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ABSTRACT.
The quantitative
uptake kinetics
of (24”F]fl
uoropropionyl-(D)phe’)-octreotide
(I), a
somatostatin
(SRIF) receptor-specific
tracer, was measured by PET. Conventional
organ biodistribution
and
in viva stabilities of the tracer as well as in viva displacement
and SRIF receptor blocking were determined.
The laF-fluorinated
octreotide
was compared with ( [67Ga]-DFO-B
-succinyl-(D)phel)-octreotide
(II) and
([86Y]-DTPA-(D)phe’)-octreotide
(III). Initially,
2-10 MBq of the labeled tracers were injected into male
Lewis rats bearing an exocrine pancreatic islet cell tumor. PET measurements
were performed dynamically
between 0 and 120 min postinjection.
Organ distributions
were determined
5, 15, 30, 60, and 120 min
postinjection.
The extent of metabolic degradation was analyzed in serial blood and urine samples as well as
in homogenized samples of tumor, liver, and kidney. The uptake of (I) by the tumor was rapid (maximum
accumulation
at l-2 min postinjection)
and high (about 0.5 + 0.2 %ID/g), followed by a fast and continuous
release with k,,, = 10 f 2 * 10e5 s-l. The tracer was found to remain intact in viva up to 120 min
postinjection.
Specific binding of (I) to SRIF receptors in the adrenals, the pancreas, and the pituitary
gland
was demonstrated
in viva by pretreatment
and displacement
experiments.
Compound (II) also showed a fast
uptake by the tumor. Its tumor residence half-life was longer (k,,, = 3.0 + 0.5 . 10m5 s-l). Compound (II)
was also predominantly
excreted intact. One hour postinjection,
the remaining activity in the blood pool was
found to be bound to serum proteins. Early uptake kinetics for compound (III) were also rapid but reached
only half the tumor uptake of (II). Compared to (I), the release of s6Y-activity
from the tumor was slower
(k,,, = 3.1 + 1.3 + lop5 s-l). Compared to (II), compound (III) was considerably less stable in aivo. The
main critical organs for (II) and (III) are kidneys and bones, whereas (I) is predominantly
accumulated in the
liver. The in viva behavior of (I) closely resembles “C-labeled
octreotide.
Thus, “F-labeled
octreotide may
be of interest in the quantitation
and investigation
of in vivo properties of somatostatin
receptors by PET.
However,
the short residence of (24 “F]fl uoropropionyl-(D)phe’)-octreotide
in tumors and its hepatobiliary
excretion
may complicate
the interpretation
of abdominal
tumors.
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INTRODUCTION
In viva detection of SRIF (somatotropin
release inhibiting
factor)
receptor-positive
tumors using radiolabeled
somatostatin
analogues such as the octapeptide
octreotide
(Sandostatin@,
SDZ
201-995) is a tool routinely
used in tumor diagnosis (25). For this
purpose, various somatostatin-derived
radiopharmaceuticals
have
been developed,
such as Octreoscan@lll
(( [“‘In]-DTPA(D)phe’)-octreotide
(SDZ 215-811))
(4), [‘231]-Tyr’-octreotide
(SDZ 204-090)
(5), ([99”Tc]-PnAO-(D)phe’)-octreotide
(SDZ
219-387) (27), and [99’“Tc]-N4-Bz-octreotide
(SDZ 220-778) (44)
for SPET as well as ( [68Ga]-DFO-B-succinyl-(D)phe’)-octreotide
(42) and [64Cu]-TETA-(D)phe’)-octreotide
(3) for PET. Among
these tracers, ([“‘In]-DTPA-(D)phe’)-octreotide
and [lL31]-Tyr3octreotide
are in routine clinical application
(23, 24). Additionally, some radiolabeled
analogues of the synthetic
octapeptides
RC- 12 1, RC- 160, and RC- 16 1 have been reported and seem to
have some potential
as tracers for somatostatin
receptor imaging
(7, 9, 10, 43).
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TU

Gallium-67,

Yttrium-86

The possibility
of dynamic quantification,
dosimetric
calculations, and the measurement of fast in vioo kinetics together with
the higher resolution
may favor the use of PET and positronemitting
radionuclides
(such as 18F, 68Ga, 86Y, and 64Cu).
Recently,
the synthesis of (2-[‘“Flfluoropropionyl-[DIphe’)-octreotide has been described (17) as a potential
tracer for in viva
quantitation
of SRIF receptors. The aim of the present study was
to evaluate the potential
of ‘sF-octreotide
for in viva tumor
diagnosis with PET by characterizing
its quantitative
uptake and
binding kinetics and the extent of in vivo degradation in rats bearing
an exocrine pancreatic tumor.
To compare
the results with other octreotide
derivatives
suitable for PET, similar measurements
were carried out for
([67Ga]-DFO-B-succinyl-(D)phe’)-octreotide
and ([s6Y]-DTPA(D)phe’)-octreotide
(Fig. l), which was prepared as an yttrium86.analogue
of Octreoscan@
(SDZ 215-811).
For the latter
compound,
however, the main intention
was to determine
the
quantitative
uptake kinetics as a prerequistite
to calculate dosimetric data using yttrium-86
(t,,, = 14.7 h, 32% p’) and PET. These
data are relevant
for the -evaluation
of SRIF receptor-positive
tumors with yttrium-90
(t,,, = 64.1 h, 100% P-)-labeled
somatostatin analogues.
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1. Summary

Octreotide
derivative

Experiments

(Male

Lewis

Injected
Animals

[‘aF]-octreotide

Fl
F2
F3
F4-15
Gl-15
Yl
Y2
Ye-15

[67Ga]-octreotide
[86Y]-octreotide

MATERIALS

of Animal

Rats Bearing

activity

an Exocrine

218
218
16.5
5-25
8.5
107
98
50-63

AND METHODS

HPLC of ‘sF-octreotide
was carried out with a system consisting of
two pumps (L6000 and L6200A intelligent
pump, both MerckHitachi, Darmstadt, Germany). The recorded data were processed
by a Ramona software system (Nuclear Interface, Datentechnik
fiir
StrahlenmeBgerate
GmbH,
Mtinster,
Germany).
HPLC of the
metal-labeled
compounds was performed with a SYKAM
S1020
system (Sykam GmbH, Gilching,
Germany) coupled to a 486/50
PC operating AXXIOM
software system. For continuous radioactivity measurement,
the outlet of the UV-photometer
was connected to a Nal(T1) well-type scintillation
counter (MeBelektronik
Dresden GmbH, Dresden, Germany).

