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compartmental model for the brain to the heart is not
permitted, because subtraction for spillover from gas
volume in addition to that from the blood pool is needed.
A previous study demonstrated that the gas volume can be
accurately estimated from the transmission scan data; thus,
this technique did not require additional emission scanning
for estimating the quantitative gas volume images [6, 7].
However, gaseous radioactivity in the lung during the
inhalation of '>0-0, gas is too high in comparison to other
regions. Subtraction for this contribution is straightforward
and accurate using the transmission scan-derived gaseous
volume images, but the lung radioactivity degraded image
quality in the estimated MMRO, images.

As an alternative to gas inhalation, we recently developed a
method to prepare an injectable form of '’0-O,. This was
accomplished by exposing pre-collected blood to 150-0, gas
using a small artificial lung system resulting in a maximum
yield of 130 MBg/ml. We demonstrated that cerebral oxygen
metabolism could be estimated in normal and ischemic rats
using injectable '°0-O, [10-12]. This technique has the
potential of avoiding the inhalation protocol.

The aim of the present study was therefore to test the
feasibility of using the injectable '*0-O, oxygen system
for estimating myocardial oxygen metabolism in pigs. The
injection method was compared to the inhalation method
to determine if the injection method resulted in a reduction
of lung radioactivity, an improved image quality, a more
accurate estimate of myocardial oxygen metabolism, and
an improved signal-to-noise ratio.

Materials and methods
Theory

1*0-Oxygen was administered by IV injection or
inhalation and was carried as '’O-hemoglobin by blood
to peripheral tissues including the myocardium, where it
was converted to '*O-water (*0-H,One() through aerobic
metabolism. The increased distribution volume of
130-H,0 e, represented by the exchangeable water space
of tissue, causes delayed removal of radioactivity. This
allows the definition of an appropriate model and
equations to be derived for the calculation of a regional
myocardial metabolic rate for oxygen (rMMOR;) and
regional oxygen extraction fraction (rOEF). Previous
studies demonstrated that these calculations were similar
to those used for estimating cerebral blood flow and
oxygen metabolism and require the measurement of
regional myocardial blood flow (rMBF) and a correction
for spillover of activity from the vascular pools and the
pulmonary alveoli [6, 7]. tMBF was measured by the
'50-H,0 injection technique [13]. Activity in the vascular
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pools of the heart chambers and the lung was
evaluated with a conventional measurement of blood volume
using '°0-CO, and activity in the pulmonary alveoli was
evaluated with an unconventional and indirect measurement
of gas volume obtained from the transmission scan.
Furthermore, the existence of recirculating '*0-H,0pe in
the blood freely accessible to the myocardium was taken into
consideration.

The differential equation describing the myocardial
kinetics after administration of '*0-O, can be written as
follows:

9CW) — OFF - £+ Ag(t) + £ - Aw(t) - (g +/1)cmy0(t) (1)
where C™°(t) designates the true radioactivity concentra-
tion in the myocardium at time t, f is myocardial blood
flow, Ap(t) is the 130-0, radioactivity concentration in
arterial blood, Aw(t) is the "*O-H,O radioactivity concen-
tration in arterial blood, p is the myocardium/blood
partition coefficient of water, and A is the physical decay
constant of O-15.
Solving Eq. (1) in terms of C™°(t) gives:

C™(t) = OEF - £ - A, (f)*e” ) 4 £+ A (1) ()"
(2)

where the asterisk denotes the convolution integral. During
steady-state conditions under the continuous administration
of °0-0,, the following relationship holds:

OEF-f- A, +f-Ay
) 3)

cmyo —

In the actual PET studies, the spillover from vascular
pools and pulmonary alveoli and the partial volume
effect should be taken into consideration [14]. Then, the
measured radioactivity concentration in the region of
interest (ROI) in the myocardium (R™°(t)) can be
expressed as:

Rmyn(t) — g . Cwye (t)
+(Vglyo . At(t) — - Fyein - OEF - Ao(t) — - Fyein - AW(I))
+v8yo : Cga\s(t)

