°®Ga]Ga-NOTAPE? in comparison to 2.5 h in the current
study. A further lack of detailed biodistribution analysis is
also a limitation for comparing the results of the two stud-
ies. It was observed that the dosimetric results of [*®Ga]
Ga-NO2AP®? from breast carcinoma patients (M:F; 1:4)
were not comparable to the results for the one female
breast carcinoma patient (Pt 3) in the current study.

The resultant high urinary bladder and kidney absorbed
doses from [**Ga]Ga-DOTAZC" are consistent with those
of other bone-seeking agents. These doses can very eas-
ily be reduced by proper hydration and rapid diuresis. As
compared to various %8Ga-labeled octreotide [37] and
PSMA agents [38, 39], [®3Ga]Ga-DOTAZ°" delivered
lower kidney and higher urinary bladder absorbed doses
along with lower mean effective doses. Besides having
high radiation exposure to kidneys and urinary bladder,
[®3Ga]Ga-DOTAZOL has advantages of its theranostic
potential when labeled with !"’Lu for therapy.

@ Springer

Conclusions

The results of this small patient study showed that [*®Ga]
Ga-DOTAZO is an excellent tracer with high and selective
uptake in bone lesions. [®®Ga]Ga-DOTAZL results in 2.4
times higher organ absorbed dose to urinary bladder and
kidneys, while similar mean effective dose in comparison
to that of ['F]NaF which was found to be 0.017 mSv/
MBq. Compared with [*®Ga]Ga-PSMA-617, the bisphos-
phonate [®Ga]Ga-DOTAZ°" showed a similar pharmaco-
logical pattern as well as higher metastatic to normal bone
ratio and higher skeleton to soft tissue uptake in prostate
carcinoma.

The possibility of treatment of bone metastases with
["""Lu]Lu-DOTAZL gives it a clear advantage over other
bone-seeking diagnostic agents such as ['*F]Na-F and
[*™Tc]Te-MDP. These initial results are encouraging
and support the use of [#Ga]Ga-DOTAZ°L as an imaging
theranostic agent. However, prospective patient studies are
required to explore its further potential for the treatment of
bone metastases in different tumor entities.
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