Reagents
All chemicals were obtained commercially and were of analytical grade
unless stated otherwise. Both -Boc-Lys5-octreotide
and [Desferrioxamine B-succinyl-(D)phe’]-octreotide
(DFO-octreotide)
were obtained
from Sandoz Pharma, Basel, Switzerland. (Diethylenetriamine
N,N,
N’,N”-tetraacetic
acid-l\l”-acetyl-(D)phe’)-octreotide
(DTPA-octreotide) was prepared by reaction of DTPA-bisanhydride
with E-BocLys5-octreotide and subsequent deprotection of the lysine group (4).

l

Radioisotopes
No-carrier added (n.c.a.) fluorine-18 (t,,, = 109.7 min, 98% p’) was
produced via the “O(p,n)“F
nuclear reaction by bombardment of an
isotopically enriched [l*O]water target with a 17-MeV proton beam at
the BC 1710 cyclotron (JSW), as described previously (18). Gallie
urn-67 (tliZ = 78.3 h, EC) was obtained from Amersham as gallium
citrate. Anion exchange column chromatography removed the excess
citrate. Yttrium-86 (tliZ = 14.74 h, 33% p’) was produced at the
Jtilich CV28 compact cyclotron via the “Sr(p,n)-reaction
on highly
enriched R6SrC0, (36, 37). After the chemical separation, isotopically
pure (>97%) stock solutions of n.c.a. 86Y(III) in 0.1 M HCl were
obtained with a specific volume activity of >lO mCi/mL. For some
conventional biodistribution
measurements, the longer-lived y-emitter
yttrium-88
(t I,z = 106.6 days, EC) was used. This isotope was
produced via the ““‘Sr(p,xn)-reaction
at the Jtilich CV28 compact
cyclotron in the same way as described for the 86Sr(p,n)86Y-system.
Radiopharmaceuticals
The (2-[‘8F]fluoropropionyl-(D)phe’)-octreotide
was synthesized in
a three-step
procedure
(17). ([67Ga]-DFO-B-succinyl-(D)phe1)octreotide was prepared by addition of 260 yCi 67Ga(III)
in 3 mL
0.1 M NH,OAc
(pH 5) to 60 PL of a DFO-(D)phe’-octreotide

Tumor)

Injected
peptide
concentration
[nmol]

Wil

Instrumentation

Pancreatic

Animal

0.5
0.5
0.16
0.01-0.06
0.4
0.29
0.29
0.14

studies

PET O-120 min
PET O-120 min
PET O-120 min
ex viwo biodistribution
ex uioo biodistribution
PET O-120 min
PET O-60 min
ex viva biodistribution

stock solution
(0.19 mM) and subsequent incubation
at room
temperature (RT) for 20 min according to a previously published
report (42). DTPA-(D)phe’-octreotide
was labeled with yttrium-86
by addition of 6 p,L of a DTPA-(D)phe’-octreotide
stock solution
(0.18 mM) to 500 &i (18.5 MBq) s6YC1, in 1 mL 0.01 M Na,Cit
(pH 5.9) and incubation at RT for 15 min.

Quality

Control

Final determination
of specific activity and radiochemical purity was
performed by HPLC using the following conditions: (2-[‘8F]fluoropropionyl-(D)phe’)-octreotide:
LiChrospher
RP-18 Select B, 5 km,
125 X 8 mm, gradient system: eluant A = water/acetonitrile/phosphoric acid 900/100/6; v/v/v), then adjusted to pH 2.9; eluant B =
Water/acetonitrile
(300/700; v/v); gradient: 5%-95% B in 20 min, flow
rate = 2.5 mL/min, T = 20°C; k’ = 5.5. ([67Ga]-DFO-B-succinyl(D)phe’)-octreotide:
Chromasil C-18 peek, 5 km, 250 X 4 mm;
gradient system: eluant A = 0.1% acetic acid; eluant B = acetonitrile;
gradient: 2% B const. O-3 min; 2%-30% B 3-5 min; 30%-35% B 5-20
min, 35%-100% B 20-25 min, flow rate = 1.0 mL/min, T = 20°C; k’
= 8.4). ([86Y]-DTPA-(D)phe’)-octreotide:
Chromasil C-18 peek, 5
pm, 250 X 4 mm; gradient system: eluant A = 0.05 M sodium acetate,

TABLE
2. Ex Vivo Biodistribution
Data of (2M[“F]Huoropropionyl-(
D)phe’ )-Octreotide
in Rats Bearing
an Exocrine
Pancreatic
Islet Cell Tumor
and Control
Rats, 60 and 120
min Postinjection
TumoreBearing
Organ
Pituitary
Brain
Bone
Intestines
Pancreas
Liver
Blood
Kidney
Adrenals
Heart
Lung
Tumor
Spleen

60 min
0.71
0.01
0.04
1.90
0.70
1.23
0.10
1.30
2.40
0.06
0.14
0.52
0.21

2
?
+
?
k
?
?
?
-+
?
?
k
2

0.03
0.01
0.01
0.34
0.08
0.04
0.03
0.13
0.48
0.01
0.01
0.24
0.05

Rats
120 min
0.69
0.01
0.05
1.79
0.34
1.63
0.04
0.59
1.07
0.02
0.06
0.17
0.11

+
*
-c
?
t
”
2
2
?
2
t
k
?

0.37
0.01
0.01
0.24
0.01
1.41
0.01
0.21
0.38
0.01
0.01
0.02
0.02

Control
60 min
1.27
0.01
0.17
6.30
1.12
1.93
0.12
1.04
2.18
0.07
0.19

?
+
5
t
?
?
?
?
”
?
?

