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Editorial

Receptor-targeted Molecular Imaging and Radionuclide Ther apy:
A Path to personalized M edicine

Itisour pride privilege and great honor to guest edit thisthematic issue of the Journal of Postgraduate
Medicine Education and Research (JPMER). All of us decided to take  Receptor-targeted Molecul ar
Imaging and Radionuclide Therapy: A Pathto personalized Medicine asthethemeof thisissueof PMER.

Since, thefirst World Congresson * ®GaM olecular Imaging and Radionuclide Therapy’ organized
under the stewardship of Prof Richard P Baum (June, 2011, Bad Berka, Germany), we have continued to
witness the proliferation of new ®Ga-labeled compounds for molecular imaging of cancer. Much as
early discoveries of differencesin cancer cell metabolism led to the devel opment of small molecule
imaging agents (e.g. *F-FDG and *®F-FLT), these new applicationsfor ®Gaarefounded on discoveries
that identify fundamental differencesintumor cell extracellular antigen expression, rel ative nonmalignant
cells. These discoveries are the foundation for the next generation of molecular targets for selective
delivery of radiation doseto tumor cellsfor diagnosis, monitoring and selecting patientsthat can benefit
most from receptor-targeted radionuclide therapies. Thus, our effortsin thisarea have the potential to
advance molecular imaging science toward personalized medicine.

Inthe second World Congress (SWC-2013) organized (28th Feb-2nd March, 2013) by the Department
of Nuclear Medicine and PET at the Postgraduate Institute for Medical Education and Research
(Chandigarh, India), leading scientists and physicians in ®Ga-based molecular imaging and peptide
receptor-targeted radionuclide therapy gathered to share their latest discoveries and technical
developmentsthat are shaping thefuture for thisfield. New applicationsfor ®Gaare highlighted and the
|atest devel opmentsin generator technol ogiesaswell asnew directionsfor targeted radionuclidetherapy
arepresented. The scientific deliberations of the SWC-2013 (attended by morethan 500 Experts/Delegates
from over 30 countries) promised a brighter future for these modalities of imaging and therapy aswe
discover new molecular targetsthat are enabling usto selectively target cancer cells. Thechallenge, as
we move forward, is to combine our advances in radionuclide technologies with new discoveries of
molecul ar target expression in cancer cellsfor more preciseddlivery of therapies. Inthisway, we move
forward toward apersonalized approach to molecul ar diagnostics and targeted therapies.

The compilation of the presentationsand discussionsasoriginal and review articlesinthis Congress
dedicated thematic issue of JPMER provides a very comprehensive document for those practicing
'Receptor Targeted Molecular Imaging and Radionuclide therapy' with the common aim of achieving the
goal of providing personalized medicineto the patients.

BR Mittal

Richard P Baum

Michael K Schultz

Wesincerely thank all the authorsfor contributing exceptionally high quality scientific original and review articles. The
guest editorsal so thank the IPMER editoria team (PGIMER, Chandigarh, India) for entrusting uswith thetask of bringing out

thisthematic issue of thejournal.

Sincerely yours

Baljinder Singh

Professor, Department of Nuclear Medicine
Postgraduate Institute of Medical Education and Research

Chandigarh, India

BR Mittal

Professor and Head, Department of Nuclear Medicine
Postgraduate Institute of Medical Education and Research

Chandigarh, India
Richard P Baum

Professor and Chairman, Clinical Director
Department of Theranostics, Center for Molecular Radiotherapy and
Molecular Imaging, Zentralklinik Bad Berka, Bad Berka Germany

Michael K Schultz

Professor, Department of Radiology

Division of Nuclear Medicine, Carver College of Medicine
The University of lowa, 500 Newton Drive

MLB180 FRRB, lowa City, lowa-52242, USA
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Ga-68 DOTATATE PET/CT in Neuroendocrine

Tumors: Initial Experience

Bhagwant Rai Mittal, Kanhaiyalal Agrawal, Jaya Shukla, Anish Bhattacharya, Baljinder Singh

Ashwani Sood, Anil Bhansali

ABSTRACT

Introduction: Neuroendocrine tumors (NET) are a heterogeneous
group of neoplasms, majority of which express somatostatin
(SST) receptors. Recently, with the widespread use of positron
emission tomography/computed tomography (PET/CT) and
developmentof novel PET tracers like Ga-68 DOTA peptide which
specifically bind to somatostatin receptors (SSTR), Ga-68 DOTA
peptide PET/CT is used in management of NET.

Objective: To study the various indications for which Ga-68
DOTATATE PET/CT scan was performed and the utility of the
scans.

Materials and methods: Retrospective evaluation of the
patients data was performed who underwent Ga-68 DOTATATE
PET/CT as part of their diagnostic workup between June 2011
and July 2012. A total of 145 patients aged 1 to 71 years (mean:
37.4 years) were studied during this period.

Results: Ga-68 DOTATATE PET scan was positive in 23/39
patients referred for characterization or diagnosis, in 6/19
patients for localization, in 13/24 patients for detection of
unknown NET primary, in 16/17 patients for staging, in 6/7
patients for recurrence assessment, 12/12 patients for response
evaluation, 7/18 patients in restaging and in 5/5 differentiated
thyroid cancer patients with thyroglobulin elevated but negative
iodine scan.

Conclusion: Ga-68 DOTATATE PET/CT is a useful modality
in characterization, localization, detection of unknown NET
primary, staging, restaging, recurrence and response evaluation
to treatment in patients with NET.

Keywords: Neuroendocrine tumors, Somatostatin, Gallium-68,
DOTATATE, Positron emission tomography/computed
tomography.

How to cite this article: Mittal BR, Agrawal K, Shukla J,
Bhattacharya A, Singh B, Sood A, Bhansali A. Ga-68 DOTATATE
PET/CT in Neuroendocrine Tumors: Initial Experience. J Postgrad
Med Edu Res 2013;47(1):1-6.

Source of support: Nil

Conflict of interest: None declared

INTRODUCTION

Neuroendocrine tumors (NET) are heterogeneous group of
neoplasms that arise from endocrine cells of the glands
(adrena medulla, pituitary, parathyroid) or from endocrine
islets in the thyroid, pancreas, or the respiratory and
gastrointestinal tract. The majority of NETs express
somatostatin (SST) receptors. Thus, they can be effectively
imaged with radiolabeled SST analogs. ‘ Somatostatin
receptor scintigraphy (SRS)’ with In-111 and Tc-99m-

labeled SST anal ogs has been accepted as favored mode of
imaging in the assessment of NET. Recently, with the
widespread use of positron emission tomography/computed
tomography (PET/CT) and development of novel PET
tracers (Ga-68 DOTA-peptides), specifically binding to
somatostatin receptors (SSTR) overexpressed on the surface
of NET cells, allowed the visualization of NET with Ga-68
DOTA peptide PET/CT scans. PET/CT with Ga-68 DOTA
peptides has been reported to present a higher sensitivity
for the detection of well-differentiated NET than other
imaging procedures (particularly CT and SRS).

We share our experience of using Ga-68 DOTATATE
imaging started in the year 2011. The data was analyzed
with the aims to analyze the various indications for which
%Ga-DOTATATE PET/CT scan was performed and the
utility of the scans thereof.

MATERIALS AND METHODS

We retrospectively reviewed al patients who underwent
Ga68 DOTATATE PET/CT in the department of nuclear
medicine, PGIMER, Chandigarh, India, as part of their
diagnostic workup between June, 2011 and July, 2012.
A total 145 patients (male 66, female 79) were enrolled in
this study. Age of the patients ranged from 1 to 71 years
(mean: 37.4 years). Detailed clinical history was available
for all patients.

Ga-68 DOTATATE was synthesized in the inhouse
radiopharmacy of the Department of Nuclear Medicine.
Ga-68 was eluted from a Ge-68/Ga-68 generator (ITG,
Germany), and DOTATATE was labeled with Ga-68
following the recommended procedure. Studies were
performed on a dedicated PET/CT scanner (DISCOVERY
STE-16, GE Hedlthcare, Milwaukee, USA). Acquisition was
started 45 to 60 minutes after intravenous injection of
approximately 1.5 MBqg/kg body weight of Ga-68
DOTATATE. Whole-body scans were acquired in
overlapped bed positions from base of skull to mid-thigh
with the arms extended above the head. After transmission
scan, 3D PET acquisition was performed at 2 minutes per
bed position. Additional leg view was acquired in some
patients, if indicated. CT was performed using tube current
of 80 to 150 mA, without injection of contrast media. Data
obtained from CT acquisition was used for low noise
attenuation correction of PET emission data and for fusion

Journal of Postgraduate Medicine, Education and Research, January-March 2013;47(1):1-6 1
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of attenuation corrected PET images with corresponding
CT images. Image reconstruction was done using iterative
reconstruction (ordered subset expectation maximum)
algorithm. Transaxial, coronal and sagittal images were
obtained after reconstruction.

RESULTS

Ga-68 DOTATATE was performed in 145 patients for
variousindications, including characterization or diagnosis
in 39 of 145 patients (26.9%), localization in 19 of 145
(13.1%), detection of unknown NET primary in 24 of 145
patients (16.5%), staging in 17 of 145 patients (11.7%),
recurrence assessment in seven of 145 (4.8%), response to
treatment in 12 of 145 (8.3%), restaging in 18 of 145
(12.4%), surveillance in four of 145 (2.7%) and in
thyroglobulin-elevated negative iodine scan (TENIS)
patients in differentiated thyroid cancer (DTC) in five of
145 (3.4%). Thirty-nine patients underwent Ga-68
DOTATATE PET/CT for diagnosis or characterization of
alesion (Table 1), 19 patientsfor localization of the disease
(Table 2). All the patients referred with suspicion of
insulinoma (n = 5) or having suspicion for pheochromo-
cytoma (n = 5) were PET negative for SSTR expression.
Out of eight patients, who were referred to look for the site
of primary with suspicious tumor induced osteomal acia, six
showed positive results in detecting the site of tumor. One
patient with suspicion of primary aldosteronism, PET was
negative.

Ga-68 DOTATATE PET/CT was performed in
24 patientswith histologically or cytologically proven NET
for detection of unknown primary (Table 3). PET/CT
localized primary tumor sites in 13/24 patients (54%)
accurately and excluded any other site/s of involvement.

Table 2: Ga-68 DOTATATE PET scan results in patients for
localization of the disease

Clinical Total no. of  Positive Negative
condition patients

Insulinoma? 5 0 5
Pheochromocytoma? 5 0 5
Tumor-induced 8 6 2
osteomalacia (TIO)

Primary 1 0 1
hyperaldosteronism?

Total 19 6 i3

Two representative ®Ga-PET/CT scansin patientsin whom
metastatic NET disease was confirmed on cytology but the
site of primary disease was not known, are presented in
Figures 1A to 2E. Liver was the site of presentation
(metastasesin 17 patients of which PET indentified the site
of primary in 6 patients.

Ga-68 DOTATATE PET/CT was performed in
17 patients, who were referred for staging of histologicaly
or cytologically confirmed NET (Table 4). Ga-68
DOTATATE PET/CT was performed in seven patientswith
NET, for recurrence assessment (Table5). PET waspositive
in 5/7 of patients (71%), while two patients were negative
for recurrence. Ga-68 DOTATATE PET/CT study wasdone
in 12 patients for response evaluation (Table 6). All the
patients showed residual disease. Ga-68 DOTATATE PET/
CT was performed in 18 patients with histologically or
cytologically proven NET tumor for restaging after surgery
(Table 7). PET/CT was positivein seven patientsfor SSTR
expressing residual tumors. Ga-68 DOTATATE PET/CT
was performed in five patients with TENIS syndrome in
follow-up patients with DTC, for detection of
dedifferentiated tumor (Table 8). PET/CT inall five patients

Table 1: Details of patients who underwent Ga-68 DOTATATE PET scan for lesion characterization

Clinical diagnosis Total no. Positive Negative Comments
of patients
Neuroblastoma? 10 6 4 (2 positive at site Uptake also in bone in 6
other than primary) and liver in one patient

Pheochromocytoma/ 15 10 5 Multiple retroperitoneal

paraganglioma? nodes in one patient

Carcinoid? 3 2 1 Mesenteric carcinoid = 1,
bronchial carcinoid = 1

Atypical hemangioma? 1 0 1

Carotid body tumor? 1 1 -

Nesidioblastosis? 1 1 - Diffuse uptake in pancreas

Parathyroid adenoma? 1 0 1

Pituitary microadenoma? 1 0 1

MEN 1? 1 1 - Uptake in head of pancreas
and peripancreatic node

NET? 5 2 8 -

Total 39 23 16

NET: Neuroendocrine tumor

%JAYPEE
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Table 3: Ga-68 DOTATATE PET scan results in patients with histologically proven NET for localizing unknown primary site

Secondary Positive Primary identified

Liver (n =17) 13 6 (pancreas = 2, multiple sites = 4)
Scalp (n=1) 1 1 (meningioma)

Stomach (n = 3) 8 3 (stomach)

Cecum (n =1) 1 1 (cecal carcinoid)

Neck node (n=1) 1 1 (nasopharyngeal NET)
Postmediastinal mass (n = 1) 1 1 (postmediastinal mass)

Table 4: Ga-68 DOTATATE PET scan results in patients with histologically proven NET for initial staging of the disease

Primary No. of patients Positive Negative Comments

Carcinoid 4 4 - Distant metastases = 3
Ganglioneuroma 1 1 - Localized disease

NET breast 1 - 1 Primary was excised
NET pancreas 3 3 - Distant metastases = 1
Neuroblastoma 6 6 - Distant metastases = 5
Pituitary macroadenoma 1 1 - Distant metastases = 1
Small-cell carcinoma pleural cavity 1 1 - Locoregional metastases

Table 5: Ga-68 DOTATATE PET scan results in patients for evaluation of disease recurrence

Primary No. of patients Positive Negative
Neuroblastoma 1 1 -
Carcinoid 8 2 1
Medullary thyroid cancer 1 1 (neck and mediastinum) -
Pheochromocytoma 1 - 1
Pancreatic NET 1 1 (pancreas and greater omentum) -

Table 6: Ga-68 DOTATATE PET scan results in patients studied
for response evaluation

Primary No. of patients Positive for
residual disease
lleal carcinoid 5 5
Neuroblastoma 1 1
Medullary thyroid cancer 1 1
NET pancreas 3 3
NET ovary 1 1
NET lung 1 1

showed SRS-positive tissue. Ga-68 DOTATATE PET/CT
surveillance scan was performed in four patients with NET
(Table9). All the four patients were negative for recurrence
of disease.

DISCUSSION

NET, which constitutes a heterogeneous group of
neoplasms, are generally considered as rare tumor.>®
However, the surveillance, epidemiology, and end Results
(SEER) database analysis shows an increase in the reported
annual age-adjusted incidence of NETsfrom (1.09/100,000)
in 1973 to (5.25/100,000) in 2004.” Conventional imaging
modalities (USG, CT, etc.) have limitation in detection of
NET duetothesmall size, their variable anatomical location
and the slow metabolic rate of well-differentiated forms.
Scintigraphy with In-111 and Tc-99m-labeled SST analogs,
has proven useful in diagnosing SSTR-positive tumors.°

Table 7: Ga-68 DOTATATE PET scan results in patients
studied for restaging

Primary No. of patients  Positive  Negative

[N

Carcinoid
Pheochromocytoma
Paraganglioma
NET pancreas

NET thymus

NET liver

NET arytenoid
Gastrinoma
Pituitary carcinoma

PRRPRPRPROWRO®
I N |
| PR R NPEO

B e
|

Table 8: Ga-68 DOTATATE PET scan results in patients studied
for TENIS syndrome

Thyroglobulin level (ng/ml)  Positive SST receptor scan

115.5 Cervical nodes

17 Cervical nodes

17.90 Remnant and cervical nodes
30 Cervical nodes

82 Thyroid bed soft tissue nodule

TENIS: Thyroglobulin-elevated negative iodine scintigraphy

Table 9: Ga-68 DOTATATE PET scan results in patients
studied for surveillance

Primary Ga-68 DOTATATE PET/CT findings
lleal carcinoid Negative
NET Negative
MEN 1 Negative
Thymic carcinoid Negative
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Figs 1A to F: A 42 years old female patient presented with abdominal pain and swelling of face, feet and hand. Ultrasonography of
abdomen revealed multiple heterogeneously echoic lesions of varying sizes in both lobes of liver which revealed NET on FNAC. Ga-68
DOTATATE PET/CT scan: (A) MIP showed SSTR-expressing lesions at multiple sites which were further localized in the, (B) left lobe of
thyroid gland (likely medullary thyroid cancer), (C) left lung (likely bronchial carcinoid), (D) mediastinal lymph nodes, (E) liver and stomach,
(F) head of pancreas and abdominal lymph nodes. The PET scan findings are indicative of multiple endocrine neoplasia

Figs 2A to E: Ga-68 DOTATATE PET/CT images of a 55 years old male patient with metastatic NET in liver and unknown primary
showing multiple sites of SSTR-expressing lesions on MIP image: (A) In the rectum, (B) pararectal lymph nodes, (C) liver (D) and cervical
and mediastinal lymph nodes (E), indicative of likely primary site in rectum with widespread metastases

The detection rate was reported to be between 80 and 100%
in different studies. Moreover, SSTR expression has been
correlated well with the prognosis, as SSR expressing NET
shows good response to treatment with SST analogs.*°
Recent introduction of PET/CT and itswide avail ability
has lead to search for several new positron emitting
radiotracers. One among this is SST analogs labeled with
Ga-68 (Ga-68-DOTA peptides), which has several
advantages over conventional SRS. Firstly, gallium-68 is
generator produced and labeling of Ga-68 with DOTA
peptidesisrelatively easy. Secondly, resolution of PET/CT
imaging is far better than gamma camera, thus better

visualization of lesion is a benefit. Also, thisis less time-
consuming than SRS (roughly 1.5 hours, instead of up to
24 hours acquisition in SRS). Finally, PET/CT provides
advantage of semiquantification of the lesions.

Ga-68 DOTA-peptides have high affinity for SSTR.*112
SST isasmall, cyclic neuropeptidethat is present in neurons
and endocrine cells; it has a high density in the brain,
peripheral neurons, endocrine pancreas and gastrointestinal
tract. The majority of NETs express SSTR, so they can be
effectively targeted and visualized with radiolabeled SST
analogs in vivo.'? Gastroenteropancreatic tumors (both
functioning and nonfunctioning), pheochromocytoma,

4
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paraganglioma, neuroblastoma and ganglioneuroma,
medullary thyroid carcinoma, pituitary adenoma, Merkel cell
carcinoma, small-cell lung cancer usually show high SSTR
expression.***1° Low receptor expression is seen in the
breast cancer, melanoma, lymphomas, prostate cancer, non-
small cell lung cancer, sarcomas, rena cell carcinoma, DTC,
astrocytoma, meningioma. 22

Structurally Ga-68 DOTA peptides are made of three
parts, the radioisotope (Ga-68), chelate (DOTA) and a
peptide (TOC, NOC, TATE). This later component binds
directly to SSTR. Six different types (1, 2A, 2B, 3, 4 and 5)
of SSTR have beenidentified in humans. Thethreeavailable
tracers (DOTA-TOC, DOTA-NOC, DOTA-TATE) differs
in their ability to bind with different SST subtypes.?? All
three can bind to SSTR 2, whereas DOTA-NOC &l so shows
good affinity for SSTR 3 and 5 and DOTA-TOC also binds
to SSTR 5 (although with lower affinity than DOTA-NOC).
%Ga-DOTATATE presents a predominant affinity for
SSTR 2.

The main clinical indication of Ga-68 DOTA-peptides
PET/CT is the imaging of NETSs. It can be used in some
casesof non-NET, if treatment with radiolabel ed therapeutic
SST analogsis considered. Ga-68 DOTA peptidesimaging
can be used in NET to localize primary tumors, staging,
restaging, recurrence detection®31923-25 monijtor the
response to therapy,?® to determine SSTR status to select
the patients for SSTR radionuclide therapy.?®?” In the
present study, Ga-68 DOTATATE PET scan was positive
in 23/39 (59%) patients referred for characterization or
diagnosis, in 6/19 (31.5%) patients for localization, in
13/24 (54%) patients for detection of unknown NET
primary, in 16/17 (94%) patients for staging, in 6/7 (85%)
patients for recurrence assessment, 12/12 (100%) patients
for response evaluation and 7/18 (38.8%) patients in
restaging. All the five DTC patients, who underwent %Ga-
DOTATATE PET scan for TENIS syndrome showed tracer
uptake, thus guiding the further management in these
patients.

Usually no patient preparation is needed before the test
and thereis no need for fasting before the test, unlike FDG
PET/CT study. Some experts recommend temporary
withdrawal of SST analog therapy, if possible, to avoid
SSTR blockade. The time interval between withdrawal of
therapy and Ga-68 DOTA peptides scan depends on thetype
of drugs used: One day is suggested for short-lived
molecules and 3 to 4 weeks for long-acting analogs.
However, this issue is still controversial. The minimum
recommended administered activity for adult patient is
100 MBg. Maximal tumor activity accumulation is reached
50 to 90 minutes postinjection.?

Physiological tracer uptake is seen in the liver, spleen,
kidneys and pituitary. The thyroid and salivary glands are

faintly visible. The prostate gland and breast glandul ar tissue
may show diffuse low-grade Ga-68 DOTA-conjugate
peptides uptake. The pancreas shows variable uptake of
Ga68 DOTA peptides, due to physiological presence of
SSTR 2. A potential pitfall in image interpretation may be
the uptake of tracer in the pancreatic head due to
accumulation of isletsin one pancreatic region, which may
mimic focal tumor disease.* Inflammation may be the
another potential cause of pitfalls in image interpretation,
since SST are expressed on activated lymphocytes, and
therefore Ga-68 DOTA peptides may be falsely positivein
inflamed areas. Moreover, an accessory spleen or
physiological activity at the adrenal level should be borne
in mind while interpreting the images.

One point the referring physician should be aware of, is
the positive findings on Ga-DOTA peptides PET/CT
reflects increased density of SSTR rather than malignant
disease. Thus, apoorly differentiated NET, i.e. poorly SSTR
expressing tumor, may not show tracer uptake. Also
heterogeneous expression of SSTR subtypes may influence
the affinity for ®Ga-DOTA peptides.

CONCLUSION

Ga-68 DOTATATE PET/CT is useful in characterization,
localization, unknown NET primary, staging, restaging,
recurrence and response evaluation to treatment in NET.
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Can the Standardized Uptake Values derived from
Diagnostic ®®Ga-DOTATATE PET/CT Imaging Predict the
Radiation Dose delivered to the Metastatic Liver NET
Lesions on Y’Lu-DOTATATE Peptide Receptor

Radionuclide Therapy?

Baljinder Singh, Vikas Prasad, Christiane Schuchardt, Harshad Kulkarni, Richard P Baum

ABSTRACT

Introduction: Neuroendocrine neoplasms express somatostatin
receptors, enabling the use of somatostatin analogs for
molecular imaging, when labeled with the positron-emitter ®3Ga
for receptor positron emission tomography/computed
tomography (PET/CT), and targeted radionuclide therapy, when
labeled with beta-emitters, e.g. °°Y and *""Lu.

Aim: To investigate if Ga-DOTATATE PET-derived
standardized uptake values (SUV) correlate with the dose
delivered to the liver lesions following *’’Lu-DOTATATE
radionuclide therapy in patients with neuroendocrine neoplasms.

Materials and methods: Twelve adult (8M: 4F; mean age:
55.9 + 14.5 years; range: 23-78 years) patients with documented
neuroendocrine tumor (NET) disease and liver metastases
were enrolled in the study. Ten patients were subjected to
%8Ga DOTATATE and one patient each underwent ®Ga-DOTA-
TOC and %8Ga-DOTANOC diagnostic PET/CT imaging.
Subsequently, on the basis of positive PET/CT scan findings
for the metastatic NET disease, all these patients were subjected
to peptide receptor radionuclide therapy (PRRNT) with *7’Lu-
DOTATATE. The reconstructed PET/CT data was used to
calculate the SUVs on the identifiable liver lesions. The
scintigraphic data acquired (anterior and posterior whole body
images) following therapeutic doses of ’’Lu-DOTATATE were
subjected to the quantitative analysis (HERMES workstation
and OLINDA/EXM software) to calculate the dose delivered to
the hepatic lesions.

Results: The initial results of this preliminary study indicate poor
correlation between SUV and the tumor dose and the linear
regression analysis provided R2 values which explained only a
small fraction of the total variance.

Conclusion: The SUVs derived from 88Ga-DOTA-peptide PET/
CT images should be used with caution for the prediction of
tumor dose on "7Lu-DOTA-peptide therapy as there are large
intra- and interpatient variability. Further studies with large
numbers of patients are warranted to establish such a correlation
between SUV, tumor dose and the response assessment.

Keywords: %Ga-DOTATATE, Positron emission tomography/
computed tomography, Neuroendocrine tumors, *"’Lu-
DOTATATE, Peptide receptor radionuclide therapy,
Standardized uptake values, Dosimetry.
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INTRODUCTION

A mgjor factor in the evaluation of newer radiopharma-
ceuticals used for diagnosis and treatment is the absorbed
dose frominternally deposited radionuclides. M etastasi zed
neuroendocrine tumors (NETS) have only a few treatment
options. Asmajority of the NETs or gastroenteropancreatic
(GEP) tumors possess somatostatin receptors (SSTRs) and
therefore, can be diagnosed and treated with radiolabeled
octreotide analogs.! %Ga-DOTA-[ Tyr’|octreotide (DOTA-
TOC), ®Ga-DOTA-[Tyr?] octreotate (DOTATATE) or
8Ga-DOTA-[1-Nal®|octreotide (DOTANOC) have been
used effectively for the accurate diagnosis of NETs due to
the high affinity of these radioligands to the SSTR
expression on these tumors.>>

Radiopeptidetherapy in patientswith metastasized NETs
ismost commonly performed by using yttrium-90 (*Y) and
lutetium-177 (*'’Lu).%" 20Y, being a pure B-emitter, does
not allow the direct measurements of the dosimetric data,
only theindirect estimates are possiblewith the use of **In-
peptide that mimic the biodistribution and dose delivery
response of Y. On the contrary, *"’Lu despite having
[3-emission and good |abeling efficiency with the octreotide
anal ogs al so have gammaemission suitable for scintigraphy
and appropriate dosimetry. Therefore, *’’Lu-labeled
DOTATOCITATE are the most suitable radiopeptides for
treating NETs.Y’’Lu-DOTATATE has been reported to be
very effective in the treatment of NETSs in experimental
animals and subsequently since its first clinical use in
humans.®® Among all the commercially available SSTR
anaogs, DOTANOC isreported to have the highest affinity
to SSTR-3 and 5 followed by SSTR-2.4° However, arecent
study has shown that the higher affinity of DOTANOC to
SSTR-3, 4, 5 leads to a higher uptake in normal tissue and
therefore results in an increase in the whole body dose as
compared to 1’Lu-DOTATATE.1®
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It is generally considered that the patients with NET
metastatic lesions having high standardized uptake values
(SUV) on ®Ga-DOT A-peptide positron emi ssion tomography
(PET) have good prognosis following peptide receptor
radionuclide therapy (PRRNT). But, no information exits
intheliterature on the correlation between the SUV values,
and the dose delivered to the target lesions on PRRT.
Therefore, in the present study, we report our first
preliminary resultson the correl ation between SUV (derived
from %Ga-PET data) and the tumor dose delivered to the
liver target lesions after the PRRT with 1/Lu-DOTATATE
in patients with metastatic NET disease.

MATERIALS AND METHODS
Radiochemistry

%Ga was eluted from %8Ge/%®Ga generator (Eckert and
Ziegler, Berlin, Germany) and radiolabeled with peptides
as ready to use (intravenous) patients preparations were
prepared in house by the Radiopharmacy Division of the
Zentralklinik, Bad Berka, Germany and the detailed
methodology is described elsewhere.?

Puresaltsof DOTATOC, DOTATATE and DOTANOC
were procured from JPT (JPT Peptide Technologies GmbH,
Volmerstrasse 5 (UTZ) 012489, Berlin, Germany) and a
standard laboratory procedure for radiolabeling peptides
with Y’Lu was followed.'! Briefly, a solution of 500.0 pg
of 2, 5 dihydroxybenzoic acid and 50.0 pg of the
corresponding DOTA-peptide in 50.0 pl of 0.4 M sodium
acetate buffer (pH adjusted to 5.5) was added to 1.0 GBq of
7y (high specific activity of >80.0 Ci/mg, RNP > 99%,
supplied by ITG Isotope technologies, Garching GmbH,
Germany) contained in 30 pl of 0.05 M HCI. The contents
were heated at 90°C for 30 minutes and then diluted with
0.9% saline solution followed by appropriate sterile
filtration. The radiochemical purity of the labeled DOTA-
peptides was always greater than 99%.

Patients

Twelve adult patients (8M:4F; mean age: 55.9 + 14.5 years;
range: 23-78 years) having documented NET with liver
metastases were enrolled in the study. Intense SSTR
expression on the primary tumors and metastases rendering
the patients inoperable was the inclusion criteria for
considering the patients for PRRNT. Ten patients were
subjected to ®Ga-DOTATATE and one patient each
underwent ®8Ga-DOTATOC and %Ga-DOTANOC
diagnostic positron emission tomography/computed
tomography (PET/CT) imaging. Subsequently, based on
positive ®Ga-PET/CT scan findings for the metastatic NET

disease, al these patients were subjected to PRRNT with
17 u-DOTATATE. Aninformed written consent wastaken
from al the patients who participated in the study and the
study protocol was approved by the ethics committee of
the institute.

Prior to PET/CT imaging and PRRNT, the patientswere
instructed to intake of long-acting release preparation of
sandostatin for 4 to 6 weeks and subcutaneous treatment
with octreotide for at least 2 days. Patients were adequately
hydrated and just before the PET/CT acquisition were
administered with 1.5 L of oral contrast (Gastrografin
dispersion).