(4)

where o denotes the myocardial tissue fraction, V”° is
the myocardial blood volume, A(t) is the total O-15
radioactivity concentration in arterial blood, Fye, is the
microscopic venous blood volume, Vg is the gas volume
in the myocardial ROTI and Cg,(t) is the O-15 radioactivity

concentration in Vg .
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With the bolus injection or infusion methods using an
artificial lung system, the radioactivity in the pulmonary
alveoli is expected to be negligible in comparison with the
inhalation method. Thus, Eq. (4) can be converted to:

RIO(t) = or- C™°(1)
+(VE"*-A(t) ~@Fyein- OF-Ao(t) —a-Fyein- Aw(1))
(5)

Subjects

In this study, four healthy miniature pigs (22-30 kg) were
used. The pigs were anesthetized by IM injection of
ketamine and xylazine followed by continuous infusion of
propofol (5 mg/kg/h). The animals were then placed in the
supine position on the bed of the PET scanner. All
experimental procedures were approved by the local animal
welfare committee.

Injectable '>0-0, preparation

In the “injection” study, injectable '*0-O, was used.
Injectable '0-O, was prepared as described previously
[10-12]. In brief, part of an infusion line kit (Terumo
Corporation, Tokyo, Japan) and an artificial lung 18 cm in
length (Senko Medical Instrument Mfg Co. Ltd., Tokyo,
Japan) were connected using silicone tubing to make a
closed system. Then, venous blood collected from a pig,
which was used in the following PET studies, was added to
the system and circulated (100 ml/min) by a peristaltic pump,
followed by introduction of '>0-0, gas (~7,000 MBg/min/
433 ml) into the artificial lung for 15 min to prepare
injectable '*0-0, (5.6-60.7 MBg/ml).

-In the “continuous infusion” study, the left femoral artery
and right femoral vein were both cannulated. The two
cannulas from the artery and the vein were connected to the
opposite sides of an artificial lung to create a femoral shunt.
The blood flow in the shunt was aided by a peristaltic pump
(30-50 mi/min). '°0-0, gas (~7,000 MBg/min/433 ml) was
continuously introduced into the artificial lung.

PET protocol (Fig. 1)

The PET scanner was an ECAT EXACT HR (CTI/Siemens)
[15], which has an imaging field of view (FOV) of 55 cm in
diameter and 15 cm in axial length. The spatial resolution
of the scanner is 5.8 mm in full width at half maximum at
the center of the FOV.

After obtaining a 20-min transmission scan for attenua-
tion correction and gas volume estimation, the blood pool
image was obtained with a 4-min PET scan after the pigs
inhaled 2.7 GBq '*0-CO for 30 s. Arterial blood samples
were taken every minute during the '*0-CO scanning, and

{min)
20 Transmission scan
4 *0-CO for blood pool image
6 150-H,0 for bload flow image
12 Dual administration of injectable *O-O, and
50-H,0 (Injection method)
25 1%0-0, infusion via the femoral shunt
(Constant infusion method)
25 1%0-0, gas inhalation

{Constant inhalation method})

Fig. 1 Outline of the PET imaging study. The interval between scans
was more than 15 min to allow for physical decay of O-15
radioactivity to background levels

the radioactivity concentration in the whole blood was
measured with a Nal well-type scintillation counter cali-
brated against the PET scanner. Subsequently, '°O-water
was injected into the right femoral vein for 30 s at an
infusion rate of 10 ml/min (injected radioactivity was about
1.11 GBq). Immediately after injection of '’O-water, 26
dynamic frames (12x5 s, 8x15 s and 6x30 s) of PET data
were acquired for 6 min.

Furthermore, two PET scans were successively per-
formed after the IV injection of '°0-0, (5.6-60.7 MBg/ml)
for 30 s at an injection rate of 20-80 ml/min for the
“injection” study, and by the continuous '°0-O, gas
infusion through the artificial lung in the femoral shunt for
the “continuous infusion” study. In the “injection” study, 52
dynamic frames (12x5 s, 8x15s, 6x30s, 12x5 s, 8x15 s
and 6%30 s) of PET data were acquired for 12 min, and
1.11 GBq of '*O-water was injected IV for 30 s at 10 ml/
min starting at 6 min after the administration of IV '*0-0,
according to the dual administration protocol we developed
previously [16]. In the “continuous infusion” study, 26
dynamic frames (10x30 s, 5x60 s, 1 x600 s and 10x30 s)
were acquired for 25 min, and the 600-s frame was used for
steady-state analysis.