0.21
0.01
0.14
2.41*
0.41
0.29
0.03
0.22
0.27
0.02
0.03

0.14 2 0.04

Rats
120 min
(n=
1)
1.42
0.01
0.03
2.57
0.67
1.11
0.06
1.50
1.71
0.04
0.09
0.07

(n = 3, unless stated otherwise). Calculated data expressed as %injecred
dose/g (mean 2 SD).
*Only parts of the intestines

were counted.
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adjusted to pH 5.5; eluant B = methanol; gradient: 40%-80%
O-20 min, flow rate = 1.0 mL/min, T = 20°C; k’ = 4.8).

Biodistribution

B

Studies

In oivo studies were performed with control and SRIF receptorpositive tumor-bearing
rats. The experimental
procedures used were
approved officially
and were in accordance with the guidelines on
the use of living animals in scientific investigations.
Male Lewis rats
(250 2 50 g) bearing an intrascapular exocrine pancreatic islet cell
tumor were used for in vioo studies as described previously (19, 22).
Experiments were performed at 8 to 9 days after the inoculation
of the tumor cells. At this time the tumors weighed 1-5 g. Prior to
the application of the radiotracers, initial anesthesia was carried out
by halothane or isoflurane followed by i.p. injection of hexobarbital
(165 mg/kg). Subsequently,
100-200 FL of the radiolabeled
octreotides were injected in the vena jugularis. The animals were
sacrificed by cervical dislocation
5, 15, 30, 60, and 120 min after
injection,
and the organs of interest were rapidly dissected. The
radioactivity
was measured in weighted
tissue samples using a
y-counter
(Canberra-Packard,
Frankfurt,
Germany).
Additional
experiments were performed with normal NMRI mice to study the
extent
of hepatobiliary
clearance
of (2-[‘sF]fluoropropionyl(D)phe’)-octreotide.
Data are expessed in % injected dose/g tissue ? SEM (n = 3, unless otherwise stated). Table 1 summarizes
the protocol used for the studies on the tumor-bearing
rats.

In Vivo

TABLE
4. Ex Vivo Biodistribution
Data of [a’Y].DTPAOctreotide
in Male
Lewis
Rats
Bearing
an Exocrinic
Pancreatic
Islet Cell Tumor
and Control
Rats, 60 and 120
min postinjection
(n = 3)

Pituitary
Brain
Bone
Intestines
Pancreas
Liver
Blood
Kidney
Adrenals
Heart
Lung
Tumor
Spleen

0.63
0.03
1.31
0.17
0.18
0.65
0.46
1.10
0.25
0.41
0.50
0.44
0.86

t
-c
?
?
2
2
-c
?
?
2
2
?
k

The extent of in oioo degradation of the radiopharmaceuticals
was
analyzed by reversed-phase and size-exclusion chromatography.
Urine
samples were diluted 1:lO in HPLC solvent and directly analyzed using
a reversed-phase column (see Quality Control section). Blood samples
were immediately centrifuged at 4000 g. The plasma was subjected to
size-exclusion chromatography
(Sephadex G-25 column and BioSil
SEC 250, 300 X 7.8 mm, BioRad, Richmond, VA) to determine
protein-bound
activity. Additionally,
by adding a 1:l mixture of
MeOH/MeCN
and second centrifugation,
reversed-phase chromatography of the protein-free
solution was performed to determine
the amount of intact tracer. After homogenizing
the tissue samples

TABLE
3. Biodistribution
Data of [67Ga]-DFO-Octreotide
in Male Lewis Rats Bearing
an Exocrinic
Pancreatic
Islet
Cell Tumor
and Control
Rats, 60 and 120 min postinjection

Control

rats

0.17
0.01
0.21
0.04
0.02
0.20
0.05
0.07
0.02
0.02
0.07
0.17
0.58

1.39
0.02
1.59
0.15
0.15
0.76
0.13
0.98
0.19
0.27
0.23
0.39
0.95

?
It
It
2
2
?
t
5
+
-+
?
+-c

rats

60 min

120 min

60 min

Organ

2.03
0.02
0.23
0.08
0.14
0.24
0.16
2.60
0.79
0.10
0.16

k
-c
2
2
rfr
?
?
?
+?
+
0.26 k

1.17
0.01
0.14
0.07
0.07
0.01
0.05
0.16
0.04
0.01
0.05
0.05
0.15

1.12
0.01
0.01
0.02
0.01
0.03
0.01
0.18
0.19
0.01
0.02
0.02

Calculated data expressed as %injected dose/g (mean + SII).

from liver, pancreas, kidneys, and tumor, similar analytical
dures were performed as described for the blood samples.

Pretreatment
and Displacement
Non-Tumor-Bearing
Rats

Studies

Stability

Tumor-bearing

Studies

proce-

in

For SRIF receptor-blocking
studies, 1 mg/kg SMS 201-995 (octreotide)
was administered i.v. into the vena jugularis as a lOO-PL bolus 5 and 10
min prior to the injection of (2-[tsF]fluoro-propionyl-(D)phe’)-octreotide. Alternatively,
1 mg/kg SMS 201-995 was administered subcutaneously 10 min prior to the injection of the radiotracer. For the
displacement studies, 1.0 m&g SMS 201-995 were given i.v. 5, 10,
and 20 min after injection of (2-[‘sflfluoropropionyl-(D)phe’)-octreotide. All animals were sacrificed 60 min postinjection
of the
radiotracer. Subsequent determination
of the activity accumulation
in organs with high SRIF receptor density (adrenals, pancreas, and
pituitary)
(25, 34, 35) was performed as described above (biodistribution studies). Data are expressed as ratio of type (%ID/organ)/
(%ID/organ control) ? SEM (n = 3, unless stated otherwise). The
control animals (n = 3 ) were sacrificed after 60 min.

PET

Data

Acquisition

and

Imaging

Studies

(n = 3)
Tumor-bearing
Organ
Pituitary
Brain
Bone
Intestines
Pancreas
Liver
Blood
Kidney
Adrenals
Heart
Tumor
Spleen

60 min
0.58
0.01
0.26
0.15
0.59
0.81
0.45
4.14
3.35
0.23
0.82
1.74

?
?
+
c
k
+
t
t
-c
-c
2
?