The scanning was performed on a dual modality PET/
CT (Biograph duo, Siemens Medical Solutions, Germany)
at a mean postinjection (PI) time of 72.9 £ 12.0 minutes
(range: 60-95 minutes) following an intravenous injection
of amean activity of 130.0 + 18.5 MBq (106-182 MBq) of
%Ga-labeled peptide. The patients were instructed to void
the bladder and lie supine on the table with the arms
extending over the head. First atopogram from the skull to
the upper thighs was acquired over 1,024 mm axially in
7-8 bed positions. After administration of 100 ml of contrast
(given as 1V infusion), contrast enhanced CT was acquired
in the craniocaudal direction with a 30-second delay. CT
was performed in the spiral mode using a continuous
acquisition at 130 kVp, 115 mAs, 4 mm collimation, 5 mm
dlice width, atable feed of 8 mm per rotation at 0.8-second
rotation time and 2.4 mm slice spacing. During the CT
acquisition, a limited breath hold protocol was followed
and after completion of the CT acquisition, the patientswere
automatically moved to the PET start position (rear of the
gantry) and 3D PET emission scanning started in the
caudocranial direction. An emission scan time of 1 to
2 minutes (normalized to the height and weight of the
patient) per bed position was used with a total emission
scan time of no more than 24 minutes and a total PET/CT
acquisition of about 30 minutes.

The reconstructed PET/CT images were displayed in
three (cross-sectional, coronal and sagittal) different planes
and all the metastatic target lesions on the liver and
elsewhere were identified by two experienced nuclear
medicine physiciansand aradiologist. All thetarget lesions
were subjected to a quantitative analysis to calculate
the SUV 0; SUV 1 1ean @nd molecular tumor volume
(MTV; cmd). In addition, the diagnostic CT datawere used
to calculate the thickness of liver, spleen, kidney and body
thickness in the abdominal region harboring the metastatic
liver disease and volumetric measurements of the target
lesions.
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Post PRRNT Scan

Anterior and posterior whole body images were acquired,
at different timeintervalsfollowingan IV infusion of "L u-
DOTATATE (mean activity: 6,711 £ 659 MB(Q; range:
5,500-8,500 MBQ), under the dual head gamma camera
(MEDISO, Medical Imaging Systems, Badapast, Hungary)
peaked at 208 keV; 15% energy window, scan speed 15
cm/min) by using medium energy general purpose (MEGP)
collimator. Thefirst whole body scan acquired immediately
without allowing the patients to void represented 100% of
the administered radioactivity. The subsequent scans
acquired at 3, 20, 44 and 68 hours following radioactivity
infusion reflected only the percent fraction of the total
injected activity. The quantitative analysis was carried out
first on the 20 hours whole body images by drawing regions
of interest (ROIs) manually over the source organ by using
a dedicated HERMES computer system (Gold software
version 3.0.92, HERMES, Medica Solutions, Stockholm,
Sweden). Thewhole body anterior and posterior scanswere
displayed (by using the HERMES, computer algorithm,
Whole Body Display whole Version 3.3) and the ROIs
drawn on the 20-hour scans were applied to the scans
acquired at the other four intervals. The quantification was
aways done by the same physicist under the guidance of a
nuclear medicine physician who decided the quantifiable
lesionsas‘target lesions for dosimetric evaluation. For these
calculations, aways the geometric mean data normalized
for the background were calculated which accounted for

the physical characteristics of the organ/patient and also
for the counts due to the adjacent background or the
underlying organs. The time-activity curves were drawn
which were fitted depending upon the nature of the curve
whether mono and/or biexponential function. The
integration of this curve gave the total number of
disintegrations or the residence times (equivalent to the
cumulated activity) of the region. The effective half-lives
of the radiopharmaceutical (*’’Lu-DOTATATE) was
determined by using the exponential fit-function by using a
computer program (Origin Pro 7.0G). Finally, the absorbed
organ and tumor doses were estimated using the residence
timesand the computer software OLINDA/EXM which used
the S-values for the radionuclide and different phantoms.
Specifically, the mean absorbed tumor doseswere estimated
by using the unit density sphere module of OLINDA/EXM.
Dosimetry resultswere obtained for the whole body, normal
tissue, spleen, kidneys and for liver metastatic lesions. An
appropriate statistical analysis of the datawas conducted to
find a significant correlation, if any, between the SUV
values, volumetric data of the tumors/target lesions and the
dose delivered to these target lesions.

RESULTS

The patients’ demographic details and the various
guantitative parameterson thelesions characterization and
the dose delivered (sV) to the target lesions are presented
in Table 1. A total of 27 liver metastatic lesions (range
1-6 lesions with at least 1 lesion/patient) were visualized

Figs 1A to E: 8Ga DOTATATE PET/CT maximum intensity projection (A and B), coronal fused (C), axial CT (D) and corresponding
axial fused (E) images demonstrating multiple areas of focal tracer uptake in the liver
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Can the Standardized Uptake Values derived from Diagnostic %8Ga-DOTATATE PET/CT Imaging Predict the Radiation Dose

Table 2: Linear regression analysis of the dose delivered to the
target lesions with the SUV,,, or SUV,can

Variable

B (SE)

Significance

Constant R2

SN e

mean

-0.629 (0.751)
~0.996 (1.33)

0.41
0.46

78.44 0.027
77.55 0.022

RVL 20.3 % RVL11.4 % LDR 1.4 9%

LDR 3.8 %

i

&
&

40 cm

0cm

Ocm Ocm Ocm

A B D)
Figs 2A to D: "Lu-DOTATATE whole body dual intensity anterior
(A and B) and posterior (C and D) images at 24 hours post injection

on PET/CT metabolic imaging and were quantifiable both
on %Ga-DOTA-peptide PET/CT images as well on Y"Lu-
DOTATATE therapeutic whole body scintigraphic scans.
A representative ®Ga-DOTATATE PET/CT scan (Figs 1A
to E) showing three lesions in the right liver lobe very
distinctly delineated on the transversal PET/CT fusion
image. The corresponding liver lesions are also
demonstrated on anterior and posterior whole body 17’Lu-
DOTATATE imagesin the same patient acquired at 24 hours
postinjection (Figs 2A to D).

The average SUV ,, and SUV ., for the liver
metastatic lesions (n = 27) were 21.4 + 13.1 (range: 7.2-
53.4) and 12.6 £ 7.4 (range: 5.3-29.4) respectively. The
mean tumor volume (MTV-cm® by PET/CT) was 25.9 +
32.9cm? (range: 5.2-159.4). The mean tumor dose delivered
to thetarget liver lesionswas 65.0 + 49.0 sV (range: 8-253).

The SUV . valueswere observed to be highly variable
(7.2-53.4). For thelesion (lesion-9, patient-6, Table 1) with
SUV . Of 8.6, the dose delivered was 253 sV. On the other
hand, in the lesion (lesion-14, patient-8) with SUV ,,, of
53.4, the dose delivered was 65.0 sV.

STATISTICAL ANALYSIS

Nonparametric Spearman’ stest (SPPS-16 for Windows) was
used to study the correlations between the various
parameters. No significant correlation was observed
between the SUV ,, or SUV ., With the dose delivered to

the target lesions (r = 0.039 and 0.007). Linear regression
analysis of dose delivered with the SUV ., or mean values
did not reveal any significant associations (Table 2). The
R2 values were very low suggesting that the equations
explained only avery small fraction of the total variance.

DISCUSSION

PPRNT using the somatostatin analog [*"’Lu-DOTA?, Try?|
octreotide is a convincing treatment modality for
metastasized NETs. The radionuclidein turn isretained in
the lysosomes of the tumor cells, closeto the nuclei and the
irradiation to these nuclei will damage DNA leading to
apoptosis and necrosis of the cell.!! The maximal tissue
range of 2 mm with "L u appears to be more favorable for
the treatment of small metastases, while*Y with amaximal
range of 11.3 mm has a stronger crossfire effect and seems
to have better efficiency in bigger tumors.*23 77 u-labeled
anal ogs have been reported to show less nephrotoxicity than
the *°Y -labeled counterparts.'* In arecent study, Wehrmann
et al*° havereported that *"’Lu-DOTANOC duetoitshigher
affinity lead to ahigher uptakein normal tissueand therefore
resulted in a higher whole body dose, however the uptake
in tumor lesions and the mean absorbed tumor dose was
higher for ¥'’Lu-DOTATATE.™ It wasthus, decided to treat
our patients subsequently with 1/Lu-DOTATATE and to
perform dosimetry to see correlation, if any, between the
SUV and the dose delivered to the metastatic liver-target
lesions. The currently used, regimens of cumulative dose
of about 800 mCi of Y’Lu-DOTATATE therapy in four
cycles (after 6-10 d) of 200 mCi (7,400 MBq) has been
reported to be effective in treating the metastatic NET
disease without any renal toxicity.” With this approach,
approximately, 80% of the patients having progressive
disease at the start of therapy are reported to attain stable
disease, partial or complete remission. 1?1516

The uptake of the radionuclide and thus the dose
delivered to the target metastatic NET lesions on PRRT
with DOTATATE will largely depend upon the tissue
density of SSTR-2 as the 1”/Lu-DOTATATE used in this
study exhibit high affinity to this subtype of SSTR.*° Our
preliminary findings indicated no significant correlation
between SUV (both max and mean) and the dose delivered
to the target lesion on PRRT using *"/Lu-DOTATATE.
Thesefindingsthus, indicate that the absolute SUV sderived
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on the %8Ga-DOTA-peptide PET images localizing
metastatic NET lesions cannot predict the dose delivered
to these lesions. In other words, the PRRT response is
individualized and may vary as afunction of histochemical
variationsor SSTR expression on thedifferent lesions. Even
the two lesions in the same patient are noted to exhibit
different response to PRRNT, which is observed to be
independent of the SUV's derived on the %Ga-somatostatin
receptor imaging. Wehrmann et al'® have reported that
athough the mean absorbed tumor dose was higher for
DOTATATE, but the high intra- and interpatient variability
of the dosimetry resultswith */Lu DOTATATE and Y"Lu
DOTANOC makes it obligatory to perform the individual
patient dosimetry.

The mechanism of localization of the NETSs either by
®Ga-DOTATATE or Y"Lu-DOTATATE remainsthe same
asthe same peptide-ligand has been used both for diagnosis
and PRRT in these patients. However, the variations in the
affinity profiles (IC50) of somatostatin receptor subtypes
for different somatostatin analogs used in different
diagnostic imaging with PET/CT or SPECT/CT have been
reported.»*>1"18 These results for affinity profiles for
different somatostatin analogs have been summarized by
Prasad et a,® e.g. the IC50 of *Y-DOTA-TOC and %Ga-
DOTATOC for SSTR-2 are 11.0 and 2.5 respectively. The
lower value represents higher receptor affinity and thus the
affinity of the therapeutic *°Y-DOTATOC is about four
times lesser as compared to the diagnostic Ga-DOTATOC.
Similarly, the affinities of %8Ga-DOTATATE and
7Lu-DOTATATE may aso differ which can contribute
toward the observed noncorrelation between the SUVsand
the amount of the dose delivered to the target lesions. Also,
the variations in the SSTR expression at the time of %¥Ga-
PET imaging and 1"’LLu therapy could be another factor
which explains the absence of any correlation between the
SUV s and the dose delivered to the metastatic liver lesions
on PRRT.

In a recent experimental study, Meils et al'® reported
that a high SSTR-2 density on the tumor cells at every
PRRNT cycle is a crucial prerequisite to enable targeting
of the tumor and subsequently for the internalization of the
radiolabeled somatostatin analogs. These authors reported
a very strong correlation between the increased SSTR
expression following low dose 1/Lu-DOTATATE therapy
and the effectiveness of the subsequent high dose PRRNT
in CA-20948 tumor-bearing rats.!® As indicated in this
experimental study, thus there is a possibility of induction
of near uniform receptor expression/density by upregulation
of SSTR-2 on the NET lesions/tumors by subjecting these
patients to first low dose Y’Lu-DOTATATE radionuclide

therapy. However, more detailed experimental validation
of this concept is needed to establish a correlation between
the SSTR expression, SUVs, dose delivered to the tumors
to predict the overal response of PRRNT in metastatic
NETs. The future possibility of upregulation or induction
of SSTR expression to achieve significant density of these
receptors on the tumor surface and subsequent treatment
with high dose ’Lu-DOTATATE may present a positive
correlation between SUVs and the dose delivered to the
tumor to predict an overal response to PRRT.

In a recent study, Ezziddin et a?° have shown that
somatostatin receptor PET imaging may predict tumor
absorbed doses on PRRNT. However, our initial results
indicate poor correlation between SUV and the tumor dose
and thelinear regression analysis provided R2 valueswhich
explained only a small fraction of the total variance.
Therefore, with the currently used fractionation and
cumulative PRRNT treatment protocol, the SUV derived
from 8Ga-DOTA-peptide PET images should be used with
caution for the prediction of tumor dose on *”’Lu-DOTA-
peptide therapy as there are large intra- and interpatient
variability. However, further studies with large numbers of
patients are warranted to validate the results.
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Targeted Alpha-Particle Immunotherapy with Bismuth-213
and Actinium-225 for Acute Myeloid Leukemia

Joseph G Jurcic

ABSTRACT

Lintuzumab, a humanized anti-CD33 antibody, targets myeloid
leukemia cells and has modest activity against acute myeloid
leukemia (AML). To increase the antibody’s potency yet avoid
nonspecific cytotoxicity seen with f-emitting isotopes, lintuzumab
was conjugated to the o-emitters bismuth-213 (**°Bi) and
actinium-225 (??°Ac). The 46-minute half-life of 2*°Bi limits its
widespread use. Therefore, 25Ac was also conjugated to various
antibodies using DOTA-SCN. We conducted a phase | trial of
213Bi-lintuzumab and subsequently administered cytarabine with
213Bj-lintuzumab in a phase I/l study. The toxicity and biological
activity of 225Ac-linutuzumab in patients with relapsed/refractory
AML in a phase | dose-escalation trial was determined. An initial
phase | trial demonstrated the feasibility, safety and antileukemic
activity of 2'3Bi-lintuzumab. 2'®Bi-lintuzumab produced
responses in 24% of AML patients receiving doses > 37 MBq/kg
after partial cytoreduction with cytarabine. 22°Ac-labeled
immunoconjugates killed in vitro at doses at least 1,000 times lower
than 2**Bi analogs. Eighteen patients with relapsed/refractory AML
received 18.5 to 148 kBa/kg of 22°Ac-lintuzumab in a phase | study.
Dose-limiting toxicities were myelosuppression lasting >35 days
in one patient and death due to sepsis in two patients. The
maximum tolerated dose (MTD) was 111 KBg/kg. Bone marrow
blast reductions were seen across all dose levels. Targeted o-
particle immunotherapy with 2'°Bi- and ?*5Ac-lintuzumab is safe,
has significant antileukemic effects, and can produce remissions
after partial cytoreduction.

Keywords: Alpha particle, Immunotherapy, Acute myeloid
leukemia.
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INTRODUCTION

Although standard induction therapy with cytarabine and
an anthracycline produces complete remissions (CR) in 50
to 70% of patients with acute myeloid leukemia (AML),
but long-term survival isseenin only 20 to 40% of patients.*
Following relapse, salvage chemotherapy produces
remissionsin only 20 to 25% of patients. While allogeneic
hematopoietic cell transplantation (HCT) canresultinlong-
term survival in approximately 30% of patientswith relapsed
AML, most patients are not appropriate candidates due to
age, comorbidities or lack of a suitable donor.? The
prognosis for elderly patients is even worse with a 5-year
survival rate of 5% for patients more than 65 years of age.®

Therefore, new therapies are needed to improve survival
and reduce therapy-related toxicity.

Early studies showed that anti-CD33 constructs
containing B particle-emitting iodine-131 or yttrium-90
could eliminate large leukemic burdens but resulted in
prolonged myel osuppression requiring HCT.*® The unique
physical and radiobiological properties of o-particles may
provide more efficient tumor cell killing and reduce the
nonspecific cytotoxic effects seen with B-emitters. The
o-particles have a shorter range (50-80 um compared to
800-10,000 um of B-particles) and a higher linear energy
transfer (LET) (100 keV/um compared to 0.2 keV/um of
B-particles).’ As few as one or two o-particles can kill a
target cell. Therefore, the potential for more efficient and
specific antitumor effects with less damage to surrounding
normal tissues makes o-particle immunotherapy an
attractive approach for the treatment of cytoreduced or
minimal disease.

Lintuzumab (HuM195) is a humanized monoclonal
antibody that targets CD33, a 67-kDa cell surface
glycoprotein expressed on most myeloid leukemia cells. It
is also found on committed myelomonocytic and erythroid
progenitors but not on pluripotent stem cells, granulocytes
or nonhematopoietic tissues.”® Lintuzumab induces
antibody-dependent cell-mediated cytotoxicity and can fix
human complement in vitro.® Previous studies demonstrated
that lintuzumab can target leukemiacellsin patients without
immunogenicity,’® eliminate minimal residual disease in
acute promyelocytic leukemia, ! and produce occasional
remissions in AML.*2%* To increase the potency of the
antibody but avoid the nonspecific cytotoxicity seen with
the B-emitters like iodine-131 (**41) and yttrium-90 (*°Y),
we conjugated lintuzumab to bismuth-213 (**°Bi) and
actinium-225 (*°Ac), the a-emitters.

Alpha-Particle Inmunotherapy with
23Bj-Lintuzumab Preclinical Studies

213Bj (t%: = 45.6 minutes) is a radiometal that emits
a-particle with 8 MeV energy. Additionally, a 440 keV
photon emission accompanies 26.5% of 2**Bi decays,
alowing detailed biodistribution and dosimetry studies to
be performed. Bismuth-labeled lintuzumab in vitro resulted
in dose- and specific activity-dependent killing of CD33*
HL60 cells. Approximately 50% of target cells were killed
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when only two bismuth atoms were bound to the cell
surface.’®

Single-Agent Phase | Trial

In our previous work, based on these preclinical data,
18 patients with relapsed and refractory AML (17 patients)
or chronic myelomonocytic leukemia (one patient) were
treated with 2*Bi-lintuzumab.’” The drug was given as a
5-minute infusion, two to four times daily in 148 to
925 MBq fractions over 2 to 4 days. Because *°Bi yields
were limited by the activity of each 2Ac/?*Bi generator
and because of constraints on the specific activity that could
be achieved for any oneinjection, we escal ated radioactivity
doses by increasing the number of injections. Patients
received a total of 3to 7 injections. Five dose levels were
studied: 10.36, 15.54, 20.72, 25.9 and 37 MBqg/kg.
Biodistribution and dosimetry studies were performed by
obtaining y camera images after the first and last dose of
213Bj-lintuzumab. Using a20% photopeak window centered
at 440 keV, thirty, 1-minute images beginning at the start
of each injection followed by ten, 3-minute images were
collected. 8

No significant extramedullary toxicities were seen.
Grade | and Il liver function abnormalities were seen in
four patients (22%). The onset was typically 5 to 14 days
following treatment, and these abnormalitiesresol ved within
3 to 14 days. All 17 evaluable patients developed
myel osuppression with amedian timeto recovery of 22 days
(range: 12-41 days). Nearly all the 2*3Bi-lintuzumab rapidly
localized to and was retained in areas of leukemic
involvement, including the bone marrow, liver and spleen.
Despite avidity for free bismuth, the kidneys were not
visualized. Therewas no significant catabolism or clearance
of the drug, confirming the stability of the construct. The
mean absorbed dose per amount of injected activity to the
marrow, and therefore to CD33" target cells, was 9.8 mSv/
MBq (range: 2.6-29.4 mSv/MB(Q). Absorbed dose ratios
between these sites and the whole body were 1,000-fold
greater than those seen with B-emitting constructs in this
antigen system and patient population. Blood and plasma
antibody concentrations displayed typical o distributions
over the first 20 to 40 minutes, followed by slower 3
clearance over the remaining 3 hours of sample collection.’

Fourteen (93%) of 15 evaluable patients had reductions
in circulating blasts, and 14 (78%) of 18 patients had
reductionsin the percentage of bone marrow blasts (Fig. 1).
No patients achieved CR, likely dueto large tumor burdens
in heavily pretreated patients and to the relatively low
specific activities (329-766 MBg/mg) of 2°Bi-lintuzumab.
Neverthel ess, this study demonstrated the safety, feasibility
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Fig. 1: Percentage change in bone marrow blasts after
treatment with *3Bi-lintuzumab in 18 patients in a phase | trial

and antileukemic effects of 2*Bi-lintuzumab and was the
first proof-of-concept for systemic targeted o-particle
immunotherapy in humans.*’

Sequential Cytarabine and #®Bi-Lintuzumab

It may be hypothesized that a 1-2 log reduction in tumor
burden could increase the number of 21*Bi atoms delivered
toleukemiacells and produce remissions. To determinethe
effects of 2°Bi-lintuzumab against cytoreduced disease, the
authors conducted a phase I/11 trial in which patients first
received a nonremittive dose of cytarabine to decrease the
leukemic burden.'® Thirty-one patients with newly
diagnosed (n = 13) or relapsed/refractory (n = 18) AML
were treated. Patients received cytarabine at a dose of 200
mg/m? daily by intravenous continuousinfusion for 5 days.
Within 8 days after completion of cytarabine, 2 to 4
injections of 23Bi-lintuzumab (5181, 262 MBq each) were
given over 1to 2 days. Four doselevelsof 2*Bi-lintuzumab
were administered in the phase | portion of the trial: 18.5,
27.75, 37 and 46.25 MBg/kg. An additional 16 patientswere
treated at the maximum tolerated dose (MTD) inthe phase 11
portion of the trial.

During the phase | portion, dose-limiting myelo-
suppression (defined as grade IV leukopenia lasting > 35
days) was seen in two of four patients treated with 46.25
MBg/kg. The MTD of ?'3Bi-lintuzumab following
cytarabine was found to be 37 MBg/kg. Extramedullary
toxicities were mainly limited to grade | and Il events,
including infusion-related reactions in nine patients (29%).
Transient gradel11/IV liver function abnormalitieswere seen
infive patients (16%0). No patient had evidence of sinusoidal
obstructive syndrome. Treatment-related deaths occurred
in two of 21 patients (10%) who received the MTD.2°
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Table 1: Results by disease status for sequential cytarabine/?*®Bi-lintuzumab

Disease status No. of patients CR CRp PR Overall response
Untreated AML, untreated relapse 18 2 2 2 6 (33%)
Primary refractory, refractory relapse 7 0 0 0 0

Significant reductionsin marrow blasts were seen across
al dose levels. Clinical responses were observed in six of
the 25 patients (24%; 95% CI: 11-44) who received doses
of >37 MBg/kg [2 CR, 2 CR with incomplete platel et
recovery (CRp), and 2 PR] (Table 1). All responders had
poor-risk features, including age >70 years or secondary
AML; however, none of the six patients receiving less than
37 MBq had aclinical response. None of the seven patients
either with primary refractory AML or multiple treated
relapsed disease responded, indicating that effective
cytoreduction was necessary to achieve remission after
administration of 23Bi-lintuzumab. The median response
duration was 6 months (range: 2-12) with the median
survival of 13.7 months (range: 5-30 months) among
responders.*®

Four patients (one at each doselevel) underwent detailed
biodistribution and pharmacokinetic studies. In contrast to
the results seen in the initial phase | trial where ?1°Bi-
lintuzumab was given as a single agent,*® cardiac blood
pooling was seen after thelast injection in one patient treated
with 27.5 MBg/kg, indicating saturation of CD33 antigen
sites within the bone marrow, liver and spleen. Moreover,
reduced bone marrow uptake of 2'*Bi-lintuzumab was seen
after multiple injections in all four patients, indicating
saturation of antigen sites after partial cytoreduction with
cytarabine. Although a relatively small group of
heterogeneous patientswereincluded inthistrial, it showed
that targeted o-particle immunotherapy can be effective at
reducing low-volume disease.

Actinium-225-Lintuzumab: A Targeted
Alpha-Particle Nanogenerator

Preclinical Studies

The major obstacles to the widespread use of 2°Bi are its
short half-life and the requirement of an on-site 2°Ac¢/?
Bi-generator. Therefore, the author developed a second
generation construct in which the isotope generator is
directly conjugated to a tumor-specific antibody. In this
strategy, 2°Ac (t¥ = 10 days) can serve as an in vivo
generator of four a-particles at or within a cancer cell. The
macrocyclic ligand 1,4,7,10-tetraazacyclododecane
tetraacetic acid (DOTA) and its derivatives have been used
for labeling of antibodieswith ?°Ac. A two-step procedure
was developed in which ?2°Acisfirst conjugated to DOTA-

SCN followed by labeling of this construct to antibody.°
225 c-labeled tumor-specific antibodies can kill multiple
cell lines in vitro with LDy, values 1,000 to 10,000 times
lessthan those of analogous ?®Bi constructs. Thesefindings
led to in vivo studies in nude mice bearing human prostate
carcinoma and lymphoma xenografts. Single nanocurie
doses of ??°Ac-labeled tumor-specific antibodies
significantly improved survival over controls and cured a
substantial fraction of animals.?

Phase | Study of 22°Ac-Lintuzumab

Based on the activity of 2Ac-containing radioimmuno-
conjugates in the animal models, we conducted a phase |
trial of ?Ac-lintuzumab in advanced AML.?? Eighteen
patients with relapsed (n = 11) or refractory (n = 7) AML
were treated with a single infusion of 22°Ac-lintuzumab at
dosesof 185(n=3),37(n=4),74(n=3),111 (n=6) or
148 (n = 2) kBg/kg. Dose-limiting toxicities including
myel osuppression lasting more than 35 days in one patient
receiving 148 kBg/kg and death from sepsisin two patients
receiving 111and 148 kBqg/kg occurred. The MTD was
determined to be 111 kBg/kg. As expected myelo-
suppression was the most common toxicity. Median time
to resolution of grade 1V leukopeniawas 27 days (range: O-
71 days). Significant extramedullary toxicitieswere limited
to transient grade 111 liver function abnormalities in three
patients. We analyzed plasma pharmacokinetics by gamma
counting at energy windows for two daughters of *Ac,
francium-221 (*?'Fr) and ?'°Bi. Two-phase elimination
Kinetics was seen with mean plasma t¥z-o. and t¥2-3 of 1.9
and 38 hours, respectively, similar to other lintuzumab
constructs containing long-lived radionuclides. This isin
contrast to 23Bi-lintuzumab, where the half-life is
determined primarily by the short-lived radionuclide.
Peripheral blasts were eliminated in 10 of 16 evaluable
patients (63%), but only at doses of >37 kBg/kg. Bone
marrow blast reductions were seen in 10 of 15 evaluable
patients (67%) at 4 weeks, including eight patients (53%)
who had blast reductions of more than 50%. Three patients
receiving 37, 111 and 148 kBqg/kg respectively achieved
marrow blasts of 5% or less.

SUMMARY

Systemically administered targeted o-particle immuno-
therapy is feasible and has significant antitumor activity.
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The shorter range and higher linear energy transfer of
o-particles compared with p-particles may allow for more
efficient and selective killing of individual tumor cells.
Thesephysical propertiessuggest that radioimmunotherapy
with o-emitters may be best suited for the treatment of small-
volumedisease, asborneout intheseclinical trias. Although
reductions in leukemic blasts were seen when both 21°Bi-
and ?®Ac-lintuzmab were given as single agentsin phase |
trials, remissions were only seen after effective cyto-
reduction. The use of 2Ac can overcome the logistical
difficulties associated with short-lived radionuclides such
as?1*Bi. Building on the encouraging results seen with 2°Bi-
lintuzumab for cytoreduced leukemia, we are now
conducting amulticenter phase /Il trial of 2°Ac-lintuzumab
in combination with low-dose cytarabinefor elderly patients
with untreated AML. These studies provide the rationale
for further investigation of targeted o-particle
immunotherapy for minimal residual disease or small-
volume disease in a variety of malignancies.
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®8Ge/®®Ga Generators and °®Ga Radiopharmaceutical
Chemistry on Their Way into a New Century

Frank Rosch

ABSTRACT

%8Ga faces a renaissance initiated by the development of new
68Ge/%8Ga radionuclide generators, sophisticated %¢Ga
radiopharmaceuticals, preclinical research and state-of-the-art
clincial diagnoses via positron emission tomography/computed
tomography (PET/CT). A new type of ®Ge/%®Ga generator
became commercially available in the first years of the 21st
century, with eluates based on hydrochloric acid. These
generators provided ‘cationic’ ®®Ga instead of ‘inert’ %8Ga-
complexes, and opened new pathways of Me'" radio-
pharmaceutical chemistry. The last decade has seen a ®8Ga
rush. Increasing interest in generator-based %8Ga radio-
pharmaceuticals in diagnostic applications has been
accompanied by its potential use in the context of diease
treatment planning, made possible by the inherent option
expressed by theranostics. However, widespread acceptance
and clinical application requires optimization of %8Ge/®%Ga
generators both from chemical and regulatory perspectives.
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INTRODUCTION

The %Ge/®Ga radionuclide generator, with its secular
equilibrium mathematics, offers a perfect combination of
the nuclidic parameters in terms of half-lives and emission
profiles: t¥s = 270.95 days for ®Ge and t¥2 = 67.71 minutes
for %Ga, with no photon emission for ®Ge and an 89.14%
positron branching for %Ga.'%4 This was known aready
in the middle of the 20th century, yet gallium-68 today sees
a renaissance, with the development of new
%8Ge/%8Ga radionuclide generators, sophisticated %8Ga
radiopharmaceuticals, and state-of -the-art clincial diagnoses
via positron emission tomography/computed tomography
(PET/CT).*® Current advances represent a ‘ renaissance’
because ®Gais one of the very early radionuclides applied
to PET imaging. Itsapplication preceedsthe use of fluorine-
18 and even the term ‘positron emission tomorgaphy’.
Moreover, the availability of this positron emitter via the
first %8Ge/%®Ga generators,*®'’ lead to the development of
the first positron scintillation camera which was created in
the beginning of the 1960s.