Another PET scan was performed by '°0-0, gas
inhalation in one of the four pigs in the same protocol as
the “continuous infusion” study. This was the “continuous
inhalation” study. The interval between scans was more
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than 15 min to allow for physical decay of O-15
radioactivity to background levels. All acquisitions were
obtained in the two-dimensional mode (septa extended).

Data analysis

A filtered back-projection algorithm with a 6-mm Gaussian
filter was used for image reconstruction. The reconstructed
images had a matrix size of 128 x 128 x 47 and a voxel size
of 1.84 x 1.84 x 3.38 mm, and all image data sets were
resliced into short-axis images across the left ventricle [13].

Myocardial blood flow

tMBF was calculated from the injection of '*0-H,0 by fitting
the myocardial and arterial time-activity curve data to a
single-tissue-compartment model that implemented correc-
tions for partial-volume effects by introducing the tissue
fraction. In addition, the model was corrected for spillover
from the left ventricular (LV) chamber into the myocardial
ROI by introducing the arterial blood volume [13]. In these
experiments, the time-activity curves generated from large
ROIs placed in the LV chamber were used as the input function.

Regional oxygen extraction fraction

In the “injection” study, rOEF was calculated according to
Egs. (2) and (5). In these formulations, F.e, was assumed
to be 0.10 ml/g tissue and p was fixed at 0.90 ml/g. The
blood volume image obtained from the '*0-CO scan was
used for the determination of V5°°. The value of A(t) was
obtained from the LV radioactivity concentration measured
from the PET data set with small LV ROIs to minimize
spillover from the myocardium. The calculation for the
estimation of recirculating '’O-H,O was performed as
previously described [16]. For the “continuous infusion”
and “continuous inhalation” studies, in which a 600-s frame
was regarded as steady-state, Egs. (3) and (5) or Egs. (3)
and (4) were used for calculating rOEF, respectively.

Results

Table | summarizes the conditions of animals during the PET
studies. The parameters were all within the physiologic range.

Figure 2 demonstrates the dynamic images obtained in
the “injection”, “continuous infusion”, and “continuous
inhalation” studies. With the injection and continuous-
infusion methods, the right ventricle on the left side and the
vena cava on the lower side were well delineated, whereas
the left ventricle was moderately shown on the right side.
The 16th frame (600~1,200 s after the initiation), which
was used for steady-state analysis with the continuous-
infusion method, was visibly distinct compared with all of
the frames obtained with the injection method. However,
with the continuous-inhalation method, neither ventricle
could be depicted because of high radioactivity in the lung
on the right and lower-side images.

The radioactivity in the blood pool obtained by '%0-Cco
PET (Fig. 3g) and the gaseous volume estimated by inverse
transmission data (Fig. 3h) were subtracted from the raw
PET images (16th frame) with the continuous-inhalation and
continuous-infusion methods, respectively (Fig. 3¢ and f).
Both methods clearly delineated the myocardium after
subtraction in comparison to the blood flow image
(Fig. 3i). However, the continuous-inhalation method
showed salient radioactivity on the lateral wall (Fig. 3c),
whereas the continuous-infusion method showed only
modest radioactivity in the myocardium (Fig. 3f). It is also
notable that there was considerable radicactivity in the right
ventricle with the continuous-infusion method even after the
subtraction (Fig. 3f).

To further examine the differences between the continuous-
infusion and continuous-inhalation methods, time-
radioactivity curves during the PET scans were taken from
four ROIs: the left ventricle (LV), right ventricle (RV),
myocardium (Myo), and lung (Fig. 4). At the steady-state
frame (600~1,200 s), the continuous-infusion method
showed higher radioactivity in the RV and LV than in the
myocardium (Fig. 4a), whereas the radioactivity of these
regions was similar with the continuous-inhalation method
(Fig. 4b). The radioactivity in LV was about two-thirds of
that in RV in Fig. 4a, indicating that measurable radioactivity
was excreted through the lung even after the femoral
administration of '0-O,. The lung excretion was also
observed on the blood-subtracted image (Fig. 3¢). Actually,
there was significant radioactivity in the lung (Fig. 4a),
although that was the lowest among the four ROIs. In
contrast, the radioactivity in the myocardium was the lowest
among the four ROIs with the continuous-inhalation method