0.04
0.01
0.02
0.02
0.12
0.33
0.07
0.36
0.84
0.03
0.11
0.89

Control

rats
120 min
0.71
0.02
0.33
0.13
0.33
0.56
0.58
2.71
2.62
0.22
0.57
0.76

+
i-c
?
2
k
?
?
k
?
+
+

0.06
0.01
0.15
0.03
0.02
0.21
0.23
0.26
0.35
0.11
0.18
0.29

rats

60 min
-

0.21 2 0.05
0.26T0.02
0.25 + 0.05
4.66 + 0.95
0.08 k 0.04
0.18 ? 0.04

The PET measurements were performed with a PC-4096-15WB
camera (SCANDITRONIX-GE,
Uppsala, Sweden). The camera has
an axial field of view of 10.5 cm; thus, the entire animal was positioned
with its medial axis parallel to the middle plane of the scanner.
Performance characteristics
of the scanner have been previously
described (38). For the purpose of attenuation correction, a transmission scan of 10 min was done before the tracer injection. The
radiotracers were administered within 5 set in a lOO-j.rL volume. The
injected activity was determined by measuring the injection syringe
before and after application using a Curiemeter for fluorine-18 and a
Ge(Li) detector for yttrium-86. Simultaneously with the tracer injection, dynamic PET scanning was started for 60, 75, or 120 min with
intervals of 30 set at the beginning and 10 min at the end. To optimize
the sampling of the PET data, wobble and interleave mode was used.
The interleave mode yields 30 image planes with an interplane
distance of 3.2 mm. The reconstructed image resolution was about 5.5
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FIG. 1. Structures of the ocb
reotide analogues 24 18F]fluoro~
propionyl-( D )phe’ -octreotide (I),
DFO-(D)phe’-octreotide
(SDZ 216
927) (II), and M’PA-(D)phe’octreotide (SDZ 215-811) (III).
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mm. The reconstructed PET images had a matrix size of 256 X 256
with a pixel size of 1 mm X 1 mm. For the definition
of regions of
interest (ROI) an image was used that summarizes the PET data
from 10 min to 100 min. ROIs were placed over the liver,
kidneys,
bladder,
and tumor. The reconstructed
images were
obtained in activity/volume
(nCi/mL).
Decay-corrected
time-activity curves were calculated. No additional efforts were undertaken for
the correction
of partial,volume
effects.
Additionally,
absolute activity concentrations
in the organs of
interest were normalized
to an injected activity
of 1 @.Zi, thus
providing
information
comparable
to the data of the ex oiuo
biodistribution
experiments in terms of %ID/g.
At the end of the PET measurements the animals were sacrificed
and the organs of interest were measured in the same way as
experiments. Uptake kinetdescribed in the ex vim biodistribution
ics measured by PET could thus be compared with biodistribution
data at 60 and 120 min postinjection.

RESULTS
Radiopharmaceutical

Syntheses

Synthesis of (2-[‘sF]fluoropropionyl-(D)phe’)-octreotide
complished within 120-130 min with radiochemical
to 30% based on 18F-fluoride. The specific activity

was acyields of 25%
of the HPLC-

purified product was in the range of 38-42 GBq/p,moL peptide.
Initial attempts to quantify the incorporation
rates for both metallabeled compounds by HPLC with commonly used C-18 matrices
were unsuccessful because recovery of the injected yttrium-86
activity was not quantitative.
Further experiments with an HPLC
system consisted of fully peek-coated
columns and capillaries
showed quantitative
recovery. The incorporation
yield of gallium-67 into DFO,(D)phe’-octreotide
was generally >99.5% in 20
min. [67Ga]-DFO-(D)phe1-octreotide
was obtained in a specific
activity
of 0.84 GBq/pmoL.
The synthesis of [86Y]-DTPA-(D)phe’-octreotide
was quantitatively
accomplished within 15 min and
resulted in a specific activity of 17 GBq/p.moL.

Ex Vivo

Biodistribution

The tissue distributions
of radioactivity
in the tumor-bearing
rats 60
and 120 min after i.v. injection of the three tracers are shown in
Tables 2-4.
Sixty min postinjection
of (2-[‘“Flfluoropropionyl-(D)phe’)-octreotide
most of the administered
activity
was found in the
intestines, liver, pancreas, kidneys, and the tumor. However, the
highest activity
concentrations
(% ID/g tissue) were located in
adrenals, intestines, kidneys, and liver. The tumor and the organs with
a high density of somatostatin receptors reached an activity concen-
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T

T

FIG. 2. Hepatobiliaq
clearance of
(2.[“F]fluoropropionyl-(D)phe’)octreotide.
Uptake
kinetics
in
liver, bile, and intestines of normal
NMRI mice.

Time p.i. [min]
tration after 60 min of 0.5% ID/g (tumor), 2.4% ID/g (adrenals), 0.7%
ID/g (pancreas), and 0.7% ID/g (pituitary gland), respectively. There
was a significant release of radioligand from the,organs of interest.
‘“F-activity
concentration
in
Between 1 h and 2 h postinjection,
the tumor decreased from 0.52 + 0.24 to 0.17 t 0.04% ID/g.
The blood clearance was also rapid, and led to values of 0.1%
ID/g after 60 min and 0.04% ID/g after 120 min.
located in the kidneys decreased, activity
As the 18F-activity
continuously
increased in the intestines, from 0.2% ID/g 5 min
postinjection
to 1.9% ID/g after 60 min, a total of about 40% of the
administered
activity. As depicted in Figure 2, additional
experiments with NMRI
mice revealed that (2-[‘sF]fluoropropionyl(D)phe’)-octreotide
exhibited
a fast liver uptake, achieving
a
maximum
at about 10 min. This uptake paralleled
the high
accumulation
of the activity in the bile and resulted in a continuous
increase of the activity concentration
in the intestine.
For [67Ga]-DFO-(D)phe’-octreotide,
the highest activity concentrations 60 min postinjection
were detected in kidneys, adrenals,
and spleen. Whereas the accumulation
in tumor, pituitary,
and
pancreas was found to he similar for all three organs (0.8, 0.6, and
0.6% ID/g), the adrenals reached 3.35% ID/g. The tracer was
mainly cleared from the circulation
by renal excretion.
Thus,
[67Ga]-activity
located in the liver did not exceed 0.8% after 1 h.
Furthermore,
about 2% of the administered dose was found in the
intestines, which corresponded to 0.13% ID/g at 120 min postinjection. The tumor showed higher activity concentrations,
0.82 ?
0.11 and 0.57 ? 0.18% ID/g after 1 and 2 h, respectively.
Sixty minutes postinjection
of ([s6Y]-DTPA-(D)phe’)-octreotide
high uptake of radioactivity
was measured in the hone, kidneys,
spleen, and liver of the animals. High yttrium-86
uptake was also
exhibited by the pituitary (0.6% ID/g, 60 min; 1.4% ID/g, 120 min)
and to a lower extent by the adrenals and pancreas. Accumulation