With the availability of the first Ge/®®Ga generators
(which provided ®Ga-EDTA eluates) and dramatically

improved tomographic detection systems, several %8Ga
tracers for imaging of various diseases were investigated
(mainly for imaging the human brain). Hundreds of patients
wereinvestigated in the USA using ®Ga-EDTA, and others
from 1963 on.

Despiteseveral publicationsdescribing ‘improved %Ge/
%Ga radionuclide generators, the impact of %Ga imaging
subsided inthelate 1970s. Thiswas primarily aconsquence
of two genertaor-related factors. Firstly, the generator design
was inadequate for the versatile synthesis of ®Ga radio-
pharmaceuticals. Secondly, in view of the parallel and rapid
developments of the new classes of ®"Tc- and *8F-labeled
diagnostics, the %8Ge/®®Ga generators had only minor
clinical relevance. Nevertheless, numerous papers in the
1970s and 1980s described the use of inorganic matrixes
and organic resins, which allow for the isolation of
%8Ga from %Ge within hydrochloric acid solutions of weak
(0.1-1.0 N) or strong (>1 N) concentrations respectively.

Pioneering achievement of radiochemists in Obninsk,
Russia, resulted in the development of a new type of %Ge/
%8Gagenerator which became commercially availableinthe
first years of the 21st century.*® Generator eluates based on
hydrochloric acid provided ‘ cationic’ ®Gainstead of ‘inert’
%Ga-complexes, opening new pathways of Me'!' based
radiopharmaceutical chemistry. Initially, the®Gacationwas
introduced into existing ligands used for magnetic resonance
imaging (MRI) and SPECT imaging probes, suchasDTPA-
or DOTA-based derivatives. The impressive results
achieved using ®Ga-DOTA-octreotides for PET/CT
compared to 1 In-DTPA-octroescan paved theway toward
the clinical acceptance of this particular tracer for imaging
neuroendocrine tracers, and highlighted the great potential
of the %8Ge/®®Ga generator for modern nuclear medicine
in general.

These advancesintiated a%Garush in recent times (post
2002). However, the widespread acceptance and clinical
application of %8Ga radiopharmaceuticals requires
optimization of %8Ge/®®Ga generators both from chemical
and regulatory points of view. Furthermore, dedicated
chelators are required to broaden the possibilities of ®Ga
|abeling to alow the use of more sensitive targeting vectors.
Last but not least, this should aso involve applying the
concept of %8Ga-radiopharmaceutical chemistry to an
increasing number of targeting vectors, addressing the
clinically most relevant diseases.
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With current innovation and the favorable properties of
the %8Ga radionuclide, it is possible that in another decade
from now %8Ge/®®Ga generator-based ®Ga diagnostics may
approach a top three ranking in imaging (together with
9MT¢- and 8F-based tracer diagnostics).

This paper includes material which was presented at the
1st World Congress on Ga-68 and peptide receptor
radionuclide therapy (PRRNT) theranostics-on the way to
personalized medicine, Bad Berka, Germany, Junge 23-26,
2011, and which were published at a later stage.®

THE EARLY YEARS (1960-1970):
THE SUNRISE OF %Ga

The First 8Ge/*®Ga Radionuclide Generators

The first %8Ge/%Ga radionuclide generator was described
in 19606 and entitled: ‘A positron cow’. Asthetitle elicits,
the concept was to use a radionuclide generator for the
production of a positron emitting radionuclide. The latter
was a new entry for radiopharmaceutical chemistry and
nuclear medicine molecular imaging in vivo. The generator
chemistry involved aliquid-liquid extraction, and thewhole
processing protocol was considerably different to that of
current radionuclide generator systems. Nevertheless, a
variety of ®Ga compounds were synthesized using this
generator design.2”*

Further Generator Developments: Al,O,-based
EDTA-Eluted Generators

Inherent disadvantages of the first generator lead to the
development of two improved generator concepts soon after.
The liquid-liquid extraction chemistry introduced by
Gleason was substituted for a solid phase-based ion
exchange system'”%° (Fig. 1). In addition, a generator
featuring an improved liquid-liquid extraction was described
later.1®

The original sketch, taken from the original publication
by Y ano and Anger (1964) for the second solid-phase based
generator is reproduced in Figure 2. These solid-phase
chromatographic generators of fered excellent radiochemical
characteristics. Using an alumina column and EDTA as
eluent (10 ml 0.005 M EDTA), ®Gawas easily eluted in a
reproducible 95% yield without the need to introduce stable
Gd' as carrier. The eluate contained aslittle as 1.4 x 10°°%
of the parent ®Ge. Prior to in vivo injection, 0.5 ml of 18%
NaCl solution was added to the eluate.

8Ge/*®Ga Generators and the Development of
Positron Scintillation Cameras

This system served as a convenient and economical source
of %8Ga-EDTA. Effectively, thisradionuclide generator was
a synthesis unit of a relevant radiopharmaceutical; ®Ga-

Acetylacetone/ 8-hydroxy-
cyclohexane  quinoline/
chloroform

0.005 N EDTA

Green, Tucker 1961
Yano, Anger 1964

Gleason 1960
Erhardt, Welch 1978

Fig. 1: Early progress in %8Ge/®®Ga radionuclide generators II:
From liquid-liquid extraction to solid phase-based elution
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Fig. 2: Solid phase-based (alumina) ®®Ga elution (using an EDTA
solution) reproduced from the original publication by Yano and Anger
(1964)

EDTA (named ‘veronate’ at the time). ¥Ga-EDTA, and
limited other ®8Ga-tracers, were adapted for human
application quite quickly by various groups in the United
States for early applications.?%?14 Systematic application
for brainimaging was reported, with medical impact having
significant dependence on the method of detection applied.
Conventional imaging appeared to be relatively difficult,
with relatively high dosage of ®¥Ga-EDTA required for
valuable medical information to be gained.

Anger thus, started to develop the basics of positron
imaging tomography?2223 (arguing as follows (Gottschalk
and Anger 1964): ... ‘We seriously question whether
satisfactory results can be obtained with the conventional
positron scanner. Recent phantom studies indicate that the
positron scintillation camera using ®Ga-EDTA will detect
lesions 1/2 the volume that can be detected by the
conventional positron scanner using As74. Theincreasein
sensitivity is obtained even though the phantom was set up
to simulate our clinical condition where brain pictures are
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obtained in 4 to 10 minutes with a dose of 350 to 750
microcuries of ®Ga-EDTA. Shealy et al, however, found
that 2 to 3 millicuries of ®¥Ga-EDTA was sometimes an
inadequate dose with their positron scanner.” Images
recorded with this new type of camera (Fig. 3)? paved the
way for routine PET imaging.

%8Ga-EDTA: The Prototype PET-Pharmaceutical

Despite these new imaging features and the great success

of 8¥Ga-EDTA molecular imaging, the fact that in practice

the generator was limited to %Ga-EDTA was a severe

limitation. The extraction of %Ga from the thermo-

dynamically very stable (log K = 21.7) ®Ga-EDTA eluate

species was not straightforward. Yano and Anger 1964

reported that, ‘attempts are being made. .. to free ®Ga ...

from the EDTA complex’. A procedure was developed

however; it was not user friendly and practical for ®Ga. On

a scale which uses 10 mg Ga carrier, the time required for

extraction is 30 minutes, and the transfer yield of 60%.%

The protocol was:

1. Thecow ismilkedwith 10 ml of 0.005M EDTA solution,
and the ®Gaiis collected in a 40 ml centrifuge tube.

2. The10to 20 mgof carrier GaCl;in HCI solutionisadded.

3. The 0.5 ml of saturated ammonium acetate solution is
added.

4. Concentrated NH,OH is added dropwise (about 1 ml)
to precipitate Ga(OH)4 at pH 6.0.

5. Thesolutionisheated inaboiling water bath for 10 minutes
to coagulate the Ga(OH)s.

6. Thesolutioniscentrifuged, and the supernatant solution
is discarded.

7. The Ga(OH); is dissolved with a minimum volume of
hot 20% NaOH.

8. Thesolutionisacidified withabout 1 ml of concentrated
HCI.

' -

Fig. 3: A %Ga-EDTA brain scan acquired with the Anger positron camera circa 1962 showing the tomographic capability. The brain
tumor is in best focus in the left image, taken at about the level of the temporal horn®

HIBERNATING ®Ga MEDICAL APPLICATIONS,
BUT NEW CHEMISTRY AHEAD

The impact of %Ga imaging started to subside in the late
1970s, for two main reasons. Firstly, the generator design
was inadequate in terms of the requirements for versatile
synthesis of ®Ga radiopharmaceuticals. Secondly, in view
of the parallel and rapid developments of the new classes
of ®™Tc- and '8F-labeled diagnostics, the generators
available through the existing technology had only minor
clinical relevance.

Despite this apparent decrease in interest, numerous
basic radiochemical papersin the 1970sand 1980s described
the use of inorganic matrixes as well as organic resins,
selectively adsorbing ®Ge and providing %8Ga desorbtions
within hydrochloric acid solutions of weak (0.1-1.0 N) or
strong (>1 N) concentrations respectively.

Cationic %8Ga eluates are required to facilitate the
versatile radiolabeling chemistry with 8Ga. Thus, the
primary challengeisthe development of separation systems
which provide cationic %Ga species. Ga!'' existsas cationic
species (either pure water-hydrated aguocomplexes, such
asthe hexa-aqua cation Ga(H,0)¢>", or similar monochloro
or monohydroxo species). Thisspeciationiseasily achieved
in solutions of hydrochloric acid of pH ranging between 0
and 2 (0.01-1.0 N HCI). For this purpose, M€VO,™ type
matrixes(Me= Sn, Ti, Zr, Ce, €tc.) appeared to be adequate,
because they effectively adsorb the parent radionuclide
BGelV 125263339 Alternatively, organic resins have been
developed which require more concentrated HCI soltuions
for eluting the ®Ga. > Figure 4 givesaschematic overview.

COMMERCIAL ‘IONIC’ GENERATORS

Generator Eluates Delivering the Gallium Cation

Thanks to the pioneering achievement of radiochemistsin
Obninsk (Russian Federation), a new type of %Ge/Ga
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Green, Tucker 1961 Loc'h et al 1980
Yano, Anger 1964

Lewis, Camin 1981

Fig. 4: ®8Ge/®®Ga radionuclide generator concepts developed in
the 1970s and 1980s toward ‘cationic’ generators

Schumacher et al 1981
Malyshev, Smirnov 1975 et al

generator became commercialy available in the first years
of the 21st century.“° These generators use el uting sol tuions
based on hydrochloric acid which provide ‘ cationic’ ®Ga,
as opposed to ‘inert’ %8Ga-complexes, opening new

pathways of Me''-based radiopharmaceutical chemistry

(Fig. 5).

The %8Ga cation was immediately introduced into
existing ligand designs of MRI and SPECT imaging probes,
namely DTPA- or DOTA-based derivatives. Theimpressive
success of utilizing ®Ga-DOTA-octreotides and PET/CT
instead of, e.g. *In-DTPA-octroescan paved the way for
clinical acceptance of this particular tracer for imaging
neuroendocrine tumors, but also to the realization of the
great potential of the ®Ge/®®Gagenerator for modern nuclear
medicine in general. While commercial ‘ionic’ generators
had successfully entered clinical environments, there were
questions regarding its suitability, which became more
relevant. In particular these related to its adequacy
concerning radiation safety, legal requirementsand labeling
of medical tracers became more and more relevant. The
most relevant concerns are outlined:

e Problem1: Thelong physical half-life of the parent in
principle should give a generator shelf-life of at least

1 year. However, the shelf-life of the generators did not

necessarily parallel this long physical haf-life due in

particular to increasing breakthrough of %Ge, but also
decreasing %8Ga elution yield. %8Ge breakthrough
reduction and/or removal of ®8Ge from the eluates
therefore remain an important radiochemical challenge.
« Problem 2: ®Ga generator eluates are not chemically
or radiochemically pure. Nonradioactive metals, such
as%®zn'" (asgenerated on the generator as decay product
of ¥Ga), Fe'!' as general chemical impurity, and %Ge'Y
as breakthrough represent metals, which may compete

GBGa3+ '
O

Fig. 5: Electrophoresis of a 0.1 N HCI ®®Ga generator eluate (EZAG
Obninsk generator) demonstrating the presence of ‘cationic’ ®3Ga
(parameters: 0.1 HCI, Whatman® paper strip, | = 19 cm, t =
5 minutes, 191 V, 210 mA, 40 W)

Anode (+)
Cathode (-) —

with ®Ga"" for coordinative labeling of radiopharma-
ceutical precursors. Again, thisillustratestheimportance
of minimizing the 8Ge content in the eluate.*>*

« Problem 3: The new generation of ®Ge/%Ga radio-
nuclide generators utilize hydrochloric acid solutions
for %8Ga elution. The relatively acidic environment
created many protonated functional groups of ligands
and bifunctional ligands needed for thelabeling of %Ga,
which may hinder efficient radiolabeling. Finally,
minimizing the pH and volume of %Ga eluted prior to
labeling should facilitate higher radiolabeling yields.

Generator Post-Processing

Three approaches have been developed to address one or
more of these problems. Two processes include chemical
separation strategies, which may be referred to as ‘ post-
processing’.3>5! The third technology involves a simple
fractionation of the eluate, i.e. isolating eluate fractionswith
highest ®Gaconcentration.!* The methods are schematically
illustrated in Figure 6.

In most cases, commercial generators are used in direct
connection with one of the three postelution processing
technologies mentioned. The cation exchange-based post-
processing*®! guarantees almost complete removal of the
metallic impurities, in particular ®Ge. Numerous
maodifications have been reported, including NaCl solutions
instead of the solution no. 2 to desorb ®Gafrom theresin,®®
or by incorporating a subsequent anion exchange-based
purification step® to remove organic solvent prior to
labeling.

CURRENT STATE/OUTLOOK

Today, ®Ge/®Garadionuclide generators are commercially
available as TiO,—, SnO,— or organic resin-based columns.
%Ga eluate yields range from about 70 to 80% for fresh
generators, with a decrease overtime. ®Ge breakthrough
levelsvary between 0.01 and 0.001% (or even less) for fresh
generators, with these percentagesincreasing over extended
periods of generator usage. Conjugated with post-processing
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Fig. 6: Schematic representation showing an overview of post-
processing technologies for commercial 8Ge/®Ga radionuclide
generators: (1) Direct generator elution through cation-exchange
cartridge, (2) desorption of purified 8Ga using HCl/acetone or HCI/
ethanol mixtures, (3) generator elution into HCI reservaoir,
(4) subsequently elution through anion-exchange cartridge,
(5) desorption of purified 8Ga using water, (6) identification of the
eluate fraction representing at least two-third of the %8Ga activity,
and use without further purification
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technologies, %8Ga radiopharmaceuticals are being
synthesized routinely and safely. Thus, sincethe early ®Ge/
%Ga radionuclide generator systems developed about half
a century ago, significant advances have been made.

These generator improvements have allowed for the
significant development of ®Ga radiopharmaceutical
chemistry within the last decade. Despite this, aimost al
thetechnological and chemical innovation involved belongs
to the 20th century. Thereisroom for further development,
where several aspects of generator design and performance,
labeling chemistry and clinical application need to be
addressed. Figure 7 illustrates some of the potential future
directions.

Generators

Concerning solid phase-based ion exchange chromato-
graphic ®®Ge/%®Ga radionuclide generators, some
improvements may be possible within the resin material
itself. Recent publications hint at the potential of
sophisticated nanoparticles, such as Zr' and Cée'V-systems,
which are classified as nanocomposites.**'® Therational is
that these composites may provide effective adsorption of
BGe, effective release of %Ga, be more chemically stability
and radiation resistant. In parallel, GMP-certified and
licensed commercial generators are required to satisfy the
increasing standards of legal authorities.

Generator Online Post-Processing

Elution of generators may be further integrated into faster
and moreefficient online post-processing procedures, which

PET/CT for
main indications
theranostics

Generators

Commercial kits

New tracers | New chemistry

Fig. 7: Sketch of some future directions related to ®Ge/%®Ga
radionuclide generators and radiopharmaceuticals

are managed by automated modules. A key issue in this
regard, is to avoid the transfer of %8Ge into %Ga-radio-
pharmaceuticals. Optionally, these post-processing
technologies should also allow for versatile labeling
protocols. For example, the transfer from aqueous to
nonagueous sol utionsfor radiolabeling (addressing potential
lipophilic %8Ga tracers)® or onto resin for solid phase
supported labeling reactions.

Post-processing technol ogies, which remove ®Ge online
from the eluate, are of utmost importance, asthey avoid the
transfer of critical ®Ge levelsinto the radiopharmaceutical
preparation. They also guarantee the safety, which is
relevant from the legal point of view, i.e. addressing safety
criteriaof routine clinical use.® Although some of the ®Ga
radiopharmaceuticals used clinically, in particular ®Ga-
based peptides, are purified from uncomplexed %Ga, (which
simultaneously removes %Ge present), the principal strategy
should be to keep generator-derived %Ga solutions free of
%Ge before labeling. Consequently, the monographs of the
European Pharmacopoeia (Ph Eur) in its description of the
gallium chloride (%8Ga) solution for radiolabeling,
Monograph N°: 2464, Strasbourg, June 2012, adds, that
‘...the solution is intended for use in the preparation of
gallium-68-labeled radiopharmaceuticals, including a
procedure to reduce the level of germanium-68 below
0.001% of the total radioactivity.” This means that,
necessarily, the procedure for preparation of a Ga-68 radio-
pharmaceutical has to include a procedure to remove
germanium-68 up to alevel below 0.001%.

Only this strategy will be suitable for a kit-type %Ga-
labeling approach to parallel the ®™Tc analog systems. This
would allow for the direct synthesis and application of %Ga
radiopharmaceuticals, such as 8Ga chloride,*® %8Ga

22

%JAYPEE



JPMER

%8Ge/%8Ga Generators and %8Ga Radiopharmaceutical Chemistry on Their Way into a New Century

citrate®®% (Rizello et al 2009), ®Gaapotransferrin®’ or ¥Ga
Schiff base complexes.'®*® Radiotracers, such as these are
otherwise not applicable due to the nonseparable content
of ®8Ge.

Ligands

The future development of new ®Ga radiopharmaceuticals
may be facilitated by the development of new ligands and
bifunctional derivatives for coordinating ®Ga specifically,
i.e. ideally discriminating Fe''' and zn'", or by alowing
complex formation under a broader range of pH. Another
relevant aspect isthe devel opment of ligandswhich complex
%8Gaat room temperature. Such radiolabeling characteristics
approach the advantages of ®™Tc kit-type labeling
protocols. It isalso desirableto speed up complex formation
and minimize the amount of labeling precursor needed,
thereby increasing the specific activities of the final
radiolabeled product. Ideally new ligands should label more
efficiently than that of established DOTA or NOTA
derivatives, without detriment to complex stability.
Important criteria (in addition to high radiochemical yields)
are listed in Table 1. Several of the promising ligand
candidates for %Ga radiolabeling are listed in Figure 8.

Current trends in bifunctional ligand design suggest a
change in the paradigm that macrocyclic chelates are the
ligands to go for. Recent developments describe modified
acyclicligands. In particular, recent ligands are derived from
known Fe'"" ligands, because the two metals have similar
coordination chemistry. New classes of chelators currently
under development, include acyclic ligands HBED,4%®
H,DEDPA"824 and tri s(hydroxypyri dinone) ligands, > but
also research on deferoxamine®* and on sulfur-based
derivatives®™ continues.

New cyclic triazacyclononane-phosphinic acid
chelators®3° have been developed, which complex ®Ga
very effectively. In case of the triazacyclononane-
phosphinic acid chelators (TRAP), theideaisalso to create
an inert coordinating core leaving three linkable
functionalities available for versatile chemistry, alowing
for multimeric substitutions.

Table 1: Challenges for new %8Ga ligand developments

Efficient labeling should occur:

» At temperatures below 100°, approaching room temperature

¢ Over abroad range of pH, i.e. covering the pH of the generator
eluate up to physiological pH

» Within short periods, i.e. within 10 minutes or less

¢ At low amounts/concentration of the ligands (10 uM or less)

« In the presence of impurities, such as Fe!" (as a general
impurity) and Zn" (as decay product of ®8Ga), etc.

H 0

I@f

TRAP-Pr H,DEDPA

N‘*/“N o
“NAOH e
CP256 HBED-CC

Fig. 8: Recent developments in ligand structures
tailored for %8Ga

%Ga Radiopharmaceuticals

Novel ligand design presents the opportunity for a wide
range of new tracers. Theclinical application, however, will
finally depend on the classes of targeting vectors attached,
beyond peptidic and nonpeptidic targeting vectorsavailable.
Imaging will hopefully address tumors, infection and
inflammation, but also a variety of clinical indications and
almost al organs. This would mirror the ®™Tc radio-
pharmaceuticals, e.g. brain, heart, etc. In the context of the
similarity of generator based ®™Tc and ®Ga pharma-
ceuticals, the preparation of those ®Garadiopharmaceuticals
should also be KIT-based if they are to find clinical
application and widespread acceptance. These devel opments
will contribute to amuch more intense clinical use of ®Ge/
%Gagenerators and the corresponding ®Gapharmaceuticals
for molecular imaging. Again, legal considerations apply
to both the generator and the pharmaceuticals.’

Theranostics

Simultaneously to the further development of ®Ga-PECT/
CT diagnostics, it is one of the unique features of %Ga, that
%8Ga-PET/CT imaging may be directly linked to treatment
options. For some classesof G&'! bifunctional ligands, there
should be an option to synthesi ze therapeutics analogs with
trivalent radiometals, such as ®Y, ’Lu, 23Bi, etc. The
DOTA-conjugated octreotide derivativesrepresent aperfect
example of the success of this theranostic concept.*?
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ABSTRACT

The use of gallium-68 for molecular imaging is gaining
momentum world-wide. While our understanding of %8Ga
chemistry, generators, and associated synthesis modules
appear to have advanced to a clinically-reliable stage,
uncertainty in the supply of radiopharmaceutically-suitable
parent is of significant concern. In this work, we examine the
current supply of %8Ge in an effort to better understand the
potential for expansion of manufacturing to meet an increasing
demand for %8Ga. Although specific information on sales and
demand of 88Ge is highly business sensitive and thus guarded,
our examination finds no shortage in the current supply of %3Ge.
On the other hand, increases in the use of %8Ge generators for
clinical applications in the United States point to the need for
continued support for production at DOE laboratories in the
United States to ensure a reliable supply and suggests that
new commercial facilities may be needed to meet the increasing
demand.
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INTRODUCTION

The use of gallium-68 (%8Ga) for molecular imaging of
disease has seen a marked increase over the last severa
years.'® Applications for ®Ga positron emission
tomography (PET) are emerging across a broad spectrum
of diagnostic imaging challenges including cancer,
cardiovascular disease, infection and inflammation.” 8 The
increase in enthusiasm for %Ga use can be ascribed to
severd factors, including: Superiority in achievable image
quality compared to other gamma-emitting radionuclides
(e.g. indium-111);° nuclear decay characteristics (i.e. half
life and positron emission branching ratio) that are
considered favorable for clinical molecular imaging; and
the potential for on-demand production viathe introduction
of maturing-competitive generator and fluid handling

technologies that are now capable of providing reliable,
high-purity, on-demand ®Ga precursor in sufficient
quantitiesfor routine radiopharmaceutical productioninthe
absence of cyclotron operations.23%61420 These
characteristics promise an increasing role for ®Ga PET
imaging that has great potential to expand in the United
States and throughout the world. The advances of generator
technology for ®Ga production, chemistry of galliumwithin
the context of radiopharmaceuticals, and emerging
applications for %8Ga radiopharmaceuticals have been
reviewed in detail by several authors recently.>>%62! The
observations of these authors provide evidence that the
future for %Ga appears bright. However, to accelerate the
use of these exciting new diagnostic agents for clinical
applications, concerted effort will be required to promote
the ‘promising’ status of gallium-68, as alluded to by
Breeman and Verbruggen,? to widespread routine clinical
usein the United States.

One area of development that has the potential to
significantly impact the trajectory of %8Ga for clinical
imaging in the United States revolves around uncertainty
as to the supply of generators and parent radionuclide
germanium-68 (%8Ge). A parallel can be made, in this
context, to recent challenges to the use of the long-time
dominant radionuclide technetium-99m (**™Tc) with theloss
of asingle supplier of parent molybdenum-99 (**Mo).232*
While the potential advantages of ®Ga relative to *™Tc
can be debated,? the need for a reliable source of parent
radionuclide is critical to success. Thus, while 8Ga
chemistries and associated synthesis modul es appear to have
advanced to a clinically-reliable stage, uncertainty in the
supply of radiopharmaceutically suitable parent is of
significant concern. In this work, we examine the current
supply of ®Gein an effort to better understand the potential
for expansion of manufacturing to meet an increasing
demand for ®¥Ga.

MEETING AN INCREASED DEMAND FOR ®Ga

As the potential for ®Ga-labeled compounds has become
evident, several commercial companies have advanced
generator technologies to meet the demand for reliable
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production of %Ga on a routine basis.® Several promising
technological platforms have been applied for the
development of these generators,” based on TiO,,2 SnO,,%°
nano-zirconia,?® and organic- or silica-based solid-phase
materials.?”-?° The first generators documented in the
literature were devel oped as early as the 1960s,>2%3! while
the commercial aternatives available today were initially
introduced inthe early 1980s. The technology improvements
of these commercial aternatives have played alargerolein
advancing the potential of %8Ga. Significant advances
included removing the need for complexing agents to
selectively remove %Ga from the generator-column and
reducing the acid concentration from as high as 1 M
hydrochloric acid (HCI) to as low as 0.1 M HCI eluate
concentration to remove %Ga as a cationic species. These
improvements facilitated more reliable pH adjustments for
the radiolabeling reaction with most chelator-modified
peptides and small molecules. Importantly for smooth
transition to routine clinical use, recently introduced
commercial generators are demonstrating excellent elution
yields (65-80%) and low initial breakthrough levels of ®Ge
parent on generator elution.>>®

While these findings and observations point to a
maturing technology, which is increasingly recognized
around theworld as suitablefor routine clinical operations,®
one area of concern for expanding operationsin the United
States (US) is the availability of parent %8Ge for
manufacturing of generatorsand the potential for ashortfall.
Specific information on the capability and capacity of
current production of ®Ge parent material is not entirely
transparent. However, there is documented capacity from
at least three major sourcesthat lend confidenceto the ability
of current manufacturing to maintain a stable inventory of
%8Gethat can meet near-term projected demand. Four major
centers which produce parent ®8Ge for generator
manufacturing currently are: iThemba laboratories (South
Africa), Brookhaven and Los Alamos National Laboratories
(USA) and Cyclotron Co Ltd (Obninsk, Russia). According
to a recent IAEA report, these facilities have production
capacities of approximately 0.5 to 2 Ci per run.*?

iThemba LABS (South Africa) has been producing
chemically processed %Ge commercially for many years.
The company reports production of unprocessed %8Ge by
standard irradiation of stable Gatargets (encapsuled in Nb)
via a cyclotron proton irradiation (iThemba-provided
communication). The raw %Ge material isthen purified by
way of volatilization and ion-exchange chemical processing
techniques to produce radiochemically pure %Ge that is
suitable for incorporation in %Ge/%Ga generators. The
manufacturing capacity under current capability at iThemba
Labsisestimated to be approximately 4-5 Ci (148-185 GBQ)

%Ge per year, with the ability using current facilities to
increase production to nearly 8 to 10 Ci (296-370 GBq) of
process-purified %Ge per year.

The second major source of %Ge parent material is the
United States, Department of Energy (DOE), which operates
production facilities at Los Alamos National Laboratory
(LANL; Los Alamos, NM) and Brookhaven National
Laboratory (BNL; Brookhaven, NY), in the United States.
Production facilities in the DOE have operated since 1954
with the inception of the US Atomic Energy Act, which
specified arolefor the US government in isotope production
and distribution.®® This program has grown to provide
domestic supply of about 300 different isotopes (stable and
radioactive), which the DOE sellsfor medical, commercial,
research and national security applications. In fiscal year
2009, the DOE reports programmatic repositioning of
isotope production to the Office of Science and revision of
the program’s mission to include maintenance of the
infrastructure required to produce and supply isotopes
(including %Ge) and related services. The revised mission
of the program further included investigation and
development of improved i sotope production and processing
techniquesthat can make new isotopes available. The DOE
| sotope Program relies on appropriations and revenuesfrom
isotope sales to fund its operations. Y early appropriations
and sales revenues are deposited in a revolving fund that
has flexibility for carryover from fiscal year to operate
facilities, pay salaries, produce isotopes and fund other
activities. Thevaue of thisflexibility to maintain operations
in an unconstrained manner was evidenced recently with a
steep declinein the use of strontium-82 (8%Sr) in 2010, which
had accounted for over one-third of the programs total
revenues.>* The decrease in orders for 82Sr declined steeply
and unexpectedly as a result of a recall of the cardiac
imaging devicethat represented the majority of theisotopes
use. Through use of the revolving fund, the program
demonstrated the ability to maintain continuous operations
in spite of significant loss of current revenues. Further
flexibility for production of ®Ge by the DOE is related to
the ability to produce at two independently operated sites
(i.e. Brookhaven and Los Alamos).