Table 1 Physiological parame-

ters of pigs during the PET pH pCO; pO2 tHb O,Sat HR BP (mmHg)
studies (mmHg)  (mmHg)  (g/d) (%) (bpm)
Diastolic Systolic
Average 7.46 403 125.8 12.8 97.7 85 97.8 1252
SD 0.032 2.51 16.69 1.30 1.83 19.5 104 19.3
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a Injection method

165.0-1800s

b Continuous infusion method

00-300 s 3006008 QD;IDDS

270.0-3000 s 3))[ 360.0 s d,JEJjU 0s

1260 0-1290 0 12900-13200 5 1350 0-1380 0

C Continuous inhalation method

270.0-3000 s 300.0-360 0 s 420046800 5

1260 0-1290 0 12900-13200 3 13920 0-13500s 13500-13800 s 1380

%%
l...

2400-2700's

1380 0-14100 5

0-14100

135.0-1500 s

360036505

900-1050s 1200-1350 s

270.0-3000 s 2000-3300s 330.0-3500 5

180.0-2100 s 240.0-2700

12000-12300s

| )
600.0-12000 s

1410 0-1440 0 5 1470 0-1500 0 5

»

e 2

180.0-2100 s

14100-14400 s 1440 0-14700 8 1470.0-15000 s

Fig. 2 PET images obtained in (a) the injection method, (b) the continuous-infusion method with injectable '0-O,, and (¢) the continuous-

inhalation method with '°0-O, gas

(Fig. 4b). The heart-to-lung radioactivity ratios were calcu-
lated from Fig. 4 for the quantitative estimation of image

quality; the continuous-infusion method provided a ratio of

1.38+0.24, whereas the ratio was less than one with the
continuous-inhalation method.

Table 2 shows the quantitative OEF values in the lateral
wall obtained by the injection, continuous-infusion, and

121

continuous-inhalation methods. These OEF values were
consistent among the three methods.

Figure 5 represents the noise equivalent counts (NEC)
standardized by the total counts detected by the PET
scanner. Although the injection method tended to show
rather high values, there was no significant difference
between the values obtained by the injection and
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Inhalation

Infusion

Blood pool

Fig. 3 PET images obtained in the study are shown. The 16th frame
(steady-state frames) of the continuous-inhalation method and the
continuous-infusion method are shown in (a) and (d), respectively.
The ‘blood-subtracted’ images shown in (b) and (e) were created by

continuous-infusion methods as determined by a Mann
Whitney U-test.

Discussion

In previous studies, we showed the usefulness of the
injectable '’0-O, system for estimating cerebral oxygen
metabolism in small animals such as rats under normal or
ischemic conditions [10-12]. Injectable '°0-O, replaced
the inhalation protocol and radioactive '>0-0, was admin-
istered via the tail vein. Thus, injectable '0-O, could
abolish the artifact from the high radioactivity in the

@ Springer

Inhalation
blood(-)

Inhalation
blood(-)

Infusion
blood(-)
gas(-)

Infusion
blood(-)

Gaseous Blood flow

volume

subtraction of the blood-pool image by 150-CO (g) from (a) and (d).
The ‘blood- and gas-subtracted’ images shown in (¢) and (f) were
created by the successive subtraction of the gaseous image (h) from
(b) and (e). The myocardial blood flow image is also shown in (i)

inhalation tube that distorts the PET images, especially in
small animals. We considered that the concept could also be
utilized in the hearts of large animals. Therefore, in the present
study, we tested the feasibility of an injectable '50-0, system
for estimating myocardial oxygen metabolism in normal
pigs. In addition, since a shunt between the femoral artery
and vein can be created in pigs but not in small animals,
continuous infusion via the femoral shunt was also
performed to achieve a constant and reliable delivery of
radioactivity to the heart.