of radioactivity
was 0.44 ? 0.17 and 0.39 rt 0.05% ID/g at the
tumor site 60 and 120 min postinjection.
The [86Y]-DTPA(D)phe’-octreotide
was cleared from the circulation
mainly by the
kidneys but also by the liver.

SRIF

Blocking

Receptor

and Displacement

Studies

Results of the blocking and displacement studies in NMRI mice are
shown in Figure 3. Blocking with 1 mg/kg SDZ 201-995 5 min prior
to the injection of the ( 2-[i8F]fluoropropionyl-(
D)phe’)-octreotide
reduced the activity concentration
in the adrenals to about 14% of
control. A similar effect was observed when SMS 201-995 was
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FIG. 3. Pretreatment
and displacement
mar-bearing
male Lewis rats.
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Rat F3

FIG. 4. Tumor uptake kinetics of
(2-[18F]fluoropropionyl-(D)phe1)octreotide
in three male Lewis rats
hearing an exocrine pancreatic
islet cell tumor
as measured
by
PET.

120

Time p-i. [min]

administered
subcutaneously
(data not shown). Receptor blocking
was also achieved in the pancreas, leading to reduced accumulation
of the radiotracer to about 7% of control. However, the blocking
was not as efficient for the pituitary gland (37% of control, 5 min
prior to injection).
Similar trends were observed in the displacement
studies. Administration
of 1 mg/kg SDZ 201-995 at 10 min postinjection
displaced about 77% of the 18F-activity in the adrenals, 68% in the
pancreas, but only about 25% in the pituitary gland.

In Vivo

Stability

Studies

Blood and urine specimens as well as tumor, liver, and kidney
homogenates were subjected to HPLC and size-exclusion
chromatography analysis. Even for the longest observation time (120 min)
only intact (2-[‘8F]fluoropropionyl-(D)phe’)-octreotide
(>98%)
was found in all specimens. Protein-bound
activity, determined by
protein precipitation
of blood samples, was less than 2%.
Only about 10% of intact [67Ga]-DFO-(D)phe’-octreotide
was
found in blood 15 min postinjection,
as determined
by protein
precipitation
with 1:l MeOH/MeCN
followed by reversed-phase
chromatography
analysis of the supernatant
solution. After 120
min, no tracer was left. The same trend was observed in the liver
samples, whereas the activity found in kidney and tumor represented higher proportions
of intact tracer.
Urine samples taken 60 min after the administration
of 86Ylabeled octreotide
showed that about 60% of the radiometal was
still complexed by DTPA-octreotide,
while the amount of intact
tracer in the blood was less than 10%.

PET

Studies

Results of the PET measurements are summarized in Figures 4-7.
Figure 4 illustrates the individual
tumor uptake kinetics of (2[‘“F]fluoropropionyl-(D)phe’)-octreotide
in three individual
rats.
The data are normalized to 1 &i
injected activity. Results of the
three PET experiments
showed a remarkable
uniformity
of the
maximum accumulation
of (2s[“Flfluoropropionyl-(D)phe’)-octreotide as well as of the uptake kinetics.
After injection
of (2-[“Flfluoropropionyl-(D)phe’)-octreotide
the tumor was visible in less than 1 min. Thereafter,
the activity
concentration
increased slightly up to about 3 min. The maximum
“F-activity
concentration
localized in the tumor of different animals varied from 2.5 to 4.8 (nCi/cc)/@i,
which corresponded to an
average value of 0.4 t 0.1% ID/g at 2.5 min postinjection.
The
release of (2-[‘sF]fluoro-propionyl-(D)phe’)-octreotide
had a k,,, =
10 2 2 * lo-’
s-l. Figure 5 compares the uptake kinetics of
( 2-[‘8F]fluoropropionyl-(D)phe’)
-octreotide in the tumor with that
in the liver, kidneys, and bladder of rat F3. Activity
in the kidneys
peaked at about 15 min postinjection
with maximum ‘“F-activity
concentrations
being one order of magnitude higher than that of
the tumor.
Transfer of the tracer to the bladder led to a fast and continuous
decrease of 18F-activity concentration
in the kidneys. About 20 min
after injection, the bladder had become the organ of highest activity
concentration
and was visible as a hot spot in the PET images.
Owing to the slower excretion rate, the liver reached maximum
activity concentrations
at about 30 min postinjection.
Up to 2 h
postinjection
the 18F-activity concentration
remained almost constant in that organ.
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of ‘sF-octreotide

b

bladder

FIG. 5. Uptake
kinetics
of (2.
[ 18F]fluoropropionyl-(D)phe’)-oct~
reotide in the tumor, liver, bladder, and kidney of a male Lewis
rat bearing an exocrine pancreatic
islet cell tumor as simultaneously
measured by PET.
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Rat Yl

FIG. 6. Tumor
uptake
kinetics
of
([86Y]-DTPA-(D)phe1)-octreotide
of two rats bearing
an
exocrine
pancreatic
islet cell tumor as measured
by PET.
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bladder

FIG. 7. Uptake kinetics of ( [s6Y]DTPAd(D)phe’)-octreotide
in
the tumor, liver and bladder of a
male Lewis rat bearing an exocrine pancreatic islet cell tumor
as simultaneously
measured by
PET.
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Figure 6 depicts the accumulation
kinetics of ([86Y]-DTPA(D)phe’)-octreotide
in the tumors of two different rats. Both the
maximum s6Y-activity
concentration
(3.5 ? 0.5 nCi/cc/@i
injected) and their uptake kinetics (maximum accumulation
at 3.5 2
0.5 min postinjection)
were similar. The maxima were followed by
a small and continuous release, with a k,, = 3.1 2 1.3 . 10e5 s-l.
Figure 7 compares the tumor-uptake
kinetics with those for liver
and bladder, measured simultaneously
in rat Yl.