The published funding appropriation for the DOE
| sotope Program activitiestotaled nearly $20M USin fiscal
year (FY) 2011, with total revenues exceeding $26M.3* The
program sold isotopes and provided related servicesto over
100 customersin FY 2011 domestically and internationally.
Six of these customers account for more than 80% of sales
in FY 2011. More than 95% of the program revenues were
attributed to eight isotopes: Strontium-82, californium-252,
helium-3, nickel-63, strontium-90, actinium-225,
lithium-6 and germanium-68. According to these reports,
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of total isotope sales, revenuesfor the DOE | sotope Program
associated with %Ge production were nearly $2M US for
FY 2011. Similar tothe production route at iThembaLABS,
the DOE has been irradiating Ga targets at its accelerator
sites at BNL and LANL to produce and purify rav %Ge
material. Published values for ®Ge sales in radioactivity
units from the US DOE were over 10 Ci (370 GBq) and 11
Ci (407 GBq) in FY 2009 and FY 2010 respectively.
Interestingly, the modest increase in total %8Ge revenuesin
radioactivity units contrasts the total number of shipments,
which more than doubled from 26 in 2009 to 58 shipments
of %Ge reported by the DOE in FY 2010. These sales are
attributed, in these reports, to PET calibration sources,
reflecting increased demand and economic dominance of
solid ®Ge/%®Ga calibration sources (in termsof total market
need for %Ge), relative to generators for ®GaPET imaging
applications. No documented shortages of %8Ge could be
found through our examination.®* These observations
suggest that the DOE has adopted strategies to increase
production of ®8Ge in response to an growing market
demand.

The third major source of parent %Ge material for
generator production is the Cyclotron Co Ltd (Obninsk,
Russia), which has operated production facilities for many
years. Recent reports by the |AEA suggest that high specific
activity material is routinely made available with capacity
of approximately 2 Ci per run.>*® The company reports
similar production methodol ogies, and produced over 6 Ci
(222 GBQ) in the calendar years 2010 and 2011. The
company further reported a significant increase (up to 11
Ci or 407 GBqQ) in shipments for the calendar year 2012
(Cyclotron provided communication). The company reports
that productswere destined for generator manufacturing and
calibration sources, although further breakdown of the use
of the produced ®8Ge was not available at the time of this
writing. The company further reports that in response to
increased demand, the manufacturing facilitiesare currently
capable of producing up to 15 Ci (555 GBQq) per year,
suggesting that the Obninsk operations are poised to respond
to an increased market demand.

SUMMARY AND CONCLUSION

Gallium-68 generators are a promising, maturing
technology, which is increasingly recognized around the
world as suitable for routine clinical applications. In this
brief perspective, the current production and availability of
parent %8Ge for manufacturing of generators has been
examined. Currently, the vast majority of ®Ge s produced
in the Unites States, South Africaand Russia. Inthe United
States, the Department of Energy has been using their

acceleratorsat Brookhaven (BNL) and Los Alamos National
Laboratories (LANL) for the production and distribution
of ®Ge for many years. The operating cycles at these
facilities complement each other to enable continuous
production and distribution of %8Ge, with a current
production level of approximately 11 Ci (407 GBq). In South
Africa, iThemba LABS has been producing chemically
processed ®Gefor many years. The company reports current
manufacturing capacity to be approximately 4to 5 Ci (148-
185 GBq) ®Ge per annum, with ability using current
facilities to increase production to nearly 8 to 10 Ci (296-
370 GBq) of process-purified %8Ge per year. Current
production capacity of the third major supplier of %Ge
(Cyclotron Co, Obninsk, Russia) is reported to be up to
15 Ci (555 GBq) per year, for atotal estimated production
capacity for the three major manufacturers of approximately
37 Ci (1369 GBQ) per year. Although specific information
on sales and demand of %8Ge is highly business sensitive
and thusguarded, currently thereisno shortagein the supply
of 8Ge. On the other hand, increases in the use of %Ge
generatorsfor clinical applicationsin the United States point
to the need for continued support for production at DOE
|aboratories in the United States to ensure areliable supply
and suggests that new commercial facilities may be needed
to meet the increasing demand.
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A Bridge not too Far: Personalized Medicine with the use
of Theragnostic Radiopharmaceuticals

Suresh C Srivastava

ABSTRACT

This article deals primarily with the selection criteria, production,
and the nuclear, physical, and chemical properties of certain
dual-purpose radionuclides, including those that are currently
being used, or studied and evaluated, and those that warrant
future investigations. Various scientific and practical issues
related to the production and availability of these radionuclides
is briefly addressed. At brookhaven national laboratory (BNL),
we have developed a paradigm that involves specific individual
‘dual-purpose’ radionuclides or radionuclide pairs with emissions
suitable for both imaging and therapy, and which when
molecularly (selectively) targeted using appropriate carriers,
would allow pre-therapy low-dose imaging plus higher-dose
therapy in the same patient. We have made an attempt to sort
out and organize a number of such theragnostic radionuclides
and radionuclide pairs that may thus potentially bring us closer
to the age-long dream of personalized medicine for performing
tailored low-dose molecular imaging (SPECT/CT or PET/CT)
to provide the necessary pretherapy information on
biodistribution, dosimetry, the limiting or critical organ or tissue,
and the maximum tolerated dose (MTD), etc., followed by
performing higher-dose targeted molecular therapy in the same
patient with the same radiopharmaceutical. As an example, our
preclinical and clinical studies with the theragnostic radionuclide
Sn-117m are covered in somewhat greater detail.

A troublesome problem that remains yet to be fully resolved
is the lack of availability, in sufficient quantities and at reasonable
cost, of a majority of the best candidate theragnostic
radionuclides in a no-carrier-added (NCA) form. In this regard,
a summary description of recently developed new or modified
methods at BNL for the production of five theragnostic
radionuclide/radionuclide pair items, whose nuclear, physical,
and chemical characteristics seem to show promise for
therapeutic oncology and for treating other disorders that
respond to radionuclide therapy, is provided.

Keywords: Radionuclide therapy, Personalized medicine,
Theragnostics, Theragnostic radiopharmaceuticals, Tin-117m,
Radionuclide production, Cancer therapy, Cardiovascular
therapy.
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INTRODUCTION

Nuclear medicine has experienced an exponential
resurgence of interest in radiotherapeutic procedures. Using
unsealed sources for radionuclide therapy is not a new
concept; it has been around for over 5 decades starting with

the development of among others the treatment of thyroid
disorders with radioiodine. However, recent advances in
molecular biology have led to a better understanding of
cancer and other disease states, and parallel research has
shown promise for biological vehicles, such as monoclonal
antibodies, specific proteins and peptides, and a variety of
other intelligently designed molecules, to serve as specific
carriers to deliver cell killing radiation into tumors in a
highly localized fashion. These developments haveled to a
renewed interest in the exciting possibility of treating human
malignancies with the systemic administration of
radionuclides. A number of other relatively new modalities,
such as the treatment of metastatic bone pain, radiation
synovectomy, bone marrow ablation, and others, have given
additional impetus to need for research on therapeutic
radionuclides tailored for specific applications.

A magjor advantage of radionuclides is that they emit
radiation of different radiobiological effectivenessand range
of action. This offers the possibility of choosing a nuclide
the physical and nuclear characteristics of which are
matched with a particular tumor type, or the disease under
treatment. In addition, certain dual-purpose (‘ theragnostic’)
radionuclides that seem to offer the exciting potential of
pretherapy low dose imaging followed by higher dose
treatment in the same patient, thus possibly bringing us a
major step closer to personalized medicine, are discussed
in somewhat greater detail in this article. We are
reintroducing and reinforcing thisrelatively novel paradigm
that involves specific individual theragnostic radionuclides
or radionuclide pairs with emissions suitable for both
imaging and therapy, and which when molecularly
(selectively) targeted using appropriate carriers, would allow
pretherapy low dose imaging plus higher dose therapy in
the same patient. We have made an attempt to sort out and
organize a number of such theragnostic radionuclides and
radionuclide pairsthat may thus potentially bring usamajor
step closer to the age-long dream of personalized medicine
for performing tailored low dose molecular imaging
(SPECT/CT or PET/CT) to providethe necessary pretherapy
information on biodistribution, dosimetry, the limiting or
critical organ or tissue, and the maximum tolerated dose
(MTD), etc. followed by performing higher dose targeted
molecular therapy in the same patient with the same
radiopharmaceutical. Beginning in the 1980's, our work at
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Brookhaven National Laboratory (BNL) with such a*dual-
purpose’ radionuclide, tin-117m, convinced us that it is
arguably one of the most promising theragnostic
radionuclides and we have continued to concentrate on this
effort. Our results with this radionuclide are therefore
covered in somewhat greater detail in this paper.

THERAGNOSTIC RADIONUCLIDES

As mentioned above, certain radionuclides or radionuclide
pairs have emissionsthat alow pretherapy information with
low dose imaging, followed by higher dose therapy in the
same patient.!* Such dual-purpose theragnostic
radionuclides, for example 1-131, or the pair 1-124/1-131
have been around and used for imaging followed by therapy,
without consideration to the fact that the optimum
radionuclide or the optimum radionuclide pair were not
scientifically or methodically chosen with this requirement
and/or with the particular disease in mind. Over 2 decades
ago, when Y-90 began to be promoted for radio-
immunotherapy and was undergoing rapid development, it
was considered necessary to use In-111-monoclonal
antibody (mADb) as a surrogate to carry out biodistribution
and imaging studies in order to predict the dosimetry and
toxicity prior to doing the therapy with Y-90-mAb, because
of the lack of imageable photonsin Y-90 emissions. After
some very careful studies, the Julich group® and our own
group at Brookhaven®’ showed that at best, it was hazardous
to do so because these were two different elements whose
biochemistry had many similarities but also many striking
dissimilarities as well. Interestingly, this practice still
continues, because of the lack of an aternate solution.® In
such asituation, it would have been best to use the positron
emitter Y-86, a congener of Y-90, and therefore with the
same chemical and biochemical properties, to carry out
pretherapy positron emission tomography (PET) imaging,
so that imaging predicts biodistribution and dosimetry in a
reliable, individualized fashion, and thus also predicts asto
which patientswill respond to the radionuclide therapy with
Y-90 and which will not. However, Y -86 until very recently
has not been availableat al or only ininsufficient quantities
for this purpose. Thissituation isnow changing andin many
cases, if the therapeutic isotope has no photon emission,
suitable congenersfor imaging are becoming more and more
available.

It is noteworthy that a number of such radionuclides or
radionuclide pairs do exist™* and it would make a lot of
senseto direct their usefor the development of ‘ theragnostic
radiopharmaceuticals'. It isimportant to stress that ideally,
for theragnostic use, the molecularly targeted radiophar-
maceutical should constitute the same dual-purpose

radionuclide with both imaging and therapeutic emissions.
In the second best situation, as mentioned above for the
Y -90 situation, aradionuclide pair (imaging photon emitter,
either gamma or positron, and a congener of the therapeutic
particle emitter, with the same electronic structure) can be
used aswell. One caveat here, which isafact of life, isthat
even though many theragnostic PET/therapy radionuclide
pairs may have the same electronic structure, their
production and processing methodologies may be
significantly different leading to thefact that their chemistry
and in vivo behavior may be different as well due to
differences in chemical species, charge, specific activity,
etc. and/or the amount of chemical and radionuclidic and
chemical impurities, which cannot be totally removed.
Another caveat that one hasto deal with istheissue of half-
life of theimaging PET congener whichin most cases might
be much shorter than the usualy (desirable) longer half-
life of the therapeutic congener. In most situations, the
determination of longer term biodistribution and dosimetry
would be crucial but this information would not be
achievable using the shorter lived PET congener for
pretherapy imaging.

To re-emphasize, the theragnostic radionuclides or
radionuclide pairswould initially allow molecular imaging
(SPECT/CT or PET/CT) to provide the required and useful
pretherapy information on biodistribution, dosimetry, the
limiting or critical organ or tissue, and the maximum
tolerated dose (MTD). If the imaging results then warrant
it, it would be safe and appropriate to follow-up with dose
ranging experimentsto alow higher dose targeted molecul ar
therapy with the greatest effectiveness. These factors are
especially important in order to be able to do tailored
imaging plus therapy (personalized medicine) in the same
patient with the same radiopharmaceutical >

There are indeed a number of individual radionuclides
that emit both imaging photons and therapeutic electrons
and which would be potentially excellent choices for
theragnostic applications (Table 1). Some of the most
promising PET/therapy radionuclide pairs are shown in
Table 2. The lists included in both Tables 1 and 2 are not
all-inclusive but consist of selected radionuclides and
radionuclide pairs that are or could be made available in
sufficient quantitiesto be of practical value, and which show
the required combination of nuclear, physical and chemical
properties, and thusthe greatest promise. Some other criteria
for inclusion were arbitrarily set at a minimum of 20%
photon/positron emission for imaging, and a sufficiently
abundant therapeutic particle emission consisting of medium
(B7) tohighlinear energy transfer (LET) electrons. It should
be noted that there may be other suitable candidates from
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Table 1: Selected theragnostic radionuclides®

Radionuclide t% (days) Principal y energy for Therapeutic particle(s) [Avg energy,
imaging, keV (%) keV (%) abundance]
Scandium-47 835 159 (68) f—(162)
Copper-67 2.58 186 (40 p—(141)
Gallium-67 3.26 93. 184, 296 15 Auger, 0.04-9.5 keV, 572%
(40, 24, 22) 10 CE, 82-291 keV, 30%
Indium-111 2.80 171, 245 (91, 94) 6 Auger, 0.13-25.6 keV, 407%
12 CE, 144-245 keV, 21%
Tin-117m 14.00 159 (86) 8 CE (141 keV avg, 114%)
lodine-123 13.3 h 159 (83) 12 Auger, 23-30.4 keV, 1371%
7 CE, 0.014-32 keV, 17%
lodine-131 8.0 365 (82) p—(181)
Samarium-153 1.94 103 (30) —(280)
Astatine-211 7.2h 79 (21) o (5867, 42%)
Bismuth-213 46 min 441 (926) —(425); o (98%, from TI-209
daughter, 2% from Bi-213)
Table 2: Selected theragnostic radionuclide pairs*
Radionuclide pair T (d) Imaging positron, keV (%) Therapeutic particle(s)
imaging/therapeutic (avg energy, keV)
Scandium-44/scandium-47 3.97/3.35 y + 511 (99.9%) —(162)
Copper-64/copper-67 0.53/2.6 y = 511 (38%) B—(141)
Gallium-68/gallium-67 68 mins/3.26 y + 511 (176%) 15 Auger, 0.04-9.5 keV, 572% 10 CE
82-291 keV, 30%
Yttrium-86/yttrium-90 0.61/2.7 y £ 511 (35%) —(935)
lodine-124/iodine-131 4.2/8.0 y + 511 (38%) B—(181) i/mg of ®’Zn (mb)

the class of alpha and Auger electron emitters, >+ but
these have not been included in this theragnostic group of
radionuclides (except Ac-225/Bi-213) since their
availability is either limited or not enough preclinical and
clinical experimental data have thus far been available.

As mentioned above, a major problem that remains yet
to be completely resolved is the lack of availability of a
number of the best candidate therapeutic radionuclides, in
particular the theragnostic radionuclides or PET/SPECT
radionuclide pairs, in sufficient quantities and/or in a no-
carrier-added (NCA) form. Methods have already been
studied and developed for the production of research
quantities of certain theragnostic radionuclides and
radionuclide pairslisted in Tables 1 and 2 in particular Cu-
64,12 Y-86,1413141.124,%5 and Sc-44.1° Gallium-67, Y-90,
In-111, 1-123, Sm-153, Lu-177 and |-131 are routinely
available from commercial sources. Close to sufficient
quantities of Ge-68 (parent of Ga-68) are made available
mainly from the Brookhaven Linac | sotope Producer (BLIP)
at Brookhaven National Laboratory (BNL)! and from the
I sotope Production Facility (IPF) at Los Alamos National
Laboratory (LANL).

A summary description relating to the development of
new or modified methods for the production of selected
promising theragnostic radionuclides (Sc-47, Cu-67, Y -86,
Sn-117m and Ac-225/Bi-213) is included in the following

sections. Some of these have undergone through various
stages of preclinical/clinical trials.

PRODUCTION OF SELECTED
THERAGNOSTIC RADIONUCLIDES

Beta Emitters

Scandium-47

Two low energy reactionsin the reactor that produce NCA
Sc-47 are 4'Ti-47(n, p) 4'Sc and “®Ca(n, y)*'Ca(p") (t¥% =
4.54 days).’8 Theformer reaction requiresE, >1 MeV, while
the latter reaction uses thermal neutrons. Both types of
neutrons are available in the fission neutron spectrum in
the High Flux Isotope Reactor at Oak Ridge National
Laboratory. The advantages of the *®Ca(n, y)*'Ca(B")
reaction are: (i) The year-round availability of high flux
thermal neutrons and (ii) use of a Ca-47/Sc-47 generator
system to supply Sc-47 activity. The disadvantage of this
route is the requirement of an enriched target. Calcium-46
is presently available with only 30% enrichment and at a
very high price, which makes target costs prohibitive.
The 4'Ti(n,p) route also requires an enriched target
though #'Ti-O, is available with very high enrichment
(94.53% Ti-47, 4.74% Ti-48, 0.35% Ti-46, 0.2% Ti-49 and
0.18% Ti-50) and at more reasonable cost. The hydraulic
tube positions at HFIR at ORNL (with 4.6 x 10%*
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neutrons cm?s) have adequate flux in the high energy region
of the neutron spectra to produce sufficient quantities of
Sc-47 activity for theragnostic applicationsin radioimmuno-
therapy. The reported cross-section in a fission neutron
spectrum is 18.9-26 mbarn, which is comparable to the
cross-section value for proton-induced reactions, such as
"ATj(p, 2p) and >V (p, 3pn).1°

Several #'TiO, targets were irradiated at HFIR for
periods ranging from a few hours to severa days.’® The
experimental results are lower than the theoretical ones,
perhaps due to differences in the actual neutron spectrum
when the irradiations occurred compared to the theoretical
neutron spectrum. High production yields using the PTP
positions at the HFIR were obtained. These resultsindicate
that Sc-47 can be produced at a reactor using the 4’Ti(n,p)
reaction in quantities sufficient for theragnostic applications.
For example, at HFIR a 3.35 day (one half-life of Sc-47)
irradiation of a 10g target would theoretically produce
~75 Ci of Sc-47 at EOB. Both the Sc-46/Sc-47 and Sc-48/
Sc-47 impurity ratios are less than 0.4% at EOB (end of
bombardment), leading to aproduct with greater than 99.5%
radiopurity.*81°

The specific activity of Sc-47 depends essentially on
the scandium content of the enriched target material.
Scandium is not a ubiquitous contaminant, such as lead or
copper, and would not be expected to be introduced during
processing of the target. These expectations were borne out
when several product samples were analyzed with ICP-AE
and no stable Sc was detected.'® Since scandium was not
detected in batches of target material, stable scandium
content can be assumed to be the reported detection limit.
The specific activitiesare high enough for antibody labeling
applications in radioimmunotherapy. Conservatively
assuming that an average of two to three scandium-ligand
complexes can be attached to each antibody molecule
without loss of immunoreactivity, up to 30 mCi (1.16 GBq)
of ORNL produced Sc-47 can be used to label 1 mg of a
typical 1gG antibody (mol. wt. ~150 kDa) given the measured
specific activities.'®

Finally, itisnecessary to recycle the expensive enriched
target material to defray thetarget cost over many production
runs. A simple procedure was developed that recovers
~98.5% of the oxide based on precipitation of titanium at
basic pH followed by conversion to the oxide using higher
temperature.’® Titanium may be recovered and easily reused
since the only titanium activation product is the short lived
Ti-51 (t¥4= 5.8 minutes) produced by the >°Ti(n, y) reaction
using thermal neutrons. Other radionuclidic impurities that
have been detected in recycled material are Ta-182 (t%2 =
114.4 days) and Zn-65 (t¥2 = 244 days). These isotopes are
also produced by (n, y) reactions on minor target impurities
of stable Taand Zn. If required, theseimpuritiescould easily
be separated from the target material using anion-exchange
chromatography before precipitation of the titanium.®

Relative production yields were also determined using
the (p, 2n) reaction on “8TiO, targets (98.5% “Ti0,) at the
BLIP in the energy region 48 < E, < 150 MeV.'#" These
targetswereirradiated to see whether the use of isotopically
enriched Ti-48 would improve the Sc-47/Sc-44m, 46,48
radioimpurity ratios compared to using natural Ti targets.
Thereisthe expected improvement inthe Sc-47/Sc-44 ratios
using enriched targets since the “*Ti(p, 2p)*Sc and >°Ti(p,
2 pn)*®sc reaction pathways have been eliminated. The
Sc-47/Sc-44m ratio is better at lower irradiation energies
(Ep < 100 MeV); however, unfortunately the Sc-47/Sc-46
ratios are worse throughout the energy region measured.
Thus, this production method would not be suitable for
producing Sc-47 with sufficient purity for therapeutic use.*®

Although Cu-67 haslong been considered as one of the
ideal therapeutic/theragnostic radionuclides (videinfra), its
scaled up production with asufficiently high specific activity
is still an issue that has only partially been resolved and
further improvements are difficult if not questionable, at
this time. With this in mind, we have proposed Sc-47 as a
possible replacement for Cu-672° as shown in Table 3.

Table 3: Sc-47 vs Cu-47 as a therapeutic radiolabel?°

Cu-67 Sc-47
Advantages Disadvantages Advantages Disadvantages
Half-life Good - Good —
(2.58 d) (3.35d)
Beta energy, keV Good - Good —
(total, weighted avg.) (141) (163)
Imageable photon (keV, %) Good - Good —
(185, 49%) (159, 68%)
Specific activity - Low High -
(2-18 mCi/ug) (no-carrier added)
Radiochemistry - Average Good =

Ease of production -

Hard (accelerator)

Easy (reactor)
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Copper-67

Copper-67, with a 2.6-day half-life, is the longest lived
radioisotope of Cu.?! It provides medium energy emission
of 0.6 MeV ., (average, 141 keV), photon emissions
(184 keV, 48.7%; 93 keV, 16%; 91 keV, 7%), and facile
labeling chemistry. It is a very attractive theragnostic
radionuclide.* The half-life is suitable for imaging slow
in vivo pharmacokinetics with agents, such as mAbs and
other carrier molecules, and the beta particle energy is
appropriate for therapy. The 185-keV gamma ray (49%)
permits imaging of the uptake and biodistribution of the
agent both before and during therapy administration. It can
also be paired with the positron emitter Cu-64 to perform
pretherapy biodistribution determinations and dosimetry by
PET. However, as mentioned earlier in this article, the use
of Cu-67 hasbeeninhibited by alack of regular availability
of sufficient quantitiesat acost that researcherscan typically
afford, as well as the low specific activity issue.”?! In the
past several decades, the most typical source in the United
States has been the high energy proton irradiation of natural
Zn targets,?* primarily irradiated at either the BLIP
(Brookhaven Linac Isotope Producer) at BNL or at the
Isotope Production Facility (IPF) at LANL (Los Alamos
National Laboratory). These are both large accelerators
operated and funded for physics research only part of each
year. Thus, in the past, it has not been possible to provide
Cu-67 on a time frame suitable to support clinical trials,
with the attendant schedule fluctuations and changing
patient status.?>?% Additionally, the specific activity was at
the low end of what was acceptable for antibody therapy,
ranging from about 5to 10 Ci (185-370 GBq) per mg of Cu
at EOB. With the construction of anew target station at the
IPF at LANL in 2004, the beam intensity and production
have improved, but year-round availability still cannot be
assured. Recent studies at BNL have tried to determine the
causes of the low specific activity.?* Exhaustive assays of
al the reagents used in processing determined that these
contribute only approximately 0.3 ug of Cu. Addition of
the ZnO target to these blank experiments contributed only
another 1.4 ug of Cu. This compares with the 25 ug of Cu
typically measured in a batch of 80 to 380 (~3-14 GBq) of
Copper-67. This result implies that most of the stable Cu
found in each batch is produced directly by proton nuclear
reactions on Zn, an often forgotten process. To investigate
this hypothesisfurther, theoretical calculations of stable Cu
isotopes were attempted using the well-known nuclear
radiation transport code MCNPX. The predicted direct
production of stable Cu-63 was approximately 11 ug, and
lug of stable Cu-65, for every 200 mCi (~7.4 GBq) of
Cu-67 produced. Therefore, this route is the major source

of thereduction in specific activity and will bevery difficult
to remove. Because Cu-63 islikely produced by the #zn(p,
2p) and %Zn(p, 3p) reactions, use of ahighly enriched Zn-
68 target containing minimal Zn-64, 66 may suppress the
Cu-63 production. Recent accurate cross-section
measurements on the zn(p, 2p)®’Cu reaction performed
radiochemically over the energy range of 30 to 70 MeV
showed that the yield of Cu-67 is fairly high.?*
Unfortunately, Zn-68 is rather expensive. Also, recycling
the target material is considered difficult because of the
unavoidable coproduction of long-lived Zn-65 in the target,
unless the proton energy is kept around 70 MeV. To try to
resolve these issues, BNL has recently been engaged in
further research to develop the production of Cu-67 using
high energy proton irradiation of enriched Zn-68 targets,
followed by selective chemical separation of the pure
product.?* A number of specific challengeswere addressed:
(i) Development of very thick electroplated Zn-68 disks as
targets, (ii) development of recovery/reuse technique of this
expensive material after radiochemical processing, (iii)
development of atarget capsule that can be sealed and then
opened remotely in ahot cell, (iv) development of arapid
highly selective chemical separation process for Cu-67 and
(v) performing irradiations and measurements of product
radiopurity, chemical purity and labeling efficiency. This
research has allowed the prospect for the production
capability for Cu-67, using a high beam-current accel erator
or cyclotron, in sufficiently large quantities and with a
greater than five times of the previously obtained specific
activity, to support clinical trials.?*

Yttrium-86

The popular beta-emitter therapeutic isotope Y-90, which
is part of the Food and Drug Administration—approved
radioimmunotherapy agent Zevalin (Spectrum Pharma-
ceuticals, Inc, Henderson, NV), has no imageable gamma
photon in its emission. However, Y-86, a positron emitter
(EB~ =660 keV, 33%) with at¥z of 14.74 hours, could be a
good choice as a surrogate pretherapy PET imaging
congener for Y-90?° for various Y-90 based therapeutic
radiopharmaceuticalsincluding Zevalin. Although thereare
several high energy gamma particles in its emission (Ey,
keV: 1076.6, 82.5%; 627.7, 32.6% and many others), which
contribute to increased patient dose with no benefit, for
cancer patients, who are candidates for radioimmuno-
therapy, theimaging dose would generally not be considered
asamajor issue of concern.

The possible production routes for Y-86 that have been
considered are as follows: &Sr(p, n)®Y, Ep=14.5 - 11.0
MeV; "R53He, xn), E *He =24 — 12 MeV; #Sr(p, 3n)%Y,
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Ep = 45 — 37 MeV; and ®Zr(p, 2p3n)®Y, Ep = 40 — 30
MeV. 135 Out of these, it seems that the best method is the
835r(p, n)®Y reaction, but it requires enriched &Sr, which
israther expensive, and economy requires its recovery and
reuse.>1*1* Recovered Sr-86 will contain radioactive Sr-85
after first irradiation if the proton energy is more than
14 MeV, which would mean that hot cell target assembly
will be required. At BNL, we have designed such atarget,
both halves of which are aluminum for better conductivity,
head screws are large enough for remote manipulator
handling and silver-coated stainless steel C-rings are used
to provide adequate seals.'* Such a target design was
successfully irradiated inthe BL 1P without any leakage and
can be opened and sealed in a hot cell.

Modification to increase active area in beam may
increase production levels but will require more enriched
Sr-86 to be used. However, if really a low energy of
14 MeV isused, the amount of target material needed is not
high. Targets of both natural SrCl, and enriched SrCl, were
irradiated yielding 10-13 mCi/uAh of Y-86, giving an EOB
batch yield of ~1,000 mCi in 1 hour, which is quite high.*
Chemical yields of Y-86 ranged from 82 to 93%, and a
further improvement isdesirable. For |abeling purposes, this
chemical purity alowed for a labeling yield of 84%, and
this needs to be improved further as well. The level of a
major radionuclidic impurity, Y-87m, was a disappointing
34 to 55%. The low energy route on enriched Sr-86, which
has previously been used*® has allowed for better material
and is now being pursued at BNL for larger-scale
production. At BLIP, our first irradiation gave very low
yield because the beam spot was larger than the target area.
Also, the lowest tunable beam energy at the BLIP is
65.5 MeV, but the nuclear reaction cross-section peak is at
~14.5MeV. The choice of degraders seemsto have resulted
in too high atarget entrance energy. BLIP is not an ideal
facility for thislow energy reaction, but we carried out these
investigations mainly to produce some material to develop
abetter and quicker radiochemical processing methodol ogy
that was short enough to allow for same-day irradiation and
shipment, which has recently been accomplished.**

ALPHA, AUGER AND CONVERSION
ELECTRON EMITTERS

Alpha Emitters

As mentioned earlier, targeted alpha radiation therapy can
beavery potent treatment of cancer.?® Dueto comparatively
short range of apha particles in tissue and their high LET
nature, radiation damageismainly confined to targeted cells.
The radiation burden to the surrounding healthy tissues is
low when compared to beta emitters. By facilitating an

efficient delivery of alpha-emitting isotopeit is possible to
achieve avery effective treatment regimen for the types of
cancer where microscopic and small volume tumors are
present. The effectiveness of a pharadioimmunotherapy has
been confirmed in clinical and preclinical trials.?6?’