Dynamic PET scans showed a large difference in the
radioactivity distribution among the three methods. Since
the labeling efficiency to prepare injectable '*0-O, was
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Fig. 4 Time-activity curves from the left ventricle (L¥), the right
ventricle (R¥V), the myocardium (lateral wall, Myo) and a lung region
with the continuous-infusion method (a) and the continuous-inhalation

lower with pig blood {ca. 61 MBg/ml at most) than with the
blood of rats and humans (130 MBqg/ml), the injection
method provided rather obscure images. With the injection
and continuous-infusion methods, the radioactivity in the
lung was dramatically reduced in comparison to the
continuous-inhalation method, since the heart-to-lung ratio
with the continuous-infusion method was about 40% higher
than with the continuous-inhalation method. This finding
suggested that the two methods that inject radioactivity via
a vein are more useful for analyzing myocardial oxygen
metabolism in pigs than the continuous-inhalation method.
However, a distinct difference between radioactivity of the
right and left ventricles was observed in the images and
time-radioactivity curves after venous administration of
%0-0,, indicating a certain degree of excretion of the
radioactivity by the lung. Therefore, the spillover from the
pulmonary alveoli to the myocardium could not be omitted
in the two methods with venous administration, and Eq. (4)

Table 2 OFF estimated by the three methods using injectable '*0-0
or 50-0, gas

OEF

Injection [nfusion Inhalation
Pig. 1 0.70 0.72
Pig. 2 0.67 0.72
Pig. 3 0.71 0.74
Pig. 4 0.76 0.69 0.72
Average 0.71 0.72 0.72
SD 0.036 0.020

b continuous inhalation
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method (b). The supply of radioactivity was started at time 0 s and
stopped at 1,200 s. The 16th frame for the steady-state analysis was
600-1,200 s

was used for the OEF analysis, although the radioactivity in
the lung was lower than that in the myocardium.

On the other hand, with the continuous-inhalation
method, the radioactivity of the lung was in between the
radioactivity in the RV and LV. This is curious because
O-15 radioactivity was supplied from the inhalation tube
and transferred from the lung to blood so that the
radioactivity in the lung should have been the highest
among the four ROIs. This may have been caused, in part,
by inhomogeneous distribution of the radioactivity in the
lung due to its structure in comparison with the myocardi-
um and ventricles, and/or by artifacts from the lung to other

08
® 06
2 N *
S
®
S o4} ® G
X
02 A
0 1 1 |
Int Inh In

Fig. 5 The ratio of noise equivalent counts (VEC) to total counts in
the total field of view of the PET scanner obtained with the
continuous-infusion method (/nf), the continuous-inhalation method
(Inh) and the injection method (inj)
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tissues. In any case, it is notable that the radioactivity in the
myocardium was the lowest with the continuous-inhalation
method, leading to difficulty in analyzing myocardial
oxygen metabolism.

The OEF values in lateral walls were calculated to
compare the ability of the three methods to determine
myocardial oxygen metabolism by using the blood flow
derived from the dual-administration protocol with the
injection method and the single-administration protocol
with the two continuous methods. There was no difference
in the blood flow between the two protocols. Consequently,
the three methods provided the same OEF value of about
0.7 and this is a physiological value in normal pigs, as was
previously demonstrated [17, 18]. We have demonstrated
the potential of the injectable 30-0, system for the
estimation of physiological cerebral oxygen metabolism in
rats and monkeys during early and late ischemia, hyperten-
sion, and ischemia plus hypertension [10-12, 19]. There-
fore, we believe that the injection and continuous-infusion
methods provide a physiological OEF in the myocardium.
Nevertheless, we recognize the necessity to evaluate the
reliability and usefulness of the injectable 150-0, method
in myocardial applications. Further studies using patho-
physiological animal models are required in the future, such
as myocardial ischemia, hypoxia, and heart failure. On the
other hand, since MMRO, is basically regarded as the
product of MBF and OEF, the results indicated that these
three methods were equivalent in their ability to quantify
MMRO, in normal pigs, at least in the lateral wall.
Although the images after the subtraction of spillovers
from blood and gas showed different contrast between the
continuous-infusion and continuous-inhalation methods, the
ability of these two methods to measure OEF and MMRO,
in the lateral walls was equivalent.

We did not evaluate myocardial oxygen metabolism in
other heart regions since the radioactivity in the right
ventricle could not be removed due to a significant
difference of radioactivity between the ventricles with the
continuous-infusion method. The injection method might
be able to evaluate oxygen metabolism in other regions
besides the lateral wall, although this was not evaluated in
this study due to the low radioactivity of injectable 150-0,
as described above. In the injection method, O-15 radioac-
tivity was delivered from the femoral vein to RV, the lung,
LV, and finally the myocardium. Thus, when the LV and
myocardial activity reach a maximum, the RV activity is
expected to be low. The later frames of the dynamic PET
images with the injection method might avoid the high RV
activity and delineate the myocardium and LV more clearly.
With accurate anatomical information by gated PET/CT, the
injection method will provide oxygen metabolism in other
heart regions. In addition, the injection method has a benefit
in that it is noninvasive and shortens the acquisition time in

@ Springer

comparison with the continuous-infusion method. Future
studies are needed to determine whether the injectable
130-0, system can be used in other heart regions.