DISCUSSION
The aim of the present study was to evaluate three differently
labeled octreotide derivatives-((2-[18F]fluoropropionyl-(D)phe1)and
( [67Ga]-DFO-B-succinyl-(D)phe’)-octreotide,
octreotide,
( [86Y]-DTPA-(D)phe1)-octreotide)-for
in viwo tumor diagnosis
with PET by characterizing
their quantitative
uptake and binding
kinetics and the extent of in oivo degradation
in rats bearing an
exocrine pancreatic tumor.

TABLE 5. Displacement of [‘Z51]-Tyr3~Octreotide by Various
SRIF Analwes
(Determined on Rat Cortex Membranes)

SRIF-Analogue
SRIF- 14
octreotide
([““‘In]-DTPA-(D)phe’)-octreotide
([““‘Gal-DFO-(D)phe’)-octreotide
(2-[“Flfluoropropionyl-(D)phe’)octreotide

Displacement of
[‘251].Tyr3octreotide
( pKi values)
9.55 k 0.15 (11)
9.33 ? 0.06 (11)
8.70 + 0.20 (4)
9.6
8.60 +- 0 . 20 I;‘;;

The pK, values of the compounds of interest are listed in Table
5. The values of fluorine- and gallium-labeled
octreotide are within
the same order of magnitude. It is assumed that substitution of
indium-111 for yttrium-86 in [” ‘In]-DTPA-(D)phe’)-octreotide
does
not significantly affect its pK,. Thus, the suitability of these compounds
for in viwo imaging of tumors that express the somatostatin receptor is
determined mainly by the radionuclide and the corresponding coupling
chemistry, which in turn modifies the specific tracer biodistribution,
the metabolic behavior, and the stability in ho.
The lipophilicity
of fluorine-l&labeled
octreotide
accounts for
why its biodistribution
differs from those of the other tracers. The
fast liver uptake of (2-[18F]fluoropropionyl-(D)phe1)-octreotide
is
followed by an increasing activity concentration
in the intestines
over time (Table 2). The hepatobiliary
excretion of (2-[r8F]fluoropropionyl-(D)phe’)-octreotide
is in accordance with literature data
available
for [‘251]Tyr3-octreotide
(5, 21), [3H]octreotide
(26),
[t4C]octreotide
(26), and unlabeled octreotide (15) as well as data
observed in this study with NMRI mice (Fig. 2). However, the
extent of clearance via this pathway seems to be significantly
higher
for the iodinated compound.
De Jong et al. (2 1) reported that in a perfused rat liver test system
more than 60% of [‘251]-Tyr3-octreotide
was cleared into the bile
within 1 h. Bakker et al. (5) found a cumulative l’s1-activity
of 62%
of the injected dose 30 min after iv. administration
of the tracer in
the liver (12 ? 2% ID) and intestines (50 + 10% ID) of rats. In
contrast, 1 h postinjection
of ‘*F-octreotide
only about 45% of the
administered dose was located in these organs (liver 11 2 1% ID;
intestines 34 t 5% ID).
Like ([“‘In]-DTPA-(D)phe’)-octreotide
(6, 23), [67Ga]-DFOoctreotide and ([*‘Y]-DTPA-(D)phe’)-octreotide
were mainly excreted via the kidneys. Except for the very lipophilic
[99mTc]exhibits the highest
PnAO-octreotide
(27), 86Y-DTPA-octreotide
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Intestines
Ratios

organ

Ratio

283

of ‘sF-octreotide

Excretion

[“‘In]DTl’A.octr.
(1 h postinjection)

Kidney/Liver
Kidney/Intestine

of Different

[67Ga]DFO-octr.
(1 h postinjection)

6.38 (11)
15.16 (11)

Radiolabeled

Octreotide

pY]DTI’A-octr.
(1 h postinjection)

Derivatives:

Kidney

2-[ “F].
Fhloroprop.
octr.
(1 h postinjection)

to Liver

[ ‘231]Tyr3-octr.
(0.5 h
postinjection)

5.11

1.69

1.06

1.15 (5)

27.60

6.47

0.68

0.56 (5)