A number of alpha emitting radioisotopes have been
proposed as possible candidates. Among those are At-211,
Bi-212, Bi-213, Ac-225, Pb-212, Ra-223, Tbh-149 and
Fm-255. Some of them (Bi-212, Bi-213, Ac-225, Pb-212,
Ra-223) are produced from reactor irradiations, incorporated
on generators and subsequently eluted. However, most of
the clinical studies have been inhibited by a very limited
supply of apha-emitting isotopes, especially thosethat have
theragnostic properties, for example, astatine-211, 2°Bi,
radium-223 (223Ra) and >*Ac. Three of these (213Bi, ?°Ac
and 223Ra) are presently produced from reactor neutron
irradiations, incorporated on generators and subsequently
eluted. Their parent nuclides are often fissile materials and
require special safeguard requirements due to
nonproliferation concerns. On the other hand, production
of At-211, Tbh-149 and Fm-255 require alpha beam
(At-211), 600 MeV protons (Th-149) or neutron irradiation
of Curium (Fm-255). Only avery few facilitiesin theworld
have such capabilities, and most of these because of their
other primary missions are not generally available for
isotope production.t

Astatine-211

Astatine-211 (t%2 = 7.2 hours) decays through two paths,
each emitting an a pha particle. The mean alphaenergy isa
potent 6.8 MeV. It is produced by the 2®Bi(c.,2n) reaction
and typically separated from the target by dry distillation
into a chloroform solution.?2?° A difficulty in this process
isthat the cyclotron energy must be carefully controlled to
minimize the coproduction of astatine-210. This isotope
(t%2= 8.1 hours) decaysto Po-210 (t¥2= 138 d) whichisan
a pha particle emitting bone seeker in vivo and could cause
considerable hematol ogical toxicity. The half-lifeof At-211
isrelatively long compared to the other alphaemittersthus,
allowing time for chemistry of labeling and use for
molecular carriers with slower tumor uptake. However, it
ismoreeasily catabolized and shed after cell internalization
of the labeled antibody/antigen complex than the metallic
apha emitters.*® The main problem that inhibits clinical
trials with this isotope is the relatively low nuclear yield
and very limited number of cyclotrons capable of producing
astatine-211. This situation may be somewhat improved in
the coming yearswhenthe ARRONAX cyclotronin Nantes,
France, as expected, goes into routine operations in early
20133
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Actinium-225/Bismuth-213 System

Targeted alpha radiation therapy with alpha emitters
Ac-225 and Bi-213, as is the case with astatine-211 (vide
supra), is also a very promising treatment of cancer.?®
If selective efficient delivery of these alpha-emitting
isotopes to tumor cells is achieved, they can become very
effective for the treatment of the types of cancer where
microscopic and small volume tumors are present. The
effectiveness of alpha radioimmunotherapy using these
isotopes has already shown promise in preclinical and
clinical trials.?®?” The results of the only human clinical
trial involving an alpha-emitting isotope have demonstrated
feasibility and antileukemic effects of Bi-213-HuM 195, a
humanized anti-CD33 mADb, specifically designed to target
myeloid leukemia cells. In this study, 78 to 93% of the
subjects showed reduction in circulating and bone marrow
blasts.?® A clinically approved Ac-225/Bi-213 generator
capable of producing 25 to 100 mCi of Bi-213, suitable for
antibody labeling, was developed® and continues to be
improved upon. The antibodies and peptides labeled with
the generated Bi-213 have successfully been used in
numerous preclinical and clinical trials.26273233 As
mentioned above, most of the clinical studies have been
inhibited by avery limited supply of these and other alpha-
emitting isotopes, especialy those that have theragnostic
properties, for example, At-211, Bi-213, Ra-223 and
Ac-225.

The in vivo use of targeted NCA Ac-225, in its own
right, has received a great deal of attention as well 4%
Because of itsability to produce 4 al pha-emitting daughters,
its overall potency to destroy cells is higher. The isotope
has been referred to as an in vivo alpha particle
nanogenerator because its power proliferates beyond the
size of the atom.® In addition, the applications of Ac-225
were further extended to encapsulation in liposomes® and
metallofullerenes.®” At the Memorial Sloan—Kettering
Cancer Center, a clinical trial for radioimmunotherapy of
acute myeloid leukemia with both Bi-213 and Ac-225 has
recently been carried out.®® Asmentioned earlier in thetext,
Ac-225 has been used for radioimmunotherapy both as a
potent alpha emitter attached to an antibody and as a
generator for the daughter apha emitter Bi-213 (t¥2 = 45.7
minutes). The decay of Bi-213 isaccompanied by emission
of 440.45 keV (I = 25.9%) gamma photon, which allows
SPECT imaging to study pretherapy biodistribution,
pharmacokinetics and dosimetry of the labeled
radiopharmaceuticals. The current availability of Ac-225
is very limited and insufficient to support ongoing and
proposed clinical trials. Currently, there are two suppliers
of Ac-225. One is the US Department of Energy’s ORNL

and the other is the Institute for Transuranium Elementsin
Karlsruhe, Germany. Both suppliers obtain thorium-229
from uranium-233 that was produced as part of US molten
salt breeder reactor program. The current stock of purified
Th-229 at ORNL is 150-mCi. In an 8-week period, about
100 mCi of Ac-225 grows in from that supply, separated
and provided for clinical trials. Because Th-229 decays to
Ac-225 through intermediate daughter Ra-225, Ra can be
isolated to provide additional quantities (up to 20 mCi) of
Ac-225.3%41 Similarly, the Institute of Transuranium
Elements can separate 43.2 mCi of Ra-225 and 39.4 mCi of
Ac-225 from their stock.*° It is widely acknowledged that
the anticipated growth in demand for Ac-225 will soon
exceed the levels extractable from the available uranium-
233

At BNL, our intent is to carry out future investigations
in an effort to increase the supply of Ac-225. This would
involve using the high energy proton spallation reaction
232Th(p, 2p6n)??°Ac on natural Thorium. This method has
recently been studied and developed at other places, in
particular, at the Institute of Nuclear Research (INR) in
Troitsk, Russia, using accelerated protons at energies
between 90 and 145 MeV in their 160-MeV proton
accelerator.*! This investigation has pointed out that the
yield of Ac-225 increases monotonically with the proton
energy. Therefore, the BLIP at BNL (200 MeV) would be
capabl e of producing almost twice as much with an incident
energy on the target of 192 MeV, with 110 pA beam
intensity. The expected outcome of the BNL effort would
be the method for Ac-225 production with quality
(radionuclidic and chemical purity) suitablefor applications
both asaradiotherapeutic agent (Ac-225) and asagenerator
of Bi-213 (theragnostic use). The proposed work will
involve development of an optimized Th-232 target for
irradiation, development of the chemical procedure for
dissolution and processing of irradiated target to selectively
separate Ac-225, and carrying out preliminary labeling
studies of conventional targeting molecules with Ac-225/
Bi-213 to demonstrate the efficacy of the final purified
radioisotope(s) for the eventual protein/antibody labeling
applications.

At BNL, the method could potentially yield Curie
amounts of Ac-225 in a 10-day irradiation period at the
BLIP. The produced Ac-225 can be used for radio-
immunotherapy as well as for generation of Bi-213 in a
quality suitablefor clinical trials. Shorter-lived radioisotopes
Ac-228, 226, 224 will be coproduced in quantities
comparablewith those of Ac-225, but the activities of these
isotopeswill saturate out during the 10-day irradiation. The
radionuclidic purity of the Ac-225 can be improved by
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alowing a cool-off period for the target. Ten days (one
t¥2 of Ac-225) after EOB, the coproduced Ac radionuclides
will comprise 1% of the activity of Ac-225. Among these,
Ac-227, because of its 21.77-year half-life, is the only
radioimpurity that might be of some concern as far as
noninvasive imaging is concerned but, in principle, of less
concern for theragnostic use. However, this issue would
reguire further investigation and additional studies.

Small quantities of Ac-225 can also be prepared by the
reaction °Ra(p, 2n)?*>Ac over an energy range of 13 to 20
MeV.*2 The cross-section for this reaction is calculated to
reach apeak of 700 mb at 16 MeV but total yield islimited
by the small energy range (and target thickness) where this
reaction is favorable. Similarly the photonuclear reaction
226Ra(y, n)?*Ra (t¥2 = 14.9 days) followed by betadecay to
Ac-225 isfeasible but requires an extremely large Ratarget
(~40q) that represents radiological safety issues and
availability concerns.

Thus, Ac-225, when produced by the BNL method,
could substantially add to the very limited present supply
of this promising alpha emitter. According to experimental
and theoretical extrapolations, and assuming certain target
dimensions, radiochemical processing losses, and so forth,
the projected yields from a 10-day irradiation at the 5 high
energy accelerators in the world are estimated (from the
studies at INR) to be as follows (in Curies; experimental,
and theoretical values within parentheses): BLIP at BNL,
3.1(4.9); INRinRussia, 2.6 (4.1); IPFat LANL, 0.7 (1.3);
Tri-University Meson Facility (TRIUMF) in Canada,
0.5(0.7); and Arronax in France, 0.2 (0.7), giving atotal of
~7 (11) curies.*! This would allow detailed preclinical and
clinical studies to determine the therapeutic potential of
Ac-225 itself as well as of the theragnostic daughter
Bi-213. Many of the presently available bifunctional
chelating agents aswell as those based on cyclohexylethyl-
enediamine tetraacetic acid (CDTA) and 1,4,7,10-
tetraazacyclo-dodecane-1,4,7,10-tetraacetic acid (DOTA)
derivatives, developed earlier at BNL*** should allow
linking Ac-225 and Bi-213 with protein bifunctional
chelating agent conjugates that will have high in vivo
thermodynamic and kinetic stability. It would, of course,
serve asagenerator of Bi-213 similarly to Ac-225, produced
by the decay from Th-229.

Auger and Conversion Electron Emitters

The production of metastable nuclei, such as conversion
electron emitter Sn-117m and Auger electron emitter Pt-
195m vianeutron radiative capturereactionsis characterized
by small neutron cross-sections and, hence, low production
rates. Metastable nuclel typically have excitation energies

on the order of 100 keV, and large differences in angular
momentum from ground states (most metastable nuclei have
high angular momentum). An alternativeroutefor producing
these types of metastable nuclei isthrough neutron inelastic
scattering where the cross-section of the AZ(n, n’)A™z
reactionis, in some cases, substantially higher than the cross-
section for the A-9z(n, y)A™Z route. As has been shown for
the case of Sn-117m* the magnitude of gain in the cross-
section may compensate for therelatively lower fast neutron
flux from awell-moderated fission spectrum. Note that the
excitation energy of metastable nuclel will represent the
threshold for inelastic scattering. Large research reactors,
such as HFIR at ORNL, and HFBR (now closed down) in
the United States, and at the Research Institute of Atomic
Reactors (RIAR) in Dimitrovgrad, Russia, with significant
epithermal and fast neutron fluxes, have been well suited
for these types of reactions.

A systematic study of the production of Sn-117m, and
Pt-195m in the hydraulic tube facility of the HFIR was
reported.®® In al three cases, the yields from the [n, n’]
reactions were higher than those obtained from the [n, v]
reactions. The relative gains in the specific activity of the
unfiltered (no Cd filter) targets were 1.4, for Pt-195m, and
3.3for Sn-117m. The excitation energies for Sn-117m and
Pt-195m are 314.6 and 259.2 keV respectively. Since, the
thresholds for these inelastic scattering reactions are well
above the cadmium cutoff, Cdfiltersdid not have any effect
on the yield of these reactions. The corresponding cross-
sections for the inelastic neutron scattering reactions for
the production of Sn-117m, and Pt-195m are 222 + 16, and
287 + 20 mb respectively. A value of 176 + 14 mb for the
cross-section of Sn-117[n, n']Sn-117m reaction obtained
at HFBR was reported earlier.*

Conversion Electron Emitter Tin-117m

Themost common method for Sn-117m production isbased
on irradiation of tin with neutrons using the *'Sn(n,
ny)*"MSn reaction.*® However, sincethisreactor production
method is based on the inelastic neutron scattering reaction
using enriched Sn-117 as a target, it results in Sn-117m
with a low specific activity of about <20 Ci/g.*’ Stannic
complexes with Sn-117m of such specific activity,
particularly Sn-117m**-DTPA, effectively reduce pain from
bone metastases without adverse reactions related to bone
marrow, asdemonstrated by theresults presented in Tables 4
and 5.% However, such low specific activity does not allow
scaling up the therapeutic dosesfor treating bone metastases.
Also it is not acceptable for radioimmunctherapy and for
many other applications.

Althoughitisnot possibleto achieve ahigher than about
22mCi/mg of specific activity in the reactor-produced tin-
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Table 4: Metastatic bone pain relief from Tin-117m DTPA: Phase Il clinical® studies*®

Patients experiencing relief

Dose group n Complete Partial None Total response
(MBa/kg) (100%) (>50%) (0-50%) (%)
2.6 5 0 3 2 3 (60)
5% g 3 4 2 7 (78)
6.6 5 3 1 1 4 (80)
8.5 g 2 4 3 6 (67)
10.6 12 4 6 2 10 (83)
All doses 40 12 18 10 30 (75)

Total patients 57; 54 received a single dose and 3 received 2 doses each; A total of 40 therapeutic administrations were assessable

Table 5: Myelotoxicity levels® of radiopharmaceuticals for bone pain palliation*®

Radiopharmaceutical Dose group No. of patients with grade < 2 toxicity
(mCi/Kg) n WBC Platelets

Sr-89 Cl, 0.154 67 25 (37%) 41 (61%)
0.040 161 48 (31%)2

Re-186 HEDP 0.500-1.143 12 2 (17%) 3 (25%)

Sm-153 EDTMP 1.00 20 3 (15%) 5 (25%)
1.50 4 3 (75%) 1 (25%)
3.00 6 4 (100%) 2 (50%)

Sn-117m DTPA 0.143 9 1 (11%) 0 (0%)
0.179 5 0 (0%) 0 (0%)
0.286 12 1 (8%) 0 (0%)

1Using NCI criteria; 2Only hematological toxicity at grade > 2 mentioned

117m*’ NCA tin-117m can be produced by proton
irradiation of antimony via nuclear reactions (p, 2p3n) or
(p, 2p5n) in an accelerator.*>4°

NCA Sn-117m can aso be produced in an accelerator
via a large number of other nuclear reactions. Using the
15M 1 (o, pn)tt'MSn reaction over the energy range of
45 to 20 MeV, arelatively pure product is obtained;
however, with very small yields.® In addition, the nuclear
reaction *°Cd(c., 3n)*"™Sn is also very useful for the
production of NCA Sn-117m. The thick target yield over
the energy range 47 — 20 MeV is about 150 uCi/uAh.
Unfortunately, the present limiting factor for the scaled up
production of Sn-117m viathisroute isthe availability and
power of existing alpha accelerators and targetry.>! Using
the BLIP at BNL, we have been producing NCA Sn-117m
with the natural antimony™)(p, xn)'"™Sn reaction over
the energy range of 38 to 60 MeV for quite some time.*
This process, with a cross-section of 5 mb, was found
enough to produce therapeutic quantities of Sn-117m with
high specific activity. The specific activity when assumed
to be wholly dependent on the amount of Snimpurity inthe
Sb target was cal cul ated to be 30,000 mCi/mg for each part
per million of Snin thetarget. However, further theoretical
cross-section calculationsat the INR in Troitsk, Russia(vide
infra) have demonstrated that the proton energy range should
be much broader, perhaps 40 to 130 MeV.*® The specific
activity of Sn-117m depends mainly on theamount of stable

tin, which is aso generated during the irradiation of natural
Sh, and the specific activity can vary from ~1000 to 3000
mCi/mg at EOB, a range that is quite suitable for
radiolabeling molecules that bind to saturable in vivo
receptors.

More recently, the larger-scale accelerator production
and availability of NCA Sn-117mwith high purity and high
specific activity, targets based on natura or enriched Sb
have been developed in our collaborative research between
BNL and INR, along with other institutes, including the
Institute for Physics and Power Engineering in Obninsk
(IPPE) and Moscow State University (MSU), in the
neighboring regionsin Russia.®® This project was initiated
under aUS Department of Energy/National Nuclear Security
Administration/Global Initiativefor Proliferation Prevention
(DOE/NNSA GIPP) Program in 1999 and completed in
2009. Results from this 10-year BNL/INR collaborative
study have demonstrated and fulfilled the promise for the
high energy accelerator production of NCA Sn-117m in
multi-Curie amountsfor clinical theragnostic applications.*®

Within this collaborative research program with BNL,
investigations at INR dealt with the development of
antimony aswells asantimony/titanium intermetalli c targets
suitable for the high energy production of NCA tin-117m.
For irradiation with the high-intensity proton beam, targets
consisting of Sh-monolith encapsulated into shells made of
stainlesssteel or graphitewere developed.*® The shellswere
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filled with metallic antimony asfollows. Powdered metallic
antimony was inserted into the shells under inert nitrogen
atmosphere, and thefilled shell was heated at 645 to 660°C.
It was found that at higher temperature liquid antimony
reacts with iron and can destroy the stainless steel shell
during the target preparation or irradiation. Graphite target
shell is more reliable since there is no noticeable reaction
between graphite and antimony, and graphite has higher
heat conductivity than stainless steel [80-120 W/(m-K) vs
20 W/(m-K) at 300°C], providing effective target cooling.
After antimony melting and shrinkage, the shell was again
filled with powder of antimony and heated to melt again.
The target with metallic shell containing a monolith of 29g
metallic antimony (a cylinder 9 mm thick, 30 mm in
diameter) was hermetically sealed with athreaded plug. The
graphite shell targets (plates 32 x 76 x 5 mm, 3 mm of Sb
thick each, 199 Sb each) were hermetically sealed with a
cover by means of high temperature radiation resistant glue
and electroplated outside with nickel in order to protect
graphite from reaction with water radiolysis products during
irradiation.*°

Theirradiated Sh-targets were chemically processed at
the hot cell facility at IPPE in Obninsk. The stainless steel
shell was dissolved in concentrated HCI while the graphite
shell was opened mechanically. The freed Sb monolith was
dissolved in concentrated HCI with gradual addition of small
amount concentrated HNO,. The major amount of Sb (in
the form Sb°*) was removed from the solution (10-11 M
HCI) by extraction with dibutyl ether. Final purification of
NCA Sn-117m from the rest of Sh, coproduced Te-118,
119m, 121m and In-111, 114m was achieved by
chromatography on SiO, in 0.5 M sodium citrate (NasCit)
solution. Tin isotopes remained adsorbed on SiO, while Sb
and radioisotopes of Te and In were washed out. Then the
column was washed with 0.5 M NagCit solution and water
acidified by citric acid. Finally, tin was eluted from the
column with 6 M HCI. Radionuclidic purity of the final
solution and the specific activity of Sn-117m in the final
product were determined using appropriate counting
procedures (spectral emission analysis), and through
inductively coupled plasma (ICP) spectrometry. Among
other isotopes of tin coproduced with Sn-117m, Sn-113 is
the most important impurity. It hasalong half-life (115 d),
relatively high energy y-rays (392 keV) and cannot be
chemically separated from Sn-117m. But it is possible to
reduce Sn-113 impurity up to amost 1% by lowering the
initial proton energy. The optimum range of between
55 and 20 MeV hasbeen demonstrated to be most effective,
although at the expense of somewhat reduced Sn-117m
product.>?

THERAGNOSTIC STUDIES WITH Sn-117m

Sn-117m (t¥2 = 14.0 days; y 159 keV, 86%) shows
considerable promise as a theragnostic radionuclide due to
its nuclear, physical and chemical characteristics. As
mentioned earlier in this paper, it is certainly one of the
best radionuclides for the development of theragnostic
radiopharmaceuticals, in particular, for nuclear oncology.
In contrast to most other therapeutic betaemitters, Sn-117m
decays via isomeric transition, with the emission of three
major mono energetic conversion electrons (127, 129 and
152 keV; abundance, 65, 12 and 26% respectively). These
emissions with a very high LET have short discrete
penetration ranges of between 0.22 (127 keV) and 0.29 mm
(152 keV) in water. Therefore, Sn-117m when selectively
targeted should be effective for therapy of metastatic disease
and for certain other inflammatory conditions (e.g.
atherosclerotic disease), causing much reduced myelo-
suppression and greatly reduced dose to normal organs.>
Thisis schematically represented in Figure 1 as well asin
Figure 2%* which shows whole-body autoradiographies
performed in mice and rats after the administration of Sn-
117m(4")-diethylenetriamine pentaacetic acid (DTPA), and
the highly selective targeting and high uptake in bone by
this agent, but not in bone marrow or other organs,
suggesting the expected effectiveness of high-LET low
energy conversion electrons to produce intense radiation
dose within a very short distance without affecting normal
tissues, in particular, the radiation-sensitive bone marrow.>
Figure 3 shows whole body images in a prostate cancer
patient, who had devel oped extensive bone metastases. Scan
on the left was obtained using the standard Tc-99m MDP
(methylene diphosphonate) imaging agent and the one on
the right consists of scans obtained using tin-117m(4")
DTPA, an agent which as mentioned above has shown great
promise for treatment of metastatic pain in prostate and

Beta # //’,—- --..._\\\
P b
Energy / N
. / \

Avg
Produces a range of tissue
penetration, some deep

Conversion
electron
Energy
Penetrates a set distance
5 Alpha Beta
Tin-117m | particles | particles
Range in tissue (um) 290 40-90 50-5000
Patient shielding for therapeutic
doses/hospital stay requirement| No/No NofYes? | Yes/Yes

Fig. 1: A schematic comparison of energy types for
therapeutic radionuclides®

40

%JAYPEE



JPMER

A Bridge not too Far: Personalized Medicine with the use of Theragnostic Radiopharmaceuticals

Fig. 2: Autoradiography in rats (top) and in mice (middle and bottom)
demonstrates selective targeting and high uptake of tin-117m DTPA
in bone and not in bone marrow or other organs®*

Fig. 3: Whole body images in a prostate cancer patient, who had
developed extensive bone metastases. Scans on the left (posterior,
anterior views) were obtained using the standard Tc-99m MDP bone
imaging agent. Scans on the right are (anterior, posterior) obtained
using tin-117m DTPA which is promising for treatment of metastatic
bone pain and potentially of osseous metastases*®

breast cancer patients.*® These two scans are almost
identical, demonstrating the specificity of tin-117m DTPA
localization in bone and in much higher concentration in
bone metastases, in fact quantitatively even much better
than the Tc-99m MDP. Figures 4A and B,* which arefrom
an actual sample of bone tissue from a prostate cancer
patient, who wastreated with Sn-117m DTPA for bonepain
palliation and who donated hisbody for research after death
corroborates the same result as in Figures 2 and 3. This
latter patient had died of his primary cancer 47 days after

therapy with 18.6 mCi (688 MBq) of Sn-117m DTPA, and
the autopsy was carried out 6 hours after death.> Figures
5A and B displays both a picture and the bone scintigraphy
of three longitudinal coronal slices (5 mm thick) of
thoracolumbar vertebrae, again from the same patient asin
Figures 4A and B. The uptake of Sn-117m DTPA is both
diffuse (T8) and heterogeneous (L1). Partial involvement
within a single vertebra indicates nonuniform distribution
of radioactivity within thelesion, suggesting heterogeneous
distribution of metastatic foci.>® Thus, the unique therapeutic
emissions of Sn-117m also imply that their therapeutic
effectiveness will be highly localized and should be lesion-
specific and thusmore effective. Theuseof Sn-117m DTPA
is aso very worth considering for an early-stage disease at
which time, there would be the possibility of slowing or
even stopping the progression of further metastatic lesions.
Moreover, having the 159-keV y photon (86%), which is
very similar to that of technetium-99m, Sn-117m is perfect
for pretherapy imaging for dosimetry and for other
information in the same patient as well as for monitoring
the results of treatment.® All clinical studies thus, far for
bone pain palliation using Sn-117m DTPA were carried out
using reactor-produced Sn-117m, with a specific activity
ranging between 8 and 20 Ci/g of Sn. Morerecently, several
50- to 150-mCi samplesof NCA Sn-117m produced at INR
aswell asat the University of Washington alphacyclotron,
have successfully been used and evaluated at BNL, and in
collaboration with the Saint Joseph’ s Transl ational Research
Institutein Atlantaand at other institutions, for effectiveness
for theragnostic applications in animal models.>®>’

Tin-117m, in addition to being agood therapeutic agent
for cancer, also shows promise for the noninvasive
molecular imaging and treatment of active atheromatous
disease [vulnerable plague (VP), also known as thin-cap
fibroatheroma (TCFA)], in the coronary arteries and other
areas of vasculature through the use of (i) coronary stents
electroplated with Sn-117mor (ii) specific Sn-117m-labeled
molecules systemically targeted to VP components.

In the United States, there are, on an average, about
875,000t0 1,000,000 new heart attacks every year, and these
are caused by two different types of atherosclerotic disease:
Luminal calcified plague and extraluminal active
atheromatous disease leading to the formation of VP
(Fig. 6). Vulnerable (unstable) plaque forms below the
lumen in coronary artery walls, and inflammationisthemain
driver. VP is usualy covered by a thin cap on the lumen
side. When ruptured, the thin cap ‘releases’ highly
thrombogenic material activating clotting cascade
and inducing thrombosis. Approximately more than
120 substances are expressed in ruptured VP (including
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the deposition of Sn-117m DTPA in bone (A) and

a schematic diagram (B) showing sites of localization from a sample of bone obtained following the autopsy
of a patient treated with Sn-117m DTPA for bone pain palliation. There is high deposition in the actively
mineralizing osteoid interface. Completely mineralized bone and the bone marrow space show very low

deposition. Osteoid-to-marrow ratio is 11:1%°

A . Bl At Mid Post
Figs 5A and B: Photographic picture (A) and bone scintigraphy
(B) of three coronal slices (each 5 mm thick) of thoracolumbar
vertebrae from the same patient as in Figures 4A and B. Partial
involvement within a single vertebra indicates nonuniform
distribution of radioactivity, within the lesion, suggesting
heterogeneous distribution of metastatic foci. Note the uptake in
diseased areas in various sections according to the range of the
Sn-117m conversion electrons®

Inflammation drives initiation, progression and
complications of atherosclerosis

Fig. 6: A schematic representation showing the formation and
positive remodeling of vulnerable plague outside of the arterial lumen
in the coronary artery walls

collagen) and this rupture then resultsin thrombosis, which
can cause unstable angina, chest pain, acute MI, sudden
coronary death and stroke. The luminal calcified plaques
are easily detected by existing diagnostics, and the patient
has a number of treatment options. However, VP develops
and models positively outside the arterial lumen (Fig. 6)
and cannot be detected by noninvasive imaging techniques.
Unfortunately, a majority of all significant cardiac events
(~70%) leading to M1, including sudden death, are caused
by the rupture of these thin-cap fibroatheroma lesions, not
lumen atherosclerosis.

The properties of Sn-117m as applied to vulnerable
plaques are unique and significant.

At therapeutic doses, the conversion electrons from
Sn-117m have been shown to reduce inflammation and,
thus, are ideal for treating VP's as their range in tissue
(~300 um) is approximately the same as the VP thickness
in human coronary arteries. Sn-117m-labeled Annexin
effectively targetsand binds to macrophage cellsundergoing
apoptosis, which are present in abundance in VP's.
In relatively low doses, this agent can image the plague
using traditional SPECT gamma cameras with technetium-
99m collimators and imaging protocols. Because of the
longer half-life of Sn-117m combined with pretargeting
techniques, gamma cameras can acquire images long after
the nonspecifically bound tin—Annexin has cleared the
blood pool thus improving the image quality.%®

A clinical trial with Sn-117m-Annexin, begun in 2010,
is currently in progress. At present, the phase lla study
(15 subjects) involves human carotid endarterectomy
patients who are dosed and imaged for VP, with histology
as the comparison. Further clinical trials (phase Ilb and
phase I11) are in the planning stage. In recent studiesin an
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Apo-E mouse VP model, in dosesthat appear to beimaging
doses, tin-117m-Annexin has demonstrated a significant
anti-inflammatory therapeutic effect. The plaque
composition showed significantly less expression of
macrophages in the low, middle and high dose treatment
groupsas compared to the control group. In contrast, smooth
muscle cell expression was greater in the middle and high
dose groups as compared to the control, and in the low dose
group, the difference was statistically significant between
the low vs middle and high dose groups.®®

Becauseinflammatory cellsare moreradiosensitive than
other arterial wall cell types, the conversion el ectrons should
exhibit a beneficia anti-inflammatory effect in diseased
coronary arteries. Since 28 days, corresponding to two half-
lives of Sn-117m, is believed to be roughly the optimum
period for neoproliferative tissue suppression, including
neointimal proliferation after angioplasty and other primary
interventional treatments in the coronary arteries and other
vasculature, radiotherapy with Sn-117m should provide
highly effective treatment, with minimal collateral damage
to adjacent, quiescent arterial wall cells because of its low
energy conversion electron emission and short penetration
in tissue. Furthermore, such limited energy delivery from a
radioactive stent implant may circumvent the problem of
cellular overgrowth at the implant edges, known as the
‘candy wrapper’ effect, which has been observed with
previous forms of radioactive stents.

At BNL, a novel radioactive stent stably electroplated
with Sn-117m was developed as a therapeutic tool for the
treatment of atherosclerotic coronary arteries.® Effects on
vessel wall inflammation from various doses of electroplated
Sn-117mwere studied in hyperlipidemic rabbits. Three days
after stent implantation in the abdominal aorta [4 doses:
0- (cold tin), 30-, 60- and 150-uCi Sn-117m per 15-mm
stent], the rabbits were sacrificed. Immunohistochemical
analysis of proliferating macrophages and smooth muscle
cellsdemonstrated that inflammatory cellsinthe Sn-117m-
stented segments were dramatically reduced in a dose-
dependent manner.%5” The anti-inflammatory therapeutic
effectiveness of the tin-117m-stent implants was further
demonstrated in a preliminary study in pigs (24 pigs,
72 bare metal stent implants: 0- to 400-uCi Sn-117m per
15-mm stent), which was carried out to investigate the
effects on in-stent neointima formation. The electroplating
process appeared benign because the response from * cold’
tin-plated stents was indistinguishable from what was
observed for routinely used bare metal, 316L surgical
stainlesssteel stents. A profound and unique radiation effect
was consistently observedin the higher doseimplants, which
consisted of a discrete zone of dense connective tissue
consolidation in the tunica adventitia, of ~0.25 to 0.30 mm

thickness, corresponding to the anti cipated tissue penetration
of the Sn-117m conversion electron energy. Focal
suppression of in-stent neointima formation was also
observed, but further study will be needed to determine,
with certainty, the therapeutic potential of Sn-117m-
electroplated stents for prevention of in-stent restenosis.®*
To summarize, tin-117m shows great promise as a means
toreduceinflammatory eventsfollowing stent implantation,
and when delivered systemically to atheroscleratic tissue
using specific targeting molecules (e.g. Annexin-V), is
effectiveinlow dosestoimageandin higher dosesto reduce
the vulnerability for rupturing of unstable coronary artery
plagues.