With the injection method, the ratio of noise equivalent
counts (NEC) to total counts tended to be the higher,
probably because of the absence of high radioactivity
adjacent to the PET scanner. Nevertheless, the continuous-
infusion method did not show this tendency. This may be
because tubes for the input to the artificial lung were
positioned at the femoral shunt and the output to the drain
of O-15 gas was positioned alongside the PET scanner,
resulting in an increase of random counts during the study.
Also, it is notable that the value with the continuous-
inhalation method was not small, which suggests that the
inhalation protocol itself did not worsen the results, but
rather the high radioactivity in the lung might affect the
analysis. In any case, if more care is given to shielding of
the radioactivity in tubes and/or for arrangement of instru-
ments in the PET room, a higher value of NEC/total counts
will be obtained with the injectable '*0-O, system.

The declining slope delineated in the time-activity curves
with the continuous-infusion method requires some expla-
nation. Since the flow rate of O-15 gas supply to the artificial
lung positioned at the femoral shunt was maintained constant
during the PET scan, it is possible that a decrease of labeling
efficiency of the artificial lung occurred due to the deposition
of any components of blood. The blood of rats or humans
was negligibly deposited in the artificial lung during
circulation at the same rate for at least 30 min in our other
experiments, so that this problem may be specific for pigs. It
is unclear which component in pig blood was exactly
involved in the deposition and three of four pigs did not
show a declining slope of the time-activity curve.

In practice, in routine studies on myocardial oxygen
metabolism using large animals such as pigs, the continuous-
inhalation method with '’0-O, gas may be easier to
perform for the following reasons: (1) the intubation tube
used for gas anesthesia prior to the PET scan can also be
used for '°0-0, gas inhalation; (2) catheterization of the
femoral artery and vein to create the femoral shunt for the
continuous-infusion method may be troublesome; and (3)
the injection of '*0-0, requires an artificial lung, preparation
time, and blood taken from the same animal prior to the PET
scan. However, the injection of 15O-Oz has a substantial
advantage over the continuous-inhalation method in that there
is reduced radioactivity in the lung and clearer images of the
heart are obtained. Thercfore, the method for estimating
myocardial oxygen metabolism should be selected depending
on the objectives of the study and the surgical procedures.
Furthermore, since radioactivity administered into the
femoral vein is partially excreted into expired air, the
injectable '°0-O, system might be used for evaluating
pulmonary function in the future.
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Conclusion

In this study, we tested the feasibility of using an injectable
130-0, system to estimate myocardial oxygen metabolism
in pigs. Both the bolus-injection and continuous-infusion
methods reduced the radioactivity in the lung and provided
similar OEF values in the lateral walls of the heart. These
findings indicate that the injectable '*0-O, system has the
potential to evaluate myocardial oxygen metabolism.
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Abstract

Objective Rhenium is one of the most valuable elements
for internal radiotherapy because '*°Re and '8%Re have
favorable physical characteristics. However, there are
problems when proteins such as antibodies are used as
carriers of '**'®Re. Labeling methods that use bifunc-
tional chelating agents such as MAG3 require the conju-
gation of the 186/18%Re  complex to protein after
radiolabeling with the bifunctional chelating agent. These
processes are complicated. Therefore, we planned the
preparation by a simple method and evaluation of a stable
186/188Re-labeled antibody. For this purpose, we selected
1867188 e(1) tricarbonyl complex as a chelating site. In this
study, A7 (an IgG1 murine monoclonal antibody) was used
as a model protein. '"**'**Re-labeled A7 was prepared
by directly reacting a 186/188Re(I) tricarbonyl precursor,
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['8¢/188Re(CO)5(H,0)5] ", with A7. We then compared the
biodistribution of '**'*®Re-labeled A7 in tumor-bearing
mice with '*I-labeled A7.