hepatobiliary
uptake among the metal ion-labeled
octreotide analogues. This is demonstrated by the kidney-to-liver
and kidney-tointestine ratio, which are significantly
lower for the 86Y-labeled
octreotide (Table 6). Whether th’ IS is due to the kind of complex or
to metal ion uptake remains to be determined.
However,
the
desirable fast renal excretion of the radiometal-labeled
octreotide
derivatives,
which minimizes diffuse activity
distribution
in the
abdominal region, is offset by the gallium-67/68,
indium-111,
and
yttrium-86
activity remaining in the kidneys (6, 11, 23, 42). This
leads to high kidney-to-tumor
ratios even at long observation times.
Whether this phenomenon
reflects transcomplexation
or tubular
reabsorption
of the peptide complex after glomerular filtration
(6,
23) is unclear. In this context the effect of lysine on the uptake of
peptides and monoclonal antibodies in the kidneys is of interest (8).
The highest tumor-to-tissue
ratios were obtained with ([“7Ga]DFO-B-succinyl-(D)phe’)-octreotide
(Table 8). With the exception of the kidneys (high renal clearance), the tumor-to-tissue
ratios
for kidney, liver, intestines, and bone are larger than unity. In the
case of (2-[“Flfluoropropionyl-(D)phe’)-octreotide,
however,
all
the organs except the bones show tumor-to-organ
ratios < 1. The
low tumor-to-tissue
ratios obtained
for ( [s6Y]-DTPA-(D)phe’)octreotide
(Table 8) reflect the instability
of the yttrium-DTPAcomplex, tumor-to-bone
ratio < 1, as well as the clearance via both
renal and hepatobiliary
pathways, as reflected by tumor-to-kidney
and tumor-to-liver
ratios < 1.
‘“F-Octreotide
showed the fastest blood clearance, resulting in
tumor-to-blood
ratios of 5.2 at 1 h and 4.2 at 2 h. The blood
clearance of h7Ga-octreotide
was slower than that of 18F-octreotide
and similar to [“Y]-DTPA-octreotide.
Thus, despite a somewhat
higher tumor uptake of 67Ga-octreotide,
the tumor-to-blood
ratios
after 1 h are lower for both metal-labeled
compounds
when
compared to ‘sF-octreotide
(see Figure 8).
In viva stability studies were performed to quantitate the amount

Tumor

Compound

[II

5
60
120

ml

ml

5
60
120
60
120

Kidney

to

[*“Tc]PnAO-octr.
(1.5 h
postinjection)

0.34 (27)
1.05 (27)

of intact tracers in samples of blood, urine, tumor, kidney, and liver.
The experiments showed exclusively intact ( 2-[‘HF]fluoropropionyla
(D)phe’)-octreotide
during the entire 120 min of observation. That
result demonstrates
the metabolic
stability
of the amide bond
formed during ‘sF-labeling.
The low ‘sF-activity
accumulation
in
bone after 2 h indicates high in viva stability against defluorination
and again shows that prosthetic groups containing
aliphatic fluorine-18 do not generally undergo extensive in viva defluorination
(32). Thus, in the case of octreotide,
‘“F-fluorination
by aromatic
moieties such as esters of 4-fluorobenzoic
acid (16, 46, 47) is
unnecessary. Moreover,
the use of 4-[“Flfluorobenzoic
acid as a
prosthetic
group for octreotide
labeling would further increase
hepatobiliary
clearance.
The stability of the 67Ga-labeled compound differed from that of
‘sF-octreotide.
The activity
located in the tumor and extracted
from kidneys indicates a low degradation of the tracer or release of
the radiometal
in these compartments.
However,
an increased
degradation was detected in liver and blood. The rapid release of the
radiometal
from [s6Y]-DTPA-(D)phe’-octreotide
(<lo%
intact
[s6Y]-DTPA-(D)phe’-octreotide
in blood samples after 60 min) was
evident and also manifested by a bone accumulation
of 1.3 (1 h
postinjection)
and 1.5 (2 h postinjection)
%lD/g, respectively.
However, because of the fast renal excretion,
about 60% of the
activity in the urine was still intact after 60 min.
These data reveal the limited usefulness of unmodified
DTPA
as a chelating moiety for in viwo studies using radioyttrium,
wherein
the linkage to octreotide is performed by the coupling of phe’ to a
carboxylic group of DTPA. However, liberation of the radiometal
might be overcome by using modified linker-chelator
units such
as ethylene glycol bis(succinimidy1
succinate-( l-(p-amino-benzyl)DTPA) ) (EGS-ABDTPA),
di-succinimidyl
tartrate-ABDTPA
(DSTABDTPA),
di-succinimidyl
suberate-ABDTPA
(DSS-ABDTPA),

TABLE
7. Tumor
Uptake
Kinetics
and Residence
Time
of (2-[“Flfluoropropionyl-(D)phe’)Octreotide
[I],
[67Ga]-DFO-(D)phe1-Octreotide
[II]
and [a’Y]-DTPA-(D)phe’-Octreotide
Data
TumoreBearing
Rats as Derived
from PET Measures
and Ex Vivo Biodistribution

Time
postinjection
(mid

and

0.39 k 0.17
0.40 ? 0.05
0.20 + 0.05

0.31 k 0.05
0.26 k 0.01

in

uptake

Ex vivo
PET
(%iD/ml)

[III]

biodistribution
(%iD/g)

0.43
0.52
0.17
0.34
0.82
0.57
0.44
0.39

+
k
?
?

0.28
0.24
0.04
0.03

k off
(* 10-S s-l)
10 2 2

? 0.11

3.0 + 0.5

? 0.18
+ 0.17
k 0.05

3.1 k 1.3
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substantially faster than the 15 min in the case of ([68Ga]-DFO-Bsuccinyl-(D)phe’)-octreotide
(42). According to the PET measurements, the maximum tumor uptake was 0.4 IT 0.1% ID/g, 0.35 2
0.05% ID/g, and 0.9% ID/g for 18F-, a6Y- and 6”Ga-labeled
octreotide, respectively.
The “F-activity
uptake in the tumor as measured ex viva 60 min
postinjection
showed values of 0.24, 0.65, and 0.66% ID/g (0.52 ?
0.24). Data obtained from quantitative
PET scans for animals Fl,
F2, and F3 showed values of 0.4 ? 0.1% ID/g at 2 h postinjection,
which were consistent with the ex viva distribution
data obtained
for the same animals directly after the PET scans.
Differences in endogenous somatostatin levels might account for
the within-group
and between-group
variability
(20, 22, 39, 40).
Accordingly,
only the kinetic data were used to compare the three
different tracers.
Finally, the release of activity from the tumor was quantified.
Release of (2-[“Flfluoropropionyl-(D)phe’)-octreotide
from the tumor
appeared to be faster than that of [6RGa]-DFO-(D)phe’-octreotide
and
[s6Y]-DTPA-(D)phe’-octreotide,
with k,, rates of 10 ? 2 * lop5 s-‘,
3.0 ? 0.5. 1O-5 s-l (42), and 3.1 + 1.3 * lop5 s-l, respectively.
Whether the slower release of activity from the tumor when using
metal chelate octreotide analogues might be caused by internalization
phenomena (2, 13, 14, 29-31) re q mres further investigations. The
unspecific partitioning
of (2-[‘“F]fl uoropropionyl-(D)phe’)-octreotide
into membranes (41), caused by the higher lipophilicity
of this
octreotide derivative, is another possibility that warrants investigation.
The blocking
and displacement
of (2-[“Flfluoropropionyl(D)phe’)-octreotide
bound to the SRIF receptor revealed some
differences with respect to the organs investigated. Compared to the
pituitary
gland, receptor blocking
was more successful for the
adrenals and the pancreas. Using [ ‘231]-RC-160, Breeman et al. (9)