NCA Sn-117m is also being developed and tested for
the therapy of bone metastases and for use in
radioimmunotherapy. A phasel clinical trial for theimaging
and treatment of bone metastases using Sn-117m DTPA in
prostate cancer patientsis in the planning stage for 2013.

CONCLUSION

There are a number of existing and potential future
radionuclides for use as unsealed sources for targeted
therapy of cancer and for other therapeutic applicationsin
nuclear medicine. The various important therapeutic
applications where radionuclide therapy would have an
important role to play in, and the radionuclides best suited
for that particular type of application, are summarized in
Table 6. It should be noted that this listing is not meant to
be exhaustive and additional radionuclides can be added
based on present and future work as well as various other
considerations. The substantial progress of investigations
in areas, such asthe treatment of cancer as well as of other
inflammatory conditions, such as in bone pain palliation,
radiosynovectomy, and of many other disordersthat respond
to radionuclide therapy, offers renewed hope and promise
for the widespread use of internally administered
radionuclidesfor anumber of novel and effective therapeutic
approaches.

Therapeutic nuclear medicine finally seems to be
destined to find its rightful place in the ‘personalized’
therapy of patientswith the use of anumber of dual-purpose
(‘theragnostic’) radionuclides or radionuclide pairsthat are
discussed and emphasized in this article. This paradigm,
when properly enforced would constitute a major step
forward to meet the challenges of enabling personalized
medicine. Implementation of thisregimen potentially creates
a situation where treatments are better targeted, health
systems save money by identifying therapies not likely to
be effective for particular patients, and researchers have a
better understanding of comparative effectiveness.
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Table 6: Choice of radionuclides for principal therapeutic* applications®?

Route of
Application

Best-suited radionuclide(s)

administration

1. Tumor therapy
(i) Solid tumors

a. Large lesions iv Sc-47, Y-90, 1-131, Lu-177,
Re-188
Intratumoral Sc-47, Sm-153, Re-188
b. Micrometastases iv Sc-47, Sn-117m, Sm-153, other
Auger, conversion electron, alpha and
short range B-emitters
(i) Leukemias, lymphomas [\, Sc-47, Cu-67, Sn-117m, 1-131, alpha

2. Pain palliation
(i) Soft tissue iv
(i) Metastatic bone pain iv

3. Nononcology

(i) Synovectomy Regional
(i) Marrow ablation [\
(iii) Microspheres iv

4. Receptor-binding tracers; cellular iv

(intranuclear) antigens

emitters

Y-90, 1-131, Ho-166, Re-188
Sr-89, Sn-117m, Sm-153, Lu-177,
Re-187, Re-188, Ra-223

P32, Y-90, Sn-117m, Re-186, Er-169
Sn-117m, Ho-166

Y-90, other radio-lanthanides

Auger, conversion electron,

alpha and short-range 3-emitters

*The isotopes in various categories are listed in order of increasing atomic mass and not necessarily based on their degree of their

therapeutic effectiveness

Theragnostic radiopharmaceuticals have the power to
drive advances in personalized medicine that will offer
better-targeted diagnosis and treatments. Using this
approach, it would be possible to envision a future where
treatmentsaretailored toindividual patients specific disease
parameters and where imaging data could be analyzed in
real-time and in advance to predict likely effectiveness of
therapy and learn what would or would not work. Oncology
isjust the beginning; in principle, we should be ableto start
scientific enquiriesto apply this paradigm to other complex
disease states, so that the potential for theragnostic
radiopharmaceutical biomarkersasabridgeto help usbetter
detect, understand, and treat diseases like CAD, diabetes,
and Alzheimer’ s becomes areality. However, an increased
and continuously reliable availability at reasonable cost of
some of the best theragnostic radionuclides has remained a
major issue, which must be addressed before we can
successfully put this paradigm into routine clinical practice.
This issue has been discussed in this paper in some detail,
and the evolving new methodol ogies for the production of
afew of the very promising theragnostic radionuclides have
been covered.

It is worth emphasizing that our nuclear medicine
modality is the only modality that can fulfill the dream of
carrying out tailored personalized medicine by way of
enabling diagnosis followed by therapy in the same patient
with the same radiopharmaceutical. This would be an
exciting development with avery promising future, would
be of invaluable benefit to patients with cancer,

cardiovascular disease, and other disorders, and may very
well mark the future of the field of nuclear medicine.
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ABSTRACT

Theranostics is an acronym, which exemplifies the togetherness
of diagnostics and therapeutics in the individualized manage-
ment of disease. The key to personalized medicine in cancer is
to determine the molecular phenotypes of neoplasms, so that
specific probes can be selected to target the tumor and its micro-
environment. Molecular imaging and radionuclide therapy using
a particular probe is based on this premise. Neuroendocrine
neoplasms express somatostatin receptors, enabling the use
of somatostatin analogs for molecular imaging, when labeled
with the positron-emitter %8Ga for receptor positron emission
tomography/computed tomography (PET/CT), and targeted
radionuclide therapy, when labeled with beta-emitters °°Y and
77 .
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INTRODUCTION

Theranostics refers to the incorporation of diagnostics and
therapeuticsinto theindividualized management of disease.
Molecular imaging with positron emission tomography/
computed tomography (PET/CT) using the trivalent
radiometal and positron-emitter %Ga, and its therapeutic
counterpart for targeted radionuclide therapy (for e.g. 1"Lu,
90y), has paved the way to personalized medicine. The
detection of molecular targets enables sel ection of theideal
ligand for both tumor-specific diagnosis and treatment.
Molecular imaging provides useful diagnostic information
concerning the metabolic or receptor status of agiven tumor
or its metastases for further selective targeting for therapy
at the cellular/subcellular level.

Neuroendocrine neoplasms (NENSs) originate from
pluripotent stem cellsor differentiated neuroendocrine cells
and their endocrine metabolism [amine precursor uptake,
and decarboxylation (APUD)] is characteristic. The
overexpression of somatostatin receptors (SSTRS) provides
the basis for the use of radiolabeled somatostatin (SMS)
anaogs. The successful application of molecular imaging

using ®Ga and targeted radionuclide therapy using
71w/ 0¥ |abeled SM'S anal ogs has paved the way to state
of the art theranostics.!

MOLECULAR IMAGING USING
®%Ga-LABELED PEPTIDES

The predominant overexpressionin NENsof SSTR 2 forms
the basis for peptide receptor imaging using ®Ga-labeled
SM S analogs.? The peptides used are small and have better
pharmacokinetic characteristics and no antigenicity as
compared to antibodies. ®Gais atrivalent radiometal with
convenient labeling characteristics and an ideal positron
emitter for PET imaging. It is derived from a %Ge/%Ga
generator system, which has a half-life of 271 days.®
A simple sodium chloride (NaCl)-based ®8Ga eluate
concentration and labeling technique (Muller's method)
enables rapid and very efficient labeling of DOTA-
conjugated peptidesin high radiochemical purity (97 + 2%).*
The SMS analog DOTATOC (DOTA-D-Phel-Tyr3-
octreotide) was devel oped for imaging aswell asfor therapy.>®
DOTA-D-Phel-Tyr3-Thr8-octreotide (DOTATATE) hasa
very high affinity for SSTR 2, higher than even natural
somatostatin.” DOTANOC (DOTA-1-Nal3-octreotide) has
a broader spectrum and binds to SSTR 2, SSTR 3 and
SSTR 5.2 SSTR antagonists are currently under
investigation and have been shown to have higher tumor
uptake (due to more binding sites on the tumor cell surface)
and to deliver higher dose to the tumors.® The first
radiolabeled SMS analog to be approved for scintigraphy
was Mn-DTPA-D-Phel-octreotide (*'!In-pentetreotide,
Octreoscan) which has been in use worldwide in thousands
of patients since 1999 for the scintigraphic localization of
primary and metastatic NENs.1°%™T¢-EDDA-HYNIC-TOC
(or -TATE) hasalso been used in alarge patient population
and shown to be superior to **I n-pentetreotide dueto higher
count rates (higher injected activity) and the use of SPECT
or SPECT/CT enabling to finish the patient study within 1
day (whereas at least 2 days are necessary when using
Octreoscan).tt

The advantage of PET/CT isits ability to quantify the
diseaseat amolecular level. Therefore, SSTR PET/CT using
%Ga clearly has an edge over SPECT/CT using gamma-
emitting radionuclides. Hofmann et a demonstrated this
for the first time with ®Ga-DOTATOC as compared to

Journal of Postgraduate Medicine, Education and Research, January-March 2013;47(1):47-53

a7



Harshad R Kulkarni, Richard P Baum

11 n-octreotide SPECT (CT taken asreference) in detecting
upper abdominal metastases.'? In a more recent study by
Gabriel et al, ®®¥Ga-DOTATOC PET was proven to be
superior to *n-DOTATOC and ®MTc-EDDA-HYNIC-
TOC inthe detection of NEN metastasesin thelung, bones,
liver and brain.*® In our own experience with more than
7,000 SSTR PET/CT studies (currently over 20 per week)
performed at the Zentralklinik Bad Berka, ®Ga-SSTR PET
is able to detect many lesions which are not routinely
detected by CT, magnetic resonanceimaging (MRI), skeletal
scintigraphy or ultrasonography. Our group (Kaemmerer
et a 2011) demonstrated for thefirst time, aclose correlation
between SUV ., and immunohistochemical scores for the
quantification of SSTR (particularly subtype 2A) in NEN
tissue.* Thus the real power of molecular imaging using
%Ga SSTR PET/CT, isin quantifying the SSTR density on
tumor cellsbefore planning of targeted radionuclide therapy,
highlighting the principle of theranostics (Fig. 1).
Inabicentric study, ®#GaDOTANOC PET/CT localized
the primary tumor in 59% of cases with cancer of unknown
provenience (CUP-NET), significantly higher than the

-
Y ‘ ' Transverse
Sagittal
In-111 Octreoscan Coronal

Ga-68 DOTATOC PET/CT

detection rate (39%) reported in the literature for 1! In-
Octreoscan.'®

PET/CT isalso useful inthe early and accurate detection
of response to therapy and to assess the prognosis of a
patient. In a study involving 47 patients, the SUV 5, of
%8Ga-DOTANOC was significantly higher in patients with
well-differentiated pancreatic NENs, indicating a higher
SSTR 2 expression.’® SUV .., therefore, has a prognostic
value and correlates with the clinicopathol ogic features of
well-differentiated NENs. ®F-FDG PET has a role in
comprehensive tumor assessment in intermediate and high-
grade tumors: intense metabolic activity of the tumors/
metastases indicates a poor prognosis due to the presence
of aggressive tumor clones.*’

Many new %8Ga-labeled tracersincluding both peptides
and nonpeptidic tracers are becoming available, thereby
demonstrating the potential of ®Ga to become the ®MT¢
for PET.'® The biphosphonate-based agent BPAMD—
4-{[bis-(phosphonomethyl)) carbamoyl]methyl}-7, 10-bis
(carboxymethyl)-1, 4, 7, 10-tetraazacyclododec-1-yl acetic
acid labeled with ®8Ga is one such option for the

L & -4

Lu-177 DOTATATE post-therapy scans at 0.5, 3, 23, 45, 68 h p.i.

Fig. 1: A 74-year-old patient with three concurrent primary neuroendocrine neoplasms—a glomus tumor, a primary lung NET and a
separate primary NEN in the pancreas. **In-octreotide scintigraphy (upper left) performed externally, showed focal uptake at the three
sites, SPECT of the skull was reported to be suspicious for a brain metastasis. ®3Ga-DOTATOC PET/CT (below, maximum intensity
projection image on the extreme left) demonstrated a very intense somatostatin-receptor positive lesion (SUV,,,,, 148) in projection to the
right carotid body (left), suggestive of a glomus tumor. The carcinoid tumor in the left lung and the pancreas NEN can be seen on the
transverse PET/CT slices (successively toward the right). The patient underwent PRRNT with 7.9 GBq *"’Lu-DOTATATE. The *""Lu-
DOTATATE post-therapy planar scans at multiple time intervals (upper right) also showed intense uptake in the three tumors
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personalized theranostics of skeletal lesions.*® PET/CT with
%Ga-BPAMD provides high-resolution and quantitative
evaluation of osteoblastic bone metastases.

Newer radiolabeled peptides targeting the gastrin and
cholecystokinin receptors have shown promising preclinical
results in medullary thyroid cancer.?’ Exendin-3 and
exendin-4, targeting the glucagon-like peptide-1 (GLP-1)
receptors in insulinomas have been radiolabeled with %Ga
for receptor PET/CT imaging.?? ®Ga-labeled arginine-
glycine-aspartic acid (RGD) PET/CT (first in human use at
our center) may be useful for noninvasive tumor detection
and monitoring of expression of aphav beta 3 { a(v)B(3)}
integrins which are involved in angiogenesis as well as for
monitoring the therapeutic response to antiangi ogenic agents
used for immunotherapy of tumors.?> %Ga-PET imaging of
the chemokine receptor CXCR4, which is expressed by
many tumors, holds great promise for the future.?*

Our group was the first to use the ®Ga-labeled gastrin
releasing peptide receptor (GRP-R) selective bombesin
analog AMBA CH,CO-G-4-aminobenzoyl-Q-W-A-V-G-H-
L-M-NH,) and the GRP-R antagoni st demobesin in humans
for imaging of metastatic breast, lung and prostate cancers.?®
Other 8Ga-labeled tracers which have been applied by our
group for the first time in humans are ®Ga-labeled
macroaggregates (MAA) for lung perfusion PET/CT, ®Ga-
DOTA-apha-MSH (melanocyte stimulating hormone) for
metastatic ocular melanoma, and the ®Ga-label ed affibody
mol ecul e targeting human epidermal growth factor receptor
2 (HER2) aswell asa®Ga-labeled growth hormonereleasing
hormone (GHRH) antagonist.>?8 %8Ga is therefore a very
practical, affordable and a highly promising radionuclide
for clinical usein PET/CT imaging.

TARGETED RADIONUCLIDE THERAPY

Radionuclide therapy can be specifically directed against
molecular targets, utilizing the same probes asfor molecular
imaging, but labeled with a therapeutic (e.g. beta, alpha,
auger emitters) radionuclide. The molecular basis of peptide
receptor radionuclide therapy (PRRNT) is the receptor-
mediated internalization and intracellular retention of the
radiolabeled SMS analog. Upregulation of SSTR 2 in the
peritumoral vessels is another target, accounting for
antiangiogenic response after radionuclide therapy.?®

9y - and/or "L u-labeled DOTATATE or DOTATOC
are the most frequently used peptides for PRRNT. ¥y
produces a ‘cross-fire effect’ due to the relatively high
energy (935 keV) and tissue penetration range (up to 12 mm)
of the emitted beta particles, and is therefore preferable for
larger tumors. "L u on the other hand, emits intermediate-
energy beta particles (133 keV), having a relatively short
tissue penetration range (up to 2 mm), which makes it
preferable for smaller tumors. Due to additional two gamma
peaks at 113 and 208 keV, Y’Luis aso suitable for imaging
with a gamma camera for post-therapeutic dosimetry.

Several studies have shown promising results with
PRRNT of well-differentiated NENs (Fig. 2). Objective
response rates (complete and partial) were observed in 30%
of the patientstreated with 1’/Lu-DOTATATE with very few
adverse effects, and a significant benefit in median overall
survival (median survival from start of treatment was 46
months).* In a study of a large cohort of patients treated
with ®Y-DOTATOC, though response was associated with
longer survival, there was aso arisk of significant nephro-

Fig. 2: A 44-year-old female patient with metastatic pancreatic NEN, initially diagnosed 10 years back, status post-distal spleno-
pancreatectomy was treated with two cycles of DUO-PRRNT using 7.5 GBq of *’Lu-DOTATATE (first cycle) and 3 months later
administering °© Y-DOTATATE for the second cycle. A complete remission was observed 2 years after the second cycle, possibly due to
an additional delayed antiangiogenic effect. (A1, A2, A3: Pre-PRRNT SSTR PET/CT; B: 1”/Lu-DOTATOC whole-body post-therapy scan
68 hours after the first PRRNT demonstrates intense uptake in the hepatic metastases; C1, C2, C3: SSTR PET/CT 2 years after the
second PRRNT cycle; A1, C1: Maximum intensity projection images; A3, C3: transverse fused PET/CT images showing complete
molecular response to PRRNT in the hepatic metastases; A2, C2: Corresponding CT images)
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toxicity.®! Neoadjuvant PRRNT can be administered in
inoperable NENSs so that the tumor is rendered operable by
inducing radiation-induced necrosis with the possibility of
complete cure after surgery.®

The aim of PRRNT is to deliver the highest possible
dose to the tumor and at the same time prevent damage to
normal organs. Thedifferent metabolism or receptor density
in organs and tumor lesions accounts for interpatient
differences in dose delivery. Therefore, individualized
patient dosimetry is mandatory. The mean absorbed doses
to normal organs and tumors are estimated using the MIRD
scheme (OLINDA/EXM).® Pretherapeutic dosimetry for
further personalizing PRRNT with SSTR PET/CT is
possible using longer lived positron emitters, e.g. “/Sc, 8y
or %*Cu. The first human study using the longer-lived,
generator-derived, trivalent metallic positron emitter 44Sc
(scandium-44) coupled to DOTATOC was performed in Bad
Berkain 2009. “*Sc hasahalf-life of 3.9 hoursand isderived
from atitanium-44/scandium-44 generator, which hasahalf-
life of approximately 60 years.3*%

Kidneys are the dose limiting organs for PRRNT since
radiolabeled peptides (due to their small sizes) are filtered

A1

B1

through the glomerular capillaries in the kidneys and
subsequently reabsorbed by and retained in the proximal
tubular cells.®® Long range of the Y beta particlesincreases
the potential for kidney toxicity. The proximal tubular
reabsorption of these radiolabeled peptides can be
competitively inhibited by positively charged molecules,
such as L-lysine and/or L-arginine. Plasma expanders like
Gelofusine also help in preventing uptake in the tubules.

Acutereversible hematol ogical toxicity isquitefrequent,
especially after Y -labeled peptide therapy. The possibility
of mild and progressive bone marrow toxicity exists after
repeated cycles and the potentia risk of development of
myelodysplastic syndrome (MDS) or overt leukemia in
patients receiving high bone marrow doses, especialy in
patients previously treated with alkylating chemotoxic
agents must be considered. >

THE BAD BERKA EXPERIENCE

The Bad Berka Theranostics and Neuroendocrine Tumor
Center was certified as ENETS Centre of Excellence in
March 2011. At our center, a dedicated multidisciplinary

Fig. 3: A 77-year-old female patient with a well-differentiated, functioning (glucagonoma) neuroendocrine neoplasm of the pancreas
(status post left pancreatectomy and splenectomy) developed progressive hepatic, peritoneal and lymph node metastases. The patient
underwent five cycles of peptide receptor radionuclide therapy with a total administered activity of 30.3 GBq Lu-177. The follow-up Ga-
68 DOTATOC PET/CT (6 months after the fifth cycle) showed stable disease (A1, A2 and A3). However, after 1 year, there was a
significant progression of disease with new lesions and increase in the SUVmax (extremely intense somatostatin receptor expression—
B1, B2 and B3). The renal function was normal. Hence, there was an indication for repeat PRRNT (A1, B1:Maximum intensity projection
images; A2, B2: Coronal fused PET/CT images; A3, B3: Transverse fused PET/CT and the corresponding CT images) which resulted

again in a very good therapy response
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team of experienced specialists is responsible for the
management of NEN patients (over 1,200 patient visits per
year). We have been treating progressive well-differentiated
NENswith PRRNT using *'’Lu and/or Y since morethan
adecade, having treated around 1,100 patients (over 4,000
treatment sessions). Patient selection for PRRNT is based
on the Bad Berka score, which takes several parameters
into account, importantly the SUVs on SSTR PET (for
referrals: Krenning's score on somatostatin receptor
scintigraphy) for determining somatostatin receptor density,
renal function and many other factors(Fig. 3).2 Management
of every patient is individualized, administering low or
intermediate radioactivity by frequent therapy cycles
(upto9), i.e. applying the ‘long-term low-dose’ and not the
‘short-term high-dose’ concept (Figs 4A to F). Patients are
well- hydrated and receive an amino acid infusion containing
lysine and arginine over 4 hours beginning 30 minutes

before PRRNT. Patients who are treated with Y-90 receive
in addition Gelofusine over 3 hours. Applying these
nephron-protective measures, end-stage rena insufficiency
was observed in only 1 out of the 1,100 patients (less than
0.1%) treated at our center (>4,000 treatment sessions).
Before each new treatment cycle, a complete restaging is
performed both by morphologic (CT/MRI) and molecular
imaging studies (particularly %Ga-SSTR PET/CT, and in
selected cases ®F-FDG or *8F-fluoride PET/CT additionally),
blood chemistry and tumor markers (CgA, serotonin,
specific hormones). Renal function is serially determined
by ®"Tc-MAG3 scan/TER and by ®™Tc-DTPA (GFR)
measurements. All dataare entered into astructured database
containing 270 items per patient.

The systematic use of both Y and *"’Lu labeled with
SMSanalogsin sequence (DUO-PRRNT) and concurrently
(TANDEM-PRRNT) was also pioneered by our group. This
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Figs 4A to F: A 60-year-old patient with NEN of the right kidney with extensive bilateral liver metastases (size 3.7 cm in S7) and
retroperitoneal lymph node (size up to 6.5 cm) and bone metastases presented in a poor general condition, lymphedema and deranged
renal function with a TER of 35% (A, B: %8Ga-SSTR PET/CT before PRRNT). After two cycles of PRRNT, using 7 and 7.5 GBq of */"Lu-
labeled DOTA-SMS analogs respectively, there was a successive significant response according to molecular imaging criteria as well as
a significant reduction in size of the lymph node metastases and an improvement in renal function, probably due to resolution of the
lymphatic obstruction (C, D: SSTR PET/CT after first PRRNT cycle; E, F: SSTR PET/CT 4 months after second PRRNT cycle)
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accountsfor thevariable sizes of tumors and inhomogeneous
distribution of SSTRs. Y’Lu-DOTATATE ispredominantly
used for smaller metastases or in patientswith impaired renal
or hematological function. Intra-arterial use of Y -labeled
DOTATATE and DOTATOC, asahighly targeted therapy
for hepatic metastases and large primary tumors was also
inaugurated by our center. Recently, we performed for the
first timeasuperselectiveintra-arterial PRRNT for treatment
of alarge meningiomawith *°Y-DOTATOC with evidence
of partia response after the first cycle. An analysis of 416
GEP-NEN patientstreated at the BBNETC showed amedian
overall survival from the time of first diagnosis of
210 months and a median survival after thefirst PRRNT of
59 months.

Thetheranostic potential of the bisphosphonate BPAMD
has been explored using Y’Lu-BPAMD for the treatment
of widespread, progressive and painful skeletal metastases
refractory to conventional treatment.>® Dosimetric studies
showed that due to the very long half-life of the
radiopharmaceutical in the metastases (>80 hours), high
mean absorbed doses to the tumors, ranging from 2.4 to
209 mGy/MBq (the wide range was due to different sizes
of the lesions) were observed. An excellent pain palliation
could be achieved, corresponding with a significant
reduction in osteoblastic activity of the bone metastases as
seen on the follow-up *®F sodium fluoride PET/CT. Only
mild-to-moderate changes in blood cell counts were
observed. Overall, the treatment was well-tolerated by all
patients without any significant adverse effects.

771_u-demobesin therapy was administered in 2009 for
the first time at our center and so was a novel GRP-R
antagonist labeled with /L u in a patient with metastatic
prostate cancer. Thisisindeed an exciting future prospect
for the theranostics of GRP-R positive tumors with %Ga-/
7 y-labeled tracers.®
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Role of Endoscopic Ultrasound in Gastroenteropancreatic
Neuroendocrine Tumors and Update on Their Treatment

Surinder Singh Rana, Vishal Sharma, Deepak Kumar Bhasin

ABSTRACT

The gastroenteropancreatic (GEP) neuroendocrine tumors
(NETSs) are rare tumors and include all tumors arising from the
gastrointestinal (GI) or pancreatic neuroendocrine cells. They
can occur anywhere in the Gl tract with the small intestine,
pancreas and rectum being the common Gl sites. Because of
nonspecific symptoms they are difficult to diagnose and
diagnosis is often delayed by years. Advancement in cross-
sectional imaging techniques and advent of radionuclide-labeled
somatostatin analogs have improved our accuracy of diagnosis
and staging GEP NETs. Endoscopic ultrasound (EUS) with its
unique combination of endoscopy and ultrasound provides high
resolution images of Gl tract wall as well as the surrounding
solid parenchymal organs and therefore is an important
investigation for the diagnosis and staging of GEP NETSs.
Surgery is the treatment of choice with good long-term results
in patients with localized GEP-NETs. Control of symptoms in
functional NETs is warranted to improve the quality of life of the
patient. Somatostatin and its analogs like octreotide and
lanreotide have been used to control symptoms because of
functional NETs. The management of metastatic GEP NETs
includes control of symptoms and therapy to decrease/stop
tumor growth that includes somatostatin and its analogs and
chemotherapy. Newer therapeutic modalities like peptide
receptor radionuclide therapy (PRRT) and molecular therapy
hold considerable promise.
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INTRODUCTION

The neuroendocrine tumors (NETS) are a heterogeneous
group of relatively rare, but now being increasingly
recognized and diagnosed tumors that are seen most
commonly in the gastrointestinal (GI) and the
bronchopulmonary system.! The gastroenteropancreatic
(GEP) NETs, isan umbrellaterm which includesall tumors
arising from the Gl or pancreatic neuroendocrine cells and
encompasses the earlier recognized categories of carcinoids
and pancreatic neuroendocrine tumors (PNET).%2 They can
occur anywhere in the Gl tract with the small intestine,
pancreas and rectum being the common Gl sites and these
tumors have varying biological behavior.?® The diverseand
sometimes nonspecific clinical syndromes associated with

pancreatic NET can make these malignancies difficult to
diagnose at an early stage. These tumors present with
variable symptoms that may include functional symptoms
dueto overproduction of hormones or nonspecific symptoms
due to nonfunctional tumors. Mgority of the GEP NETs
are nonfunctional and usually present with symptoms of
mass effect of the tumor or distant metastasisthat is usually
intheliver. Because of these nonspecific symptoms of GEP
NETsaredifficult to diagnose and diagnosisis often delayed
by years. Advancement in cross-sectional imaging
techniques and advent of radionuclide-labeled somatostatin
analogs have improved our accuracy of diagnosis and
staging GEP NETs.* Endoscopic ultrasound (EUS) with its
unique combination of endoscopy and ultrasound provides
high resolution images of Gl tract wall as well as the
surrounding solid parenchymal organs. These detailed high
resolution images obtained by the EUS are much better than
those obtained by other cross-sectional imaging modalities
and this allows identification of small lesions that may be
missed by other cross-sectional imaging techniques. Also
theability to do fine needle aspiration (FNA) fromthelesion
is an added advantage of the EUS. These qualities of EUS
make it an important investigation for the diagnosis and
staging of GEP NETs. This review discusses the role of
EUS in diagnosis, staging and treatment of GEP NET and
also a brief update on various therapeutic modalities for
these rare but unique tumors will be provided.

EUS FOR DIAGNOSIS AND
LOCALIZATION OF GEP NET

GEP NET occur either in the bowel or the pancreas and
approximately 40% of these tumors are seen in pancreas
with the rest being seen in the intestines with small bowel
and the rectum being the common sites.® EUS is helpful in
both of these clinical situations. Because of its ability to
obtain high resolution images of the Gl tract and adjacent
organs, EUS is the most sensitive test for detection these
lesions especialy the ones that are small and especially
localized inthe pancress. It has been shown to be particularly
useful for identification of smaller lesions that have been
missed by other cross-sectional imaging modalities.>’
Although the diagnosis of intestinal NET can be achieved
by endoscopic studies, EUS helps to determine the depth
and extension and this helps in planning appropriate

therapy.®
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Pancreatic NET

Despite the advances in imaging modalities, up to 30% of
PNETSs can be missed during a preoperative assessment.
Asmajority of NETs have somatostatin receptors, octreotide
scintigraphy has high sensitivity and specificity for
localizing NET. However, tumors that lack somatostatin
receptors and are small can be missed even on scintigraphy.
EUS aobtains high resol ution images of the pancreas because
the transducer is placed very close to the pancreas, being
separated only by thethin Gl tract wall (Figs 1 to 3). Because
of thisEUSisparticularly well suited for detection of small
pancreatic lesions. Studies have demonstrated that EUSwith
or without FNA has a sensitivity ranging from 77 to 93%
for the diagnosis of pancreatic NETs.8!! Varas Lorenzo et
al reported the diagnostic yield of various imaging
modalities in 37 patients (16 males) with pancreatic NET
by sequentially examining them with abdominal ultrasound,
computed tomography (CT), magnetic resonance imaging
(MRI), angiography, OctreoScan and radial and sectorial
EUS. They found that the sensitivity, specificity and
diagnostic accuracy of EUSto be 81, 80 and 78% and three
pancreatic rumors of <1 cm size (al insulinomas) that were
missed by other cross-sectional imaging modalities, were
detected by EUS.® Versari et al compared the diagnostic
yield of EUS, multidetector CT (MDCT) and Ga-68
DOTATOC PET/CT in patients with NETs and found that
EUS, PET and MDCT correctly identified lesionsin 13/13
(100%), 12/13 (92%) and 10/11 (91%) patients
respectively.'? De Angelis et a studied the role of EUS in
PNET in 25 patients who underwent surgical resection and
reported that EUS correctly localized 20/23 (87%)
pancreatic tumors 11/12 (91.6%) insulinomas, 3/8 (37.5%)
duodenal gastrinomas and 10/11 (90.9%) metastatic lymph

nodes.'® In contrast, correct localization was done on
ultrasonography (US) in 17.4% patients, by CT in 30.4%,
by MRI in 25%, by angiography in 26.6%, and by
somatostatin receptor scintigraphy in 15.4% patients. EUS
has been also found to be an excellent investigational
modality for detecting pancreatic NETs in patients with
multiple endocrine neoplasia (MEN) type 1 before the
development of significant biochemical test abnormalities.**

On EUS, the pancreatic NET typically are well defined
hypoechoic lesions with a homogeneous lesion appearance
and majority of theselesions are solid.2 Occasionally, these
lesions may also have a cystic appearance. EUS may be
falsely negative if the tumor has an isoechoic appearance,
isvery small in size, or islocated at the tail end especially
if it is pedunculated. A peripancreatic lymph node may
mimic a PNET leading on to afalse diagnosis of NET on

Fig. 2: EUS: A small pancreatic insulinomas localized on
EUS (arrow)

Fig. 1: EUS: Large nonfunctional pancreatic NET

Fig. 3: EUS: Well-defined hypoechoic insulinomas (arrow)
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EUS. Recently, contrast enhanced EUS (CEUS) has been
used to detect small pancreatic tumors, differentiate between
focal pancreatitis and pancreatic cancer as well as to
differentiate and characterize various pancreatic tumors.
Sakamoto et al*° studied 156 patients of suspected pancreatic
tumors by CEUS and they observed three types of vascular
pattern: Hypovascular, isovascular and hypervascular
lesionsin comparison to the surrounding parenchyma. They
observed that 96.2% of the hypovascular lesions were
pancreatic carcinomas, 80% of theisovascular lesionswere
focal pancreatitisand 76% of the hypervascular lesionswere
NET. Ishikawa et al reported that heterogeneous
ultrasonographic texture in the tumor, identified as filling
defects in CEUS, was the most significant factor for
malignancy and therefore concluded that CEUS has higher
sensitivity in preoperative localization of PNETs and can
also helpin differentiating benign from malignant tumors.*®

Thus, the available literature suggests that EUS is
particularly able to localize gastrinomas and insulinomas.
Asmost of theinsulinomas arelocated in the pancreas, EUS
isan excellent modality for diagnosing and localizing these
lesions. The reported detection rates by EUS have ranged
from 79 to 94%, with higher sensitivity in the head and
lower sensitivity in the tail.}” Similarly, pancreatic
gastrinomasarealso localized by EUSin 75 to 94% of cases.
However, the extrapancreatic (duodenal) gastrinomas are
less frequently detected by EUS possibly because of their
generally smaller sizes.® CEUS is an upcoming promising
new technique but more studies are needed.

EUS-GUIDED CYTOLOGICAL
DIAGNOSIS OF PNET

EUS aong with the localization of the tumor also allows
FNA of thelesion (Fig. 4). Thisprovidescytological material
for cytology, histology and immunohistochemistry (IHC).
Chatzipantelis et a reported that the helpful cytological
findings for the diagnosis of NET on cytological material
obtained viaEUS FNA were arichly cellular samplewith a
monotonous, poorly cohesive population of small or
medium-sized cells with granular chromatin (salt and
pepper) and plasmacytoid morphology.'® The IHC is
commonly performed by using stains including
chromogranin, synaptophysin, neuron specific enolase,
CDX, and CD56 and various hormones like insulin,
glucagon, etc.'® Recently, attempts have been made to
predict the biological behavior of the tumors by using the
cytological or histological findings. Chatzipantelis et al
retrospectively reviewed the cytopathological findings and
proliferative activity (Ki-67) in EUS FNA specimens of
35 patients with PNET.X® They found that 21/22 (95.4%)

Fig. 5: EUS: Gastric carcinoid with muscularis propria
intact (arrow)

malignant tumors had a high proliferative index (>2% Ki-
67 cells) whereasKi-67 wastotally absent from tumorsthat
were classified as WHO subgroup 1a (well-differentiated
NETs confined to the pancreas) and was seen in a lesser
proportion of tumors (42.86%) classified as WHO subgroup
1b (well-differentiated NETs of uncertain behavior confined
to the pancreas). Thus, they concluded that Ki-67 evaluation
in routine EUS-FNA cytology specimens can be used as a
potential prognostic marker in pancreatic NET.

EUS for Staging of Luminal NET

NETslocated in the stomach, duodenum and rectum can be
diagnosed on endoscopy and if there is no extraintestinal
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metastasis, the NETs can be resected endoscopically. But
before proceeding on to the endoscopic resection, exact
depth of theinvasion of the NET needs to be determined so
that appropriate therapeutic strategy can be planned.
Y oshikane et al studied 29 patientswith Gl carcinoid tumors
(five gastric, seven duodenal, and 17 rectal) by EUS and
reported that accuracy of determining the depth of invasion
using EUS was 75%. They concluded that EUS is useful
for the staging of Gl carcinoid tumors as it helps in
determining depth of involvement as well as presence of
perigastrointestinal lymph node involvement.?’ K obayashi
et a studied the depth of invasion of rectal carcinoids in
52 patients using EUS.?! They found that the depth of
invasion was correctly identified by EUSin all 52 patients
with the tumors being localized to submucosain 49 patients
and infiltrating the muscularis propriain three patients. They
concluded that rectal carcinoid tumorsthat are< 10 mmin
diameter with no invasion of the muscularis propria, and
not having any depression or ulceration in the lesion can be
resected endoscopically. Martinez-Ares et al resected 24
tumorsin 21 patients endoscopically and found that EUSis
the most precise diagnostic technique for evaluating tumor
size, and showing the tumor-free state of the muscularis
propria, thetwo most important factorsthat help in selecting
the patients for endoscopic resection.?? Also, endoscopic
submucosal dissection (ESD) has also been described for
rectal carcinoids and here also, EUS has been shown to be
an useful technique for excluding muscularis propria
invasion (Fig. 5).23%

Although, EUS can also asses the depth of invasion in
gastric NETsand thus help in selecting patients suitable for
endoscopic resection, the therapy of gastric NETs is
dependent upon multiple factors that include the type, size
and number of NET and the readers are advised to consult
other reviews on this topic.?>%

EUS-guided Antitumor Therapy

Because of its unique capability to simultaneously visual-
ize both the pathological aswell asnormal structuresin the
real time aong with the ability to avoid surrounding vascular
structures, EUS has also been used to deliver therapeutic
agents in to the tumor.? There are multiple reports of EUS-
guided ablation of insulinomas.?”3* Although, surgical
resection is the preferred therapeutic approach in patients
with insulinoma, some of the patients with insulinoma may
not be good candidates for surgery because of comorbidities
and therefore would need aternative minimally invasive
treatment modalities for symptom control. EUS-guided
alcohol ablation of the insulinomas has been described as
case reports and although feasible and successful, its use
has been associated with serious complications including
life-threatening. A recent study by Levy et al in eight patients

of insulinoma, used lower volumes of alcohol and repeated
treatment sessions with the aim of symptom relief rather
than complete ablation of the tumor.3? In this study, EUS-
guided injection was used in five patients and intraoperative
ultrasound-guided alcohol injection in three patients.
A volume of 0.8 ml (range: 0.12-3.0 ml) of acohol was
injected per session in small aliquots, typically 0.01 to 0.1
ml at atime using a 22 or 25G needle. The injections were
repeated at the same site until ahyperechoic blush was seen
expanding in the tumor and it was stopped when the blush
was seen in close proximity to the edge of the tumor or
whenever, there was concern for |eakage beyond its border.
Dependent upon the tumor size and pattern of spread after
theinitia injection, additional passes were made, avoiding
the previous needle tracts. There were no peri- or
postprocedural complications. In the first 24 hours after
procedure, 3/5 patients needed intravenous glucose to
control hypoglycemia whereas the remaining two patients
did not need any intervention for control of blood sugars.
On long-term follow-up, this treatment strategy effectively
relieved symptoms and resulted in euglycemia without the
need for medical therapy in two patients and with low dose
diazoxidetherapy inthree patients. Thus, limited experience
suggeststhat EUS-guided al cohol fine needleinjection may
be appropriate treatment modality for insulinomasrequiring
extensive resection and in patients who are poor surgical
candidates.

Treatment of GEP NET: An Overview

NETsmay manifest with symptoms related to the effects of
hormone hypersecretion (carcinoid syndrome, gastrinoma,
glucagonoma) or related to the mass effects associated with
large lesions (nonfunctioning NETS) like pain, bowel
obstruction and awareness of lump. The therapy for these
tumors is decided on the site of disease and whether any
distant spread has occurred or not. The therapy therefore
needs to be individualized based upon the location, size,
presence or absence of metastasis and the symptoms
produced by it.%3

Treatment of Nonmetastatic Disease

Surgical resection remainsthetherapy of choicefor localized
GEP-NET and is the only curative treatment.* As with all
other tumors, the curative surgical resection depends upon
the mode of presentation and the extent of the spread of the
disease. If the lesion is less than 2 cm in diameter, the
frequency of metastasis is usualy low. The goals of the
surgical therapy are to: (1) Prolong survival by resecting
the primary tumor and any nodal or hepatic metastases,
(2) control the symptoms related to hormonal secretion,
(3) prevent or treat local complications.**
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The usual approach for intestinal lesions is bowel
resection with resection of draining lymph nodes. During
surgery an attempt must be made to look for any
synchronous lesions and to resect them. Concomitant
cholecystectomy can be undertaken to prevent any gall
bladder sludge formation that may accompany use of
octreotide later. Smaller lesions may however be dealt with
endoscopically.?*+3" For small duodenal |esions endoscopic
resection may be done; larger lesionswarrant transduodenal
local excision or pancreatoduodenectomy. For lesions
elsewhere in the small and the large intestine, surgical
resection with lymphadenectomy is warranted. For
appendiceal carcinoids, an appendectomy is sufficient for
lesions smaller than 1 cm. The management of lesions
between 1 and 2 cm is controversial with some advocating
appendectomy and others preferring aright hemicolectomy.
It isimportant to rule out lymphatic or distant metastasisin
larger lesions. Rectal carcinoids smaller than 2 cm can be
treated with endoscopic or transanal excision. However,
examination under anesthesia and/or EUS before the
procedure should be done for lesions larger than 1 cm. For
lesions larger than 2 cm, or smaller lesions with invasion
into the muscularis propria, or with lymph node
involvement, low anterior resection or, in rare cases, an
abdominoperineal resection is indicated. Close post-
operative follow-up is needed in most of these patients to
identify any recurrent disease early.

Gastric carcinoids are classified into three types.* The
types| and |l are associated with hypergastrinemia. Typel
gastric carcinoids originate in the background of chronic
atrophic gastritis while the type Il carcinoids originate in
the background of acid hypersecretion due to gastrinomas
(Zollinger-Ellison syndrome). Type Il carcinoids are
sporadic lesionswhich occur in absence of hypergastrinemia
and are usually larger and have more aggressive behavior.
The frequency of metastasis increases from types | to
[11 with rates of around 10, 10 to 30 and 50 to 60%
respectively. Lesions in the stomach may be handled
endoscopically or with surgical resection. For type | and 11
with lesions smaller than 2 cm the options include
endoscopic resection of the lesions with biopsy of adjacent
mucosa, or use of octreotide in gastrinoma and a policy of
observation. Larger lesions (>2 cm) are usualy resected
surgically. In type Il lesions, radical resection with
locoregional lymphadenectomy isthe therapy of choice. 333

In nonfunctional PNETS, small tumors (<2 cm) can be
enucleated, while larger lesions can be treated with a
pancreaticoduodenectomy or a distal pancreatectomy with
splenectomy depending on the site of the lesion. For
functional PNETs which are localized, the therapy must
attempt control of hormonal hypersecretion followed by
surgical resection of lesion, if possible. #3338

Treatment of Metastatic GEP-NETs

The therapy of metastatic GEP-NETs must address two
important issues. Control of symptoms due to secreted
products and the control of the tumor load. Somatostatin
and its analogs like octreotide and lanreotide can bind to
the somatostatin receptor subtype (SSRT) 2 and 5.%° They
block the release and the synthesis of bioactive amines as
aso their periphera actions. These analogs have a weak
tumoricidal and a good tumoristatic effect.®® Long acting
formulations like lanreotide are preferred for the ease of
use. A magjority of patients will have some symptomatic
response to therapy with a reduction in symptoms like
flushing and diarrhea*® Side effects may include impaired
blood sugar control, gallstone formation, steatorrhea,
hypocal cemia, etc. Interferon-o., aso, hasamild tumoricidal
effect similar to somatostatin analogs.** Combination of
interferon-o. and octreotide has also been used especially
in situationswhen one of the drugs becomesineffective.*243
A number of chemotherapeutic agents have also been used
but the response is dismal to most drugs. Various
combinations of drugs which have been tried in treatment
of metastatic disease include combination of streptozotocin
with 5-flourouracil, or doxorubicin with 5-flourouracil.*
Combination of etoposide and cisplatin may produce a
significant antitumor response but their useisrecommended
only in patients advanced disease with high proliferative
index.*

Newer therapeutic modalities have increased the
armamentarium available for therapy in metastatic NETS.
These include various molecularly targeted therapies and
use of peptide receptor radionuclide therapy. Molecular
targets are cellular molecules which have arolein cellular
growth and division. Use of targeted approaches can stop
the cells from abnormal proliferation and thus stop tumor
growth. However, asmultiple cellular pathwaysareinvolved
in tumorigenesis, the benefits of targeted therapies do not
|ast forever. Important moleculesinvolved intumorigenesis
of NETsinclude mammalian target of rapamycin (mTOR),
vascular endothelial growth factor (VEGF) for angiogenesis,
insulin-like growth factor (1GF), transforming growth factor-
apha(TGF-a), platel et derived growth factor (PDGFR) and
epidermal growth factor (EGFR) among others.*

Everolimus, an mTOR inhibitor, was compared with
placebo in the RADIANT 3 tria in patients with NET.
Everolimus (10 mg daily) prolonged the progression free
survival in these patients.*” A study has shown that
Sunitinib, a multitarget tyrosine kinase inhibitor, in a dose
of 37.5 mg daily improves survival in patients with NET
vis-a-vis placebo.”® Similarly bevacizumab, anti-VEGF
monoclonal antibody, has been found superior to interferon
in patients with NET who were already on octreotide.®
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Table 1: Radionuclide agents used for PRRT

Radionuclide Mechanism Utility Half-life (in days) Cons
Indium-111 Gamma emitter, Auger electrons Diagnostic 2.8 Minor therapeutic role
Yttrium-90 High energy pure beta emitter Therapeutic, cross-fire 2.7 Higher renal toxicity

effect to adjacent cells

Lutetium-177 Intermediate energy beta emitter,

two gamma peaks

Therapeutic, less toxic,
diagnostic utility also 6.7 —

Another therapeutic modality which has generated
considerableinterest isthe use of radiolabeled somatostatin
analogs. PRRT utilizes the high somatostatin receptor
expressionin NETsto ensureatargeted delivery of radiation
to the tumor cells.®® This has become possible with
development of peptide with high receptor specificity
(e.g. DOTA) and their tagging with various radionuclides
(Table 1). The side effects of PRRT may include
hematological, renal or hepatic effects. Usually the decrease
in blood cells occurs due to bone marrow suppression and
is transient. Renal toxicity may include thrombotic
microangiopathy and tubular injury. Various approaches
including amino acids infusion (lysine and arginine) to
reduce renal toxicity are under evaluation. Hepatotoxicity
is uncommon and usually mild. It manifests usually as an
increase in transaminases but may result in significant
toxicity in patients with large hepatic metastasis.*

TREATMENT OF LIVER METASTASIS

Liver isacommon site of metastasis of the GEP-NETs due
tothe portal venousdrainage of the Gl tract and the pancreas
where the primaries originate. The therapy of hepatic
metastasis can be done using the previously mentioned
systemic therapy or by using local ablative/resective
approaches.>>%2 L ocal approachesinclude ablative therapy,
surgical resection and hepatic transplantation for lesions of
limited sizeandtransarterial chemoembolization (TACE) for
larger lesions. Local approachesto managetheselesionsare
doneincaseswhereno other organs(excepttheprimary lesion
andtheliver) areinvolved. Surgical resectionisthepreferred
therapy in small resectable lesions and offers the best
opportunity forlongtermsurvival . Ablationcanbedoneusing
radiofrequency waves, microwaves or cryotherapy. Also,
liver transplantation hasbeen utilized asatherapeutic options
insome patientsbut recurrencefree5-year survival hasbeen
less than 2595152
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ABSTRACT

The incidence of the liver tumors is increasing worldwide;
concurrently liver directed therapies are also evolving rapidly.
Management of these complex disease processes involves a
multidisciplinary approach, hence it is imperative to understand
the underlying management principles thoroughly. This overview
is intended to provide an easy, step by step approach to
transcatheter brachytherapy, also known as radioembolization
(RE). A brief overview of the anatomical issues, transcatheter
technique and intraarterial RE will be provided.
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INTRODUCTION

Liver malignancies have been and continue to be a scourge
of mankind. Hepatocellular carcinoma (HCC) is one of the
most common forms of cancers. Overall incidenceis more
than amillion cases every year. Theworrisomething isthat
incidenceisincreasing over thelast decade.! Theincreasing
incidence of hepatitis C, acoholic and nonalcoholic liver
disease all probably are contributing to the increasing
incidence of this particular tumor. Liver involvement from
secondary malignancies especially from gastrointestinal
tract, breast cancer isalso on the rise both in the devel oping
and devel oped countries. In colorectal carcinoma, morethan
60% of the patientswill have liver dominant secondariesin
the course of the disease. Similarly neuroendocrine tumors
with hepatic secondaries have significant morbidity and
mortality. HCC traditionally had few treatment choices,
hence was one of areas of intense research for the alternate
treatments. The curative options for HCC include surgical
resection and liver transplantation. Unfortunately only a
minority of patients (10-15%) are candidates for surgery.?*
For metastatic disease systemic chemotherapy is the
standard of treatment. However, if standard first- and
second-line treatments have failed, which happensin many
patients, other therapies need to be considered. Presently, a
whole gamut of these options is available.® The most
common ones are enlisted below:

e Transcatheter arterial chemoembolization (TACE)

« Radiofrequency ablation (RFA)

+  OYttrium radioembolization (90Y RE)

¢ Drug eluting microspheres (DEM), etc.

In this article, we will focus on radioembolization with
particular emphasison technical and clinical considerations.

Pathological and diagnostic considerations; Before we
embark on the YRE, it is important to briefly review the
pertinent pathology and diagnostic characteristics of the
liver malignancies:

HCC: These patientsusually havecirrhosisof vird, a cohoalic,
nonal coholic or uncertain cause. Soin patientswith cirrhos's,
any hepatic mass should be considered aHCC unless proven
otherwise. In appropriate clinica reference there is no need
to biopsy theselesions,® as biopsy may lead to the seeding of
the tract.®> Alpha fetoprotein level of 400 nanogram/ml has
aided the diagnosis. Based on the institutional expertize and
facilities available, triple-phase computed tomography (CT)
or magnetic resonance imaging (MRI) are the imaging
modalitiesof choice.f Ultrasound, because of already atered
echotexture of theliver may not bereliable. Asmany of these
tumors are hypervascular, specia attention is paid to the
arterial phase and subsequent washout on both CT and MRI.
Recently, liver imaging-reporting and datasystem (LI-RADYS)
of describing liver lesions has been advocated. This should
be incorporated in the reporting systems to encourage
standardization of the reporting of the liver masses. Another
uniquefeatureof HCC isarteriovenousshunting. If the disease
is multifocal different masses may show different levels of
arteriovenous shunting. This pathological feature has
important implications astherapeutic particles can get shunted
to the lungs and cause undesirable effects.?? Portal vein
thrombosis is another feature of the HCC. The thrombosis
can be tumor or bland.

Itisalsorelevant to briefly introduce the staging systems
for the liver malignancies. Various systems have been
proposed with Child-Pugh, MEL D, Okuda, Cancer of Italian
Liver Program, Barcelona Clinic Liver Program, etc.’
Underlying principleisthat astheliver involvement by the
tumor becomes extensive, liver's synthetic and excretory
functions get affected to alarger extent which getsreflected
in various lab and clinical parameters.’’ In short bilirubin
levels, ascites, presence of encephalopathy, etc. are taken
into account. As the liver is responsible for synthesis of
abumin and procoagulant proteins, their levels also are
taken into consideration.

Patient’s performance status and Karnofsky score are
also taken into account. For °YRE, ideal patient will have
following parameters:

e Tumor load less than 50%
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e Normal bilirubin level

e Albumin level 3 gm/dl or greater
e No ascites

e Good functional status.

Inclinical practice, patients may not be presenting early
enough to fulfill all or any of these criteria. In such cases,
different approaches can still be used which will be
discussed in special situations section.

Metastatic Disease

Patients with metastatic disease have different pathol ogical
characteristics than HCC. They usually have better
|aboratory parameters; bilirubin may not be as deranged as
in HCC, they are most likely to have completed first or
second-line chemotherapy. So in these patients performance
statusis an important determinant of the suitability for liver
directed therapy, other than liver dominant disease.'* Also
unlike HCC, whenever aliver massisdiscovered in apatient
with some primary tumor, it needs pathological
confirmation. Positron emission tomography (PET) provides
an excellent modality both for initial staging and post
therapy follow-up in these cases. For Y RE, anideal patient
with liver metastasis will have following parameters:?°

e ECOG performance status of 0 to 2.

e Karnofsky score of above 60%

e Liver dominant metastatic disease

e Hypervascular tumor.

Laboratory Evaluation

Many other laboratory tests having arole in liver directed
therapy either for diagnostic, prognostic or follow-up
purposes are:*?

 INR

e Alphafetoprotein

e Carcinoembryonic antigen

e Cancer antigen 19-9

*  Serotonin/Chromogranin A

e Liver function profile including AST and ALT

e Complete blood count with differential

e LDH

e C-reactive protein.

Anatomical and Technical Considerations

It is imperative that a detailed and meticulous vascular
anatomy examination be performed prior to actual delivery
of 0y 3 Thefollowing vessels should be checked invariably
before therapy:
e Cdliac axis
e Common hepatic artery
e Lobar hepatic arteries
e Gastroduodena artery
e Superior mesenteric artery (SMA).

Aortogram may be added to this protocol to look for
any other variant anatomy or additional supply to theliver.

Theangiographic goal isto get thefollowing information:

e To outline the normal and variant anatomy of the liver
vascular bed.

e To do prophylactic embolization of nontarget vascular
bedsto prevent inadvertant delivery of the radiopharma-
ceutical to these areas.

e Toplanwhether |obar or segmental delivery ispossible.

* To estimate the number of treatments based on the
vascular.

Normal andcommonvariantsof thehepati cvascul ar supply:
The arteria supply to the liver broadly can follow one
of these anatomies:

e Common hepatic artery from the celiac axisand dividing
into right and left hepatic arteries.

e Common hepatic artery from the celiac axisand dividing
into right left and middle hepatic arteries.

* Replaced common hepatic artery arising from SMA and
following any of the above two branching pattern.

e Accessory hepatic artery arising from SMA.

« Left hepatic artery arising from the left gastric artery.
Things to remember are:

Accessory hepetic artery usualy supplies segment 6 and 7.

Segment 4 can have either right or eft or middle hepatic
arteries supplying it.

Right hepatic artery in the presence of accessory hepatic

artery usually supplies segment 5 and 8.

This vascular information gleaned from the angiogram
is then correlated with the extent of disease seen on cross-
sectional imaging.

Prophylactic Embolization

This concept is based on the fact that the Y particles will
cause irreversible damage to the gastrointestinal tract if it
getsinjectedinadvertently to the gastrointestinal blood supply.

Resin spheres are more embolic compared to glass
spheres, so resin spheres cause more pronounced slowing of
normal antegrade blood flow to theliver. Hence, theoretically
chances of reflux to nontarget viscera vesselsishigher when
resin sphere-based therapy is used, compared to the glass
spheres during therapy. The threshold for embolizing GDA,
right gastric artery, supraduodenal, retroduodenal, and
accessory |eft gastric artery should be low, especialy when
the vehicle to deliver °Y is resin spheres. The clinical
sequelae of prophylactic embolization of these vessels are
insignificant in the carefully studied patient population.
Recent development of flow directing devices, to protect
nontarget vesselsis also being studied; however cumulative
experience in the use of these devices is not much.

Some groups have also advocated altering hepatic
vascular anatomy to optimize treatment delivery, e.g.
embolizing a small middle hepatic artery to increase blood
flow to the diseased right or left lobes, however in the
majority of cases, thisis not warranted.
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The basic principal of Y RE is to treat target vascular
bed at 30 to 60 days interval. So in more common
dichotomous branching of the common hepatic artery (into
right and |eft hepatic arteries) this goal can be achieved in
two treatment sessions. For each additional vascular bed an
additional session is generally required.

Issues related to Pulmonary Shunting

After arterial anatomy is established, the next step is to

calculate the pulmonary shunt fraction. This is done with

the help of 99m-Tc macroaggregated albumin (MAA).1

Thelogicisthat, asthe size of MAA closely mimicsthat of

0y spheres, so the distribution of MAA will closely mimic

thedistribution of the spheres.'® Thedoseinjected isusually

4105 mCi. Theimaging can be done with planar or SPECT

gammacamerasystems. Theimaging should quickly follow

theinjection of MAA. Gastric mucosaand thesalivary gland
uptake should be looked carefully. Isolated gastric mucosa
uptake indicates true gastrointestinal shunting.

As discussed earlier liver tumor, HCC in particular has
varying degrees of arteriovenous shunting. In metastatic
tumors, significant shunting is rare. There is important
implication of this difference:

e InHCC, if thediseaseis multilobar, then each lobe must
be injected with MAA, prior to the treatment session.
So the lobar or segmental branch needsto be cannul ated
and lung shunt fraction is calculated. Thisincreases the
number of angiographic sessions. However observa-
tional studies have demonstrated this to be of little
clinical importance and many institutions do only one
MAA injection at the beginning. If significant shunting
(more than 10%) is found in that study, then lobar
administration of MAA is undertaken.

e In metastatic disease, the proper hepatic artery may be
injected once to calculate the shunt fraction and Y
administration can follow in a sequential manner for
each lobe involved.

e Incases of variant anatomy like accessory hepatic artery
arising from SMA or left hepatic artery arising from left
gastric artery, etc. fractionated injection of MAA isdone.
TheMAA injection also providesadjunctiveinformation

like extrahepatic gastrointestinal uptake. One should look

carefully for this on the nuclear scan.

Types of 2Y: Y is available as either glass or resin

spheres. 1" There are important differences among them

which a practioner needs to know.

e Glass bead particle size is little smaller than the resin
spheres: 20 to 30 micron vs 20 to 60 microns.

e Glass beads are less in number per vial than resin
spheres: 1.2 to 8.0 million vs 40 to 80 million.

e Glass beads have more activity per sphere: 2500 Bq vs
50 Bq for resin spheres.

* Resin spheres are more emboalic.

» Body excretion through urineis more of aconcern with
resin spheres.

e Both have haf-life of 64.2 hours.

* Near complete decay (3% residual activity) is also the
same, 13 days each.

Dose calculation: Glass bead dose is dependent upon the
volume of the liver being infused; resin spheres dose
depends on the percentage of the tumor load.

The lung dose is aso calculated with the help of lung
shunt fraction. Lungs tolerate *Gy in a single session and
Gy cumulative doses.

Treatment process. The patient should have undergone a
planning diagnostic and prophylactic embolization as
aready discussed. The room needs to be prepared with
suitable disposable flooring coverings in the event of
inadvertent spill of *®Y microspheres. Dose calibrator isused
to measure the activity before and after the procedure and
aso to check for activity due to any spillover or leakage.
The patient is prepared in the usual way and an initial
angiogram obtained to select the spot where Y will be
injected. A 3 Fr system catheter is preferred for the delivery
as 5 Fr system increases the chances of reflux; also the
chances of vessel injury may be higher with deep placement
of these catheters. Smaller catheter systemslike 0.018 inch
have too much resistance for adequate delivery. Infusion
setisnow carefully prepared asthere are many connections.
As resin spheres are more embolic than glass spheres, so
chances of reflux are higher. The rate of infusion should be
matched to the rate of arterial flow in the hepatic artery
being injected. The estimation of dose administered at any
particular point can be easily measured with the help of
ioni zation chamber (minimum detection 1 mrem/h). InHCC
patients who are usually cirrhotic and significantly
hypervascular, a segmental approach is recommended.

Safety concerns. Once the dose administration iscompleted,
all the catheters and tubings must be carefully disposed off.
Special care should be taken for any backflow of blood
through the catheters as it can cause the reflux of €Y. 2y
is a beta-emitter so the main concern is exposure to the
eyes, hands and skin. Hence, all personnel involved in the
procedure must be checked for any contamination at the
end of the procedure. Technically both the glass and the
resin microspheres are sealed sources. However, since both
aredeliveredinaliquid medium, al precautionsfor handling
radiopharmaceuticals should be undertaken. The post
administration exposure from the patient is within 4 to 12
mrem/h, which iswithin the acceptabl e range, so no special
precautions are necessary. However, sinceresin spheresare
excreted in the urine so during first 24 hours precautions
are needed for urine disposal.?*

Post-treatment care and follow-up: Major concerns are
reflux of the microspheres through unrecognized
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gastrointestinal channels.*® As mucosa of the stomach and
proximal duodenum are primarily involved, nonhealing
ulcers can cause magjor morbidity and even mortality, we
start antiulcer medications right after the procedure. Some
authoritiesrecommend use of steroidsfor postembolization
fatigue. Noninfective fever usually responds to
acetaminophen. Nausea, vomiting can happen which
responds to conservative measures.*®

The patient is seen within the next 2 to 3 weeks, mainly
for the assessment of the functional status. Post-treatment
liver function is checked at this time. A transient increase
in liver enzymes and tumor markers may be seen at this
time; however massiveincreaseintheliver enzymesshould
be investigated further.