TABLE
8. Tumor-to-Organ
Ratios of (24 “Flfluoropropionyl-(D)phe’)-Octreotide
[I], [67Ga]MDFO-(D)phe’-Octreotide
[11[ and ( [S6Y]-DTPA-(D)phe1)-Octreotide
[III] in TumorBearing
Rats as Derived
from Ex Vivo Biodistribution
Data
(60 and 120 min postinjection,
n = 3)

Compound

Tumor
to
intestines

Tumor
to
kidneys

Tumor
liver

to

Tumor
to
bone

0.28 2 0.09
0.09 ? 0.01

0.40 ? 0.11
0.27 ? 0.01

0.42 + 0.19
0.20 + 0.08

12.5 ? 2.5
3.72 ? 0.69

5.64 ? 0.69
4.29 +- 0.39

0.20 ? 0.02
0.21 +- 0.05

1.09 + 0.18
1.05 + 0.14

3.13 ? 0.35
2.14 ? 0.20

1.93 ? 0.23
3.90 ? 1.19

0.31 ? 0.05
0.42 +- 0.02

0.53 ? 0.18
0.54 ? 0.05

0.23 -t 0.01
0.25 ? 0.01

[II
60 min
120 min

[III
60 min
120 min

ml
60 min
120 min

1-(p-isothiocyanatobenzyl)-DTPA
(ITCB-DTPA)
(33), or other
chelators such as DOTA (12, 28).
Dynamic PET measurements of biodistribution
showed a good
correlation
with the ex oivo biodistribution;
the maximum difference was about 25% (Table 7). These measurements yielded three
parameters
for (2-[“Flfluoropropionyl-(D)phe’)-octreotide
and
([“6Y]-DTPA-(D)phe’)-octreotide:
(a) the time to reach the maximum tumor uptake; (b) the maximum tumor uptake in terms of
%ID/g, and (c) k,,, values for the release of activity from the tumors.
For both radiolabeled
octreotide
derivatives
the tumor uptake
was rapid. Maximum accumulation
was achieved at 2 ? 1 min and
3.5 ? 0.5 min after injection of (2-[‘sF]fluoropropionyl-(D)phe’)octreotide
and ([86Y]-DTPA-(D)phe’)-octreotide,
respectively,

7
T/B

T

6

18F-prop.-octreotide

5
4

l
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FIG. 8. Tumor-to-blood
ratios for
(2-[“F]fluoropropionyl-(D)phe’)octreotide
and ( [67Ga]-DFO-( D)phe’)-octreotide
as measured
by
ex vivo biodistribution.
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of ‘sF-octreotide

in the pancreas, adrenals, and
found a reduction
in lz31-activity
pituitary of non-tumor-bearing
rats to about 12%, 22%, and 12% of
control and 2%, lo%, and 2% of control using [1231]-Tyr3-octreotide (in both cases measured at 4 h postinjection;
pretreatment
with 1 mg RC-160 and 1 mg I-Tyr’-octreotide,
respectively, 45 min
prior to the injection
of the radiotracer).
Displacement
of the
“F-activity
was also more successful with respect to pancreas and
adrenals compared to the pituitary gland. The lower displacement
rate 10 and 20 min postinjection
of the radiotracer may be a result
of receptor-ligand
endocytosis such as that observed for somatostatin-24 and somatostatin-14
(13, 14, 29).

CONCLUSION
The major advantages of ‘“F-labeled octreotide when compared to
68Ga-labeled octreotide can be attributed to the fast blood clearance and the high in viva stability of the fluorinated compound. The
advantage of 68Ga-labeled octreotide is the ease of synthesis and the
commercially
available 68Ga-generators. Owing to the hepatobiliary
excretion of (2-[‘8F]fluoropropionyl-(D)phe1)-octreotide,
the interpretation of images of abdominal-located
tumors may be complicated, as noted in previously
described
SPET studies using
[1Z31]Tyr3-octreotide.
However,
with the development
of less lipophilic somatostatin derivatives, such as the glycated SDZ CO 611
(1, 15), which exhibits predominantly
renal excretion, “F-labeling
of these analogues may lead to more suitable PET tracers for
quantitative
mapping of somatostatin receptors.
Further in vitro and in viva investigations
with potential PET and
SPET tracers using SSTR-1 to SSTR-5 subtype-specific
somatostatin analogues should lead to a better understanding of tracer-specific
tissue accumulation
and thus may allow more accurate tumor
targeting with synthetic somatostatin
receptor ligands. Because of
the low steric impairment
and the closest structure of (2-[18F]fluoropropionyl-(D)phe’)-octreotide
to SMS 201-995, the “F-labeled
analogue may be the most suitable candidate for such studies.
In view of combining
diagnosis, dosimetric
calculation,
and
endoradiotherapy,
the use of both yttrium-86
and yttrium-90
for
labeling of octreotide precursors linked to suitable chelator moities
may support an improved radiochemical
design of better radiotherapeutics. However,
owing to the instability
of yttrium-labeled
DTPA-(D)phe’-octreotide,
more stable chelator
structures are
mandatory. An improvement
was already made by using a bifunctional DTPA, yielding an in wiwo more stable octadentate
DTPAoctreotide analogue (45).
Finally,
the factors that determine
the accumulation
of the
different tracers in SSTR receptor-positive
tissues remain unclear.
In particular,
the role of endocytosis and internalization
of the
intact radiolabeled octreotides or mechanisms that trap radiometals
requires further investigation.
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