Further treatments: If the disease is confined to one |lobe of
the liver, above-mentioned protocol is followed. As the
disease may be bilobar or the patient may have aberrant
vascular anatomy, then more than one session of therapy may
be required. Typically the second session is done
30 days after the first one. Before undertaking the second
session, imaging of the liver tumor either with MR or PET
must be undertaken.?° For HCC, thisscan may show shrinkage
and necrosis of the tumor. For metastatic tumors, thisscanis
important asit may show either failure or progression of the
disease. For this reason functional imaging like PET is
important asit may show the spread of extrahepatic disease,
thereby precluding any further liver treatments. A complete
blood count may also be obtained at 30 days to look for any
radiation-related cytopenias. On the other hand, any
progression in the nontreated lobe of the liver is actually an
indication for the treatment. Repeated treatment in the
previously treated lobe or segment of the liver should be
undertaken for definitely hypervascular tumors. In cases
where multiple sessions of therapy are required, cumulative
radiation dose to the lungs may become a limiting factor. A
scrupulouslog of radiation dose received by the patient should
be maintained in al cases of radioembolization.
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ABSTRACT

Aim: Calculating the absorbed dose is important for the
determination of risk and therapeutic benefit of internal radiation
therapy. Optimal dose estimations require time-consuming and
sophisticated methods, which are difficult due to practical
reasons. To make dosimetry available for each of the patients,
we developed a specific dosimetry procedure used in daily
clinical routine.

Materials and methods: Dosimetry has been performed
according to the MIRD scheme and adapted to the special
conditions at our department (which we have called as the Bad
Berka Dose protocol, BBDP): Conjugated planar whole-body
scintigraphies at 0.5, 3, 24, 48 and 72 hours postinjection are
analyzed by regions of interest with 'HERMES WHOLE-BODY
DISPLAY™ and the time-dependent organ and tumor activities
are determined with Microsoft EXCEL™. The cumulated activity
is calculated using the software ORIGIN PRO 8.1G™ and a
mono- or biexponential fit of the time-activity curves. Mean
absorbed doses are finally estimated using the software OLINDA
EXM™.

Results: We found a compromise between the calculation
model and practical conditions. It has ensured dose estimation
in daily clinical routine with a reasonable effort and within
acceptable time. In consequence, the dosimetry method
developed for Bad Berka allows each of our patients to undergo
dosimetry after therapy using Lu-177-labeled peptides (peptide
receptor radionuclide therapy). Additionally, this approach can
be used for any internal radiotherapy using a gamma-emitting
radionuclide.

Conclusion: The BBDP is a practicable dosimetric approach,
which can be used in daily clinical routine. It not only helps in
identifying patients who would benefit most from the treatment,
but also those with unfavorable dosimetry. Additionally, the
analysis of dosimetric data from peptide receptor radionuclide
therapy (PRRNT) could help in predicting possible toxicity.

Keywords: Dosimetry, Peptide receptor radionuclide therapy,
DOTATATE, DOTATOC.
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INTRODUCTION

Currently, various radiolabeled therapeutic agents are used
against different forms of cancer. The challenge of internal
targeted radionuclide therapies is to deliver the highest

possible doseto the tumor while sparing normal organsfrom
damage. For the determination of the risk and therapeutic
benefit of such internal therapies, patient-specific dosimetry
is an essential prerequisite.

Dosimetry represents meanwhile a precious guide for
the selection of radionuclides and peptides as well as for
therapy optimization. There exist various methods to
estimate internal doses and recent studies promise new
perspectives to come.! Furthermore, a recent publication
presents guidelines regarding optimal practice of internal
dosimetry which would also enable researchers to use the
information for possible improvements to the approach.?

Dose estimations could be based on either two-
dimensional (2D) planar gamma cameraimaging or three-
dimensional (3D) imaging using SPECT/CT or positron
emission tomography/computed tomography (PET/CT).3#
The 3D techniques to enable the absorbed dose calculation
are however not routinely available. In fact, the MIRD
scheme providesamore conventional method for calculating
absorbed doses of radionuclides.® The optimal dose
estimation requires time-consuming and sophisticated
methods, including pharmacokinetic biodistribution aswell
as washout studies using the same radionuclide as is used
for therapy. This may be difficult owing to practical (e.g.
the patients' status) and physical reasons.

Due to encouraging clinical results, peptide receptor
radionuclide therapy (PRRNT) with radiolabeled
somatostatin analogs (SSTA) is now established as a
treatment modality in gastroenteropancreatic (GEP)
neuroendocrinetumors (NETS) and therefore one of the most
frequently used targeted radiotherapies. Because of an
increasing number of PRRNTSs, we aimed to make dosimetry
available for most of the patients and devel oped a specific
dosimetry procedure. The Bad Berka Dose protocol (BBDP)
is based on planar whole-body scintigraphies and used in
our daily clinical routine. The estimated mean absorbed
doses to organs and tumor lesions obtained from these
dosimetric calculations can be used to evaluate therapy
response as well as possible adverse effects.

Bad Berka Dose Protocol

The dose estimation requires an accurate determination of
thetime-dependent activity of the sourceregions. Thus, most
important is the correct evauation of the distribution and
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the kinetics of the administered radiopharmaceutical .57 For

dose estimations we developed a convenient procedure

which is based on the MIRD scheme, using the

OLINDAEXM™ software by adapting the calculation

model to our specia conditions. The main objective wasto

establish amethod which is practicablein our daily clinical
routine for ahuge number of patients.®° Flow Chart 1 show
the BBDP.

The following camera parameters were used for planar
whole-body imaging: MEDISO spirit DH-V dual-headed
gamma camera (Medical Imaging Systems, Budapest,
Hungary), MeGP collimator, 15% energy window, peak at
208 keV, scan speed 15 cm/min. Whole-body scintigraphies
were acquired at 5 time points postinjection: 0.5 hours
(immediately after administration of therapeutic activity)
followed by 3, 20, 44 and 68 hours postinjection.

The dose estimation consists of four main steps:

1. ROI analysis. Manual drawing of regions of interest
(ROI) using the HERMES™ whole-body display
(Hermes Medical Solutions, Stockholm, Sweden).

2. Determination of activity: Analysis of ROI statistics
using Excel sheet.

3. Fit: Fit of the time-activity graph using ORIGIN PRO
8.1G™.

4. Dose estimation using OLINDAEXM 1.1™,

The organs showing tumor involvement or overlaying
with other source regions were excluded from dosimetric
evaluation. For this reason, normal liver was not included
in the analysis in this study because nearly all patients had
extensive liver metastases. Some patients had liver lesions
superimposing on the right kidney, allowing only analysis
of the left kidney. In these cases, it was assumed that the
mean absorbed dose would be identical for both kidneys
(which were also checked and confirmed by prior *™Tc
MAGS scintigraphy proving that there was no significant
difference in the differential renal function). Also, kinetics
and mean absorbed dose to the spleen were not estimated
in several patients, who had undergone splenectomy.

To estimate the mean absorbed dose to red marrow
(RM), blood sampling was performed. After the
administration of thetherapeutic dose, venous blood samples
were obtained at different time points postinjection. The
radioactivity in 0.5 ml blood samples was measured using
a high-purity germanium detector and the activity in MBg/ml
was plotted against time. Depending on the degree of
correlation, the curves were fitted to bi- or triexponential
functions to determine the cumulated activity in blood.
Assuming that there was no specific uptake in the blood
cells, auniform distribution in the blood, and that clearance
from RM was equal to that from the blood, the mean

absorbed dose to RM was estimated by using the S-values
from the software OLINDA EXM ™ 1011

All data as well as dosimetric parameters and results
were documented. The database aso contains additional
data (e.g. concerning pretherapy examinations) which
facilitates comprehensive individual and/or interindividual
anaysis.

A possibledrawback of the BBDP may bethat it isbased
only on 2D planar imaging. It is known, that there are
intrinsic limitations of these 2D approaches, especially
regarding attenuation and scatter correction as well as
background and organ overlay.? Sandstém et al analyzed
the feasibility and reliability of individualized dosimetry
based on SPECT/CT in comparison with conventional
planar imaging in patients treated with *’’Lu DOTATOC.
Their results showed that planar and SPECT doses were
comparablein areasfree of tumors, but that planar dosimetry
overestimated the absorbed dose in tumor lesions.*®
Furthermore, Garkavij et al compared three different
quantification methods to eval uate the absorbed dose to the
kidneys. They found that patients evaluated according to
the conventiona planar-based dosimetry may have been
undertreated when compared to the evaluation according
to other methods using SPECT/CT, because the mean
absorbed dose to the kidneys was overestimated.!* Even
though the kidney dose is overestimated with planar
imaging, it isdefinitely better to be on the safer side than to
underestimate and overtreat. In conclusion, in spite of the
availability of more accurate methods for dose estimation,
planar imaging continues to be the most feasible option.

Dosimetry in Peptide Receptor
Radionuclide Therapy

Most frequently applied targeted radiotherapy at our
department is PRRNT using *’Lu- or Y -labeled SSTA.
Because the nuclide "L u, in contrast to *°Y , is not a pure
[B-emitter and has al so a certain amount of gammaemission,
it can be directly used for imaging and dosimetry during
the therapy cycle. Therefore, the BBDP is mainly used for
patients receiving 1"’ Lu-labeled peptides for therapy.

Since, different subtype receptor affinity profiles of the
various SSTA result in different uptake and kinetics in
normal tissues and tumors, we compared dosimetric
parametersin PRRNT using DOTATATE, DOTATOC and
DOTANOC.

To describedifferences between the variousradiol abeled
peptides, the following parameters were chosen: Uptake at
20 hours postinjection (maximum uptake for tumor lesions),
effective half-life and mean absorbed dose. To describe
differences among the peptides, nonparametric tests were
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INPUT
5 PLANAR WHOLE BODY SCANS
0, 3, 20, 44 and 68 hours postinjection
Gamma camera:
Mediso Spirit DH-V
dual head MeGP
Collimator 15% energy window peak at
208 keV 15 cm/min

* Obtain ROI-counts

» Placing regions of interest (ROI) on anterior and posterior view:

» Including: Organs, whole body, tumor lesions
» Excluding organs showing tumor infiltration or superimposition

ROI Analysis
Hermes Whole Body-Display

— ROI statistics

!

Determination of Activity

Excel Sheet

Analysis of ROI-statistics using geometric mean and

background correction.
Input:

» Organ thickness (ant-post) and tumor volumes

measured by latest CT/MRI/PET
= ROI counts anterior and posterior; background counts

Output:

« Fractions of injected activity=organ and tumor uptakes
including whole body remainder

Definition:

+ Counts obtained for wohle body ROI on the first scan
are defined to be 100% of injected activity

I

Fit
Origin PRO 8.1G
Input Fit of each time-activity graph depending on
Blood sampling degree of correlation = exponential function

1st or 2nd degree
« Fit results: Effective half-lives

Estimation of red marrow
mean absorbed dose

+ Calculation of residence time/cumulated

activity

|

Estimation of mean absorbed dose

OLINDA/EXM1.1

Estimation of organ and lesion mean absorbed
doses on the base of residence times using

OLINDA/EXM
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blood and OLINDA s-values
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v Dosimetry results
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Lesions: Using residence time of lesions and

OLINDA sphere model
Output: Mean absorbed doses

Flow Chart 1: Bad Berka dose protocol

used. All statistical tests were performed on ORIGINPRO
8.1 G™: p-values< 0.05 were considered to be significant.

All patientsenrolled in studies concerning PRRNT were
suffering from metastatic NETswith liver, lymph node, bone
or other organ involvement. Intense somatostatin receptor
expression of (inoperable) primary tumors and metastases
had been verified beforetherapy by using GaDOTANOC,
DOTATOC or DOTATATE PET/CT. Before PRRNT, each
patient was extensively informed about the therapeutic
procedure and possible adverse effects. All patients provided
written informed consent to undergo treatment and
follow-up. The studies were approved by the local Ethics
Committee and performed in accordance with German
regulations concerning radiation safety.

Dosimetry in Peptide Receptor Radionuclide
Therapy using *’Lu-DOTATATE, DOTATOC and
DOTANOC

The dosimetric parameters from 253 patients, treated with
1to 6 cyclesof " Lu-labeled DOTATATE, DOTANOC or

DOTATOC were compared. Differences with respect to
kinetics, biodistribution and mean absorbed dose, between
the three different peptides were analyzed on the basis of
dosimetric data obtained in this group.

For normal organs (whole-body, kidneys, spleen),
DOTATOC showsthe lowest and DOTANOC, the highest
uptake. The mean absorbed organ doses and half-liveswere
observed to be the lowest for DOTATOC. In contrast, the
highest uptakein tumor lesionswasfound for DOTATATE
and the lowest, for DOTANOC. The resulting mean
absorbed lesion doses were the highest for DOTATATE,
followed by DOTATOC and DOTANOC. DOTATOC was
found to have the best tumor to kidney ratio compared to
DOTATATE and DOTANOC, apart from the lowest
absolute mean absorbed renal dose.

Dosimetry in Peptide Receptor Radionuclide
Therapy using *’Lu-DOTATATE and DOTATOC
in the Same Patient

For intraindividual comparison, 25 patients who received
PRRNT, first using *’’Lu-DOTATATE, and in afollowing
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Graph 1: Comparison of 177Lu DOTATATE and "’Lu DOTATOC for uptake at 20 hours postinjection and mean absorbed dose in
whole body, kidneys and tumor lesions in the same patient

cycle using ’Lu-DOTATOC, were included in a study to
compare kinetics and mean absorbed doses of the two
peptides. The mean time between these therapy courseswas
18 months. In case a patient underwent more than one cycle
with each peptide, two consecutive cycles were chosen for
dosimetric analyses. Graph 1 shows comparative dosimetric
results for uptake at 20 hours postinjection and mean
absorbed dose.

A higher whole-body uptake at 20 hours postinjection
was found for DOTATATE as compared to DOTATOC in
24 out of the 25 patients (96%). Thefirst effective haf-life
was longer for DOTATOC in 22 patients (88%), whereas
for DOTATATE the second effective half-life was longer
in 17/25 (68%) patients. In 22 patients (88%), whole-body
dosewas dlightly but statistically significantly higher when
using DOTATATE as compared to DOTATOC.
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Renal dosimetric parameters (uptake, residencetimeand
mean absorbed renal dose) were significantly higher for
DOTATATE in 19 of 22 patients (86%). The effective half-
life was found to be similar for both peptides.

A higher uptake of DOTATATE at 20 hours
postinjection was observed in 85% of the analyzed tumor
lesions and 50% had a longer effective half-life of
DOTATATE. The mean absorbed dose to the lesions was
higher for DOTATATE in 65% of the lesions. These
differenceswere statistically significant for uptake and mean
absorbed dose, but not significant concerning the effective
half-life.
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0.12
Mean absorbed dose
0.10+
o 0.08+
S
=, 0.06
Q
=
0.04
0.02
0.00
1 2 3 4567 8 9101112131415 1617
Patients
B DOTATATE B DOTATOC
60
Uptake 20 hrs postinjection
50
<
B 404
2
z 304
g
@ 20 ‘ | H
0

1 2 34567 8 9101112131415 1617
Patients

O DOTATATE H DOTATOC

120
Effective half-life
100

80

60

Hours

40

20

1 2 3 456 7 8 910 111213141516 17
Patients
0 DOTATATE @ DOTATOC

Serial Dosimetry

Graph 2 shows dosimetric results in 17 patients, which
received three or four cyclesof 1’Lu-DOTATATE or Y/Lu-
DOTATOC. The administered activity was 3 to 8 GBq
7L u- DOTATATE or DOTATOC per cycle. 12/17 patients
received 3cyclesof 1’Lu-DOTATATE, 3/17 patientswere
treated using three cycles of /Lu-DOTATOC and 2/17
patients underwent therapy using four cycles of /LU
DOTATATE.

The mean absorbed rena doses showed a wide range.
A low variation wasfound for the effective hal f-life, whereas
the uptake and mean absorbed dose showed higher

Kidneys

Mean absorbed dose

1 2 3 6 7 8 910 11 12 13 14 15 16 17
Patients
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Graph 2: Serial dosimetry results for whole body and kidneys in 17 patients receiving 3 to 4 cycles of ’’Lu-DOTATATE and *""Lu-
DOTATOC. The mean absorbed dose, uptake at 20 hours postinjection and effective half-life are given in mGy/MBq, 1A% and hours

respectively
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Graph 3: Intraindividual variability (10 patients) and interindividual variability (173 patients) for uptake at 20 hours postinjection and
mean absorbed dose represented as percentage of SD (standard deviation)

differences between therapy cycles. Some of the dosimetric
results of whole-body showed ascending or descending
order in serial cycles, but for most of the dose parameters
no systematic pattern was found in consecutive therapy
COUrses.

A lower variation was found for ’’Lu-DOTATOC in
the effective half-life, uptake at 20 hours postinjection and
mean absorbed dose to whole-body and kidneys values as
compared to /Lu-DOTATATE.

Variability

A high interpatient variability was found for all dosimetric
results. Thisisnot unexpected since it was a heterogeneous
group of patients having varying receptor densities and
tumor burden. In addition, the results showed a high
intrapatient variability in the undergoing several cycles of
therapy with different peptides.

Graph 3 showsbothintra- and interindividual variability
for uptake and mean absorbed dose: The variation is given
in percent of the standard deviation (%SD = SD/mean
value). Theintraindividual variation was determined using
dosimetric parametersfrom 10 patientswhich received three
therapy cyclesof "’Lu-DOTATATE. Based on dosimetric
analysis in 173 patients treated with *’Lu-DOTATATE,
the interindividual variation was determined. The lowest
variation was seen for whole-body and kidneys, whereas
tumor lesions showed the highest variability. The
interpatient variability was higher than the intrapatient
variability.

Graph 4 shows dosimetric results in one patient, who
received six cyclesof therapy using three different peptides.
The highest whole-body uptake was observed during the
first therapy when using DOTANOC, whilethe highest renal
uptake was found at third therapy. For the liver lesions,

maximum uptake was observed during the first two
therapies. DOTATOC demonstrated the lowest whole-body
uptake. Also noticeable were the differences in the initial
renal uptake, similar effects being seen for liver lesionsand
the spleen. There was no systematic pattern of uptake or
mean absorbed dosein consecutive therapies. Also in other
patients who received more than one cycle of therapy using
7 u-DOTATATE, kinetics was variable and no specific
order for consecutive therapies was found. Consequently,
the dosimetric calculations in one cycle of PRRNT should
not be used to predict doses during following cycles, even
if the same peptide is used.

Although the variability may be attributed to the
difference in biological behavior of the peptides, the fact
that there might also have been an influence of previous
radiopeptide therapies or other treatment modalities, must
be taken into account. The possible effects of the previous
treatments on the outcome of PRRNT (e.g. effect on the
tumor radiosensitivity) are well known in literature.

Conclusion

BBDP in peptide receptor radionuclide therapy: From the

studies concerning comparison of dosimetric results in

PRRNT using *""Lu-labeled peptides DOTATATE,

DOTANOC and DOTATOC, the following conclusions

could be drawn:

e The in vitro higher affinity of DOTANOC correlates
with the in vivo higher uptake for whole-body and
normal tissue, which results in a higher whole-body
dose. Therefore, this peptide is not ideal for PRRNT.

e Concerning kidney uptake and mean absorbed dose to
normal organs and whole-body, DOTATOC reveaed
the highest tumor-to-kidney ratio and isvery appropriate
for PRRNT.
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Graph 4: Dosimetric results in 6 cycles of PRRNT in one patient using three different peptides

« DOTATATE was shown to deliver the highest tumor
dose (due to the longer residence time in the malignant
lesions) and is also very suitable.

Additionally, the finding of large variability should be
addressed in further studies. It isrecommended that median
values of absorbed doses among patients should not be the
only criteriato plan PRRNT. Theinterindividua differences,
particularly organ functionality, metabolism or receptor
density in organs and tumor lesions, must be taken into
account.

The studies demonstrate further, that the calculation of
mean absorbed doses to critical organs and tumor lesions
should be considered for estimation of possibletoxicity from
PRRNT. In conclusion, individual dosimetry in PRRNT is
essential for optimal PRRNT.

More Possibilities for the use of the BBDP

In addition, the BBDP can be used to estimate dosimetric
parameters of other radiopharmaceuticals used for internal
radiotherapy.

" u-BPAMD ((4-{ [bis-(phosphonomethy!l)) carbamoyl]
methyl} -7, 10-bis (carboxymethyl)-1, 4, 7, 10-tetraazacyclo-
dodec-1-yl acetic acid) is a promising new treatment option
for skeletal metastasesin prostate cancer. We used the BBDP
to determine organ and tumor kinetics and to estimate the
mean absorbed dose to normal organs and tumor lesions.

Graph 5 shows the time-activity graphs for the whole-
body and the kidneys, and blood kinetics are shown in
Graph 6. A fast clearance of /Lu-BPAMD from whole-
body, normal organs as well as from blood was found. In
contrary, skeletal lesions showed a very long retention /
half-life of the radiopharmaceutical.

We concluded therefore, that *'’Lu-BPAMD hasoptimal
characteristicsfor radionuclide therapy of osteoblastic bone
metastases in prostate cancer.

CONCLUSION

Wefound acompromise between the cal cul ation model and
practical conditions by adapting the MIRD scheme to the
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Graph 5: Y"7Lu-BPAMD kinetics (P—patient; D—dosimetry) in five patients receiving 1 to 3 cycles of therapy

special conditions at our department. Although it is known
that the quantification of the activity in different organs
from planar datais hampered by inaccurate attenuation and
scatter correction as well as because of background and
organ overlay, the BBDP procedure is very practical
approach. We showed that the dosimetric evaluation using
the BBDP:

Helps in identifying SSTA, which are preferable for
PRRNT with Lu-labeled peptides.

Helps to explain possible toxicity, e.g. renal, as the
kidneys are dose limiting organs.

Plays an important role in understanding therapy
response and benefit.

The BBDP has ensured dose estimation in daily clinical

routine with areasonable effort and within acceptable time.
In consequence, this approach allows each of our patients
to undergo dosimetry after therapy using *’’Lu-labeled
peptides.

Since, advanced methods for dose estimations based on

3D imaging using SPECT/CT and appropriate software are
not routinely available, the BBDP remains an alternative
solution for internal dose estimation.

Additionally, the BBDP can be used for any internal

radiotherapy using a gamma-emitting radionuclide.
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Ga-68: A Versatile PET Imaging Radionuclide

Jaya Shukla, BR Mittal

ABSTRACT

Gallium-68, a positron emitter, is available via %8Ge/®®Ga
generators. The simple chemistry and easy availability has
increased its application from the clinical diagnosis to
personalized therapy and has lot more potential in future.
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INTRODUCTION

The availability of ®Gaas a positron emission tomography
(PET) radionuclide for imaging dates back to early 60's at
a time when neither PET nor fluorine-18 (F-18) was
established. With the emergence of cyclotron and automated
chemistry modules, F-18 radiopharmaceutical s established
their empire in nuclear medicine. The resurgence of %Ge/
%8Ga generator was due to the consistent efforts by
radiochemists from Czechoslovakia and Russia in 20th
century.? The modern %Ge/®®Ga generators have proved
to be a milestone for noninvasive state-of-art PET/CT
imaging. After that there was no looking back for Ga-68
imaging.

The advantages of ®®Ga over other PET-based
radionuclidesareitsavailability from an in-house generator
independent of an onsite cyclotron. The half-life of Ga-68
is 68 minutes. Eighty-nine percent of Ga-68 decays by
emitting positron of 1.92 MeV and therest 11% by electron
capture. The parent ®Ge is produced in accelerator by
(p, 2n) reaction on Ga,0, target. ®Ge decays with a half-
life of 270.8 days by electron capture which enable long
shelf life to generator (>6 months) and reduces the unit-
dose cost. Due to short half life, Ga-68 can be eluted 2 to 3
timesaday (after 3-5 hours) as per the requirement/patients
number.

8Ge/®®*Ga GENERATOR SYSTEM

In %8Ge/®®Ga generator system, %Ge is strongly adsorbed
on different solid supports such as, metal oxides (Al,O,,
TiO, or SnO,), organic (pyrogallol-formaldehyde resins)
and inorganic supports (silica based).*® The Ga-68 from
currently available ®Ge/®Gageneratorsiseluted with dilute

hydrochloric acid as a cationic %Ga®*. Initialy the long
processing was required to remove metallic impurities of
solid support and Ge-68 breakthrough from Ga-68 elute.
With the development of nonmetallic silica-based column,
the processing step for the elution of Ga-68 was eliminated.
Silica has high binding affinity for Ge which reduces the
Ge-68 breakthrough to negligible level.

APPLICATION OF ®Ga®*

Gallium acts as an iron analog and binds to transferrin and
lactoferrin. The complex diffusesthrough loose endothelial
junctions of capillaries at the sites of inflammation and
enters the extracellular fluid. Leukocytes also migrate to
sites of inflammation, degranulate and release large
quantities of lactoferrin. Ga attaches to siderophores of
bacteria and therefore can be used in leukopenic patients
with bacterial infection and also in detecting sterile
abscesses that provoke a leukocyte response.” In earlier
times, Ga-67 citrate was very popular for infection imaging
by exploiting above properties of Ga.® Due to low energy,
long imaging time (half life: 78 hours) and poor image
quality, the impact of Ga-67 imaging faded away. The
resurgence of Ga-68, a PET radionuclide has revived the
importance of ¥Gaasnatural in vivoinfection/inflammation
imaging agent.>'° Now, theinfectionimaging isdone using
8Ga-citrate and 8GaCl .

8Ga** CHEMISTRY

%8Ga-complexes has simple agueous coordinate chemistry
based on Me(I11).** Gallium, in aqueous solution, occurs
solely in +3 oxidation state and is classified as a hard acid
metal. Gallium can bond to highly ionic hard base ligand
donors, such as carboxylic acids, amino nitrogens,
hydroxamates, thiols and phenolates. The Ga chemistry is
highly influenced by pH change. The optimum pH (3-5) is
required for its aqueous chemistry. The pH below optimum
inhibits the reaction and at pH above optimum range, i.e.
>5, it tends to hydrolyze and leads to the precipitation as
Ga(OH)s.

Ga-68-LABELED MOLECULES

Several suitable bifunctional chelators have been devel oped,
and coupled with biomoleculesfor Ga-68 labeling. DOTA,
NOGADA and NOTA are commonly used bifunctional
chelators. Many peptides/biomolecules like receptor
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peptides and antibodies etc have now been successfully
modified by these chelating agents without compromising
their functional properties which further widened the role
of Ga-68 PET/CT imaging. These peptides/biomolecules
show very fast target localization and fast blood clearance
thus, making the short half-life ideal for clinical studies. In
the last decade %®Ga-DOTA-octreotides replaced
9MT /M n-DTPA-octroescan used for neuroendocrine
tumor (NET) imaging. %8Ga-DOTA-octreotides proved to
be apromising radiopharmaceutical for diagnosis, treatment
planning, therapy response evaluation and disease
recurrence of NET.'? Several peptides like somatostatin for
imaging NET, integrin peptidefor imaging neoangiogenesis,
etc. are now available as cold kits.

Ga-68 |abeling has al so been explored with other peptide
receptors, like cholecystokinin/gastrin and GLP-1 analogs
for NETs, bombesin and neuropeptide-Y analogs for
prostate or breast cancers.>*° Arg-Gly-Asp (RGD) acyclic
tripeptide is used to image neoangiogenic/angiogenic
vessels and mediated cell adhesion molecule by targeting
overexpressed o, 35 integrin. Inflammatory bowel disease,
inflamed synovial tissue of rheumatoid arthritis and
inflammatory atherosclerotic plagues can also be visualized
by %8Ga-RGD peptide.’® Vascular adhesion protein-I
(VAP1) is an inflammation inducible endothelial cell
molecule. It also contributes to extravasation cascade and
controlstrafficking of leukocyte at the site of inflammation.
VAP-1isexpressed on the endothelial surface of intestinal
blood vesselsininflammatory diseases, in skininflammation
(psoriasis), synovial blood vessels of inflamed joints
(rheumatic arthritis) and cardiovascul ar diseases. However,
VAP-1 is absent from the endothelial surface of normal
tissues. Ga-68-labeled peptide against VAP-1 have been
used for in vivo imaging of VAP-1 knockout.!’

FUTURE

In the modern era of ‘personalized medicine’, Ga-68 has a
promising role. The targets can be defined with the help of
diagnostic Ga-68 PET/CT using appropriate ligands
(peptides/biomolecules) for detection of disease,
pretherapeutic measurement of organ and tumor doses. The
therapeutic analog of imaging radionuclide (Lu-177/Y-90)
can be selected for therapy using the same peptide.
Nanomedicine in future has a great potential for early
detection, accurate diagnosis and personalized treatment of
various diseases, particularly cancer. Nanomedicine can
offer unprecedented interactions with biomolecules, on the
surface as well asinside the cells which may revolutionize
disease diagnosis and treatment. Molecular imaging can
measure the expression of molecular markers at different

stages of diseases and provide relevant and reliable
information in anintact system. Theinformation may speed
up the drug devel opment process and help inindividualized
treatment monitoring and dose optimization. Ga-68 is an
ideal radionuclide for labeling various nanoparticles like
single-walled carbon nanotubes (SWNTS), quantum dots
(QD), polymeric and metallic nanoparticles, etc. for
evaluation of their biodistribution, pharmacokinetic
properties and tumor targeting efficacy.®?° Theinformation
may be utilized for early diagnosis, selecting better treatment
options and predicting the disease prognosis.

With each passing day, the reign of Ga-68 in research
and clinical applicationisincreasingly being established. It
hasalotin storefor future. The easy availability and simple
chemistry based on sophisticated chelating agents for Ga-
68 will make it parallel to kit-based Tc-99m chemistry as
predicted by Deutsch.?!
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