Methods For labeling A7, ['*¢'**Re(CO)3(H,0);]" was
prepared according to a published procedure. 186/188pe-
labeled A7 ('#9'8¥Re-(CO)5-A7) was prepared by reacting
[18¢/188Re(CO)5(H,0)5]" with A7 at 43°C for 2 h. Bio-
distribution experiments were performed by the intrave-
nous administration of '*¢'88Re-(C0O);-A7 solution into
tumor-bearing mice.

Results '%°Re-(CO);-A7 and '®®Re-(C0);-A7 were pre-
pared with radiochemical yields of 23 and 28%, respec-
tively. After purification with a PD-10 column, 186/188Re-
(CO);-A7 showed a radiochemical purity of over 95%. In
biodistribution experiments, 13.1 and 13.2% of the injected
dose/g of '®¢Re-(C0);-A7 and '*®Re-(CO)3-A7, respec-
tively, accumulated in the tumor at 24-h postinjection, and
the tumor-to-blood ratios were over 2.0 at the same time
point. Meanwhile, uptake of I25_A7 in the tumor was
almost the same as that of '3¢'®¥Re-(C0);-A7 at 24-h
postinjection. Blood clearances of '**'®*Re-(C0);-A7
were faster than those of '*I-A7.

Conclusion ''®Re-labeled A7 showed high uptakes in
the tumor. However, further modification of the labeling
method would be necessary to improve radiochemical
yields and their biodistribution.

Keywords
Tricarbonyl

Rhenium - Radioimmunotherapy - Antibody -

Introduction

Radioimmunotherapy with radiolabeled monoclonal anti-
bodies (mAb) has great potential to be a good treatment
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modality for cancer. In particular, radioimmunotherapy in
B-cell non-Hodgkin’s lymphoma targeting the CD20 anti-
gen, which is found on the B-cell surface, has clearly
demonstrated its efficacy [1, 2]. Consequently, *°Y ibritu-
momab tiuxetan (Zevalin) and 311 tositumomab (Bexxar),
both targeting the CD20 antigen, have been approved by
the United States Food and Drug Administration for the
treatment of refractory or relapsed low-grade, follicular, or
transformed B-cell non-Hodgkin’s lymphoma [3, 4]. Both
radiopharmaceuticals have been shown to produce high
response rates, but they also have some shortcomings as
radionuclides. "*'T emits a high-energy gamma ray,
364 keV, that is not ideal for imaging and exposes patients
to unnecessary radiation. Meanwhile, because *°Y is a pure
beta emitter, imaging is difficult with “°Y-mAb, and
dosimetry should be performed with '''In-mAb before the
*°Y-mAb therapy. However, '''In-mAb might not accu-
rately predict the dosimetry of **Y-mAb because it has
been reported that '''In-mAb does not parallel the uptake
of *Y-mAb in bone [5].

Rhenium has two useful radionuclides for radionuclide
therapy, '®°Re and '®%Re. '®*Re and '®¥Re are currently
considered to be appropriate candidates for therapeutic
applications due to their favorable nuclear properties [6, 7].
Both rhenium radioisotopes decay with the emission of not
only beta particles for therapy but also gamma rays, which
are suitable for external detection with gamma cameras:
'%Re (112 = 3.68 days, B, = 1.07MeV, y = 137 keV)
and "®*Re (1), = 1698 h, B, = 2.12MeV, y = 155 keV).
In addition, in the case of '®*Re, a further advantage in
clinical use is that '**Re is conveniently produced from a
transportable, in-house alumina-based '**W/'®®Re generator,
similar to a **Mo/”*™Tc generator [8, 9].

Previous reports have demonstrated the usefulness of
186/188Re radionuclide therapy. However, there are prob-
lems when proteins such as antibodies are used as carriers
of ""¥1®Re. A direct label method is not ideal because
of the instability of labeled mAb, especially in the case
of '8Re [10]. The mercaptoacetylglycylglycylglycine
(MAG3) ligand forms a stable 186Re-MAG3 complex [11];
the usefulness of '®*Re-MAG3-mAb has been demon-
strated in preclinical studies [12, 13]. However, the label-
ing method using bifunctional chelating agents such as the
N3S (MAG3) and N,S; (MAMA) ligand requires conju-
gation with the '*“'®**Re complex to mAb after radiola-
beling because this radiolabeling procedure requires severe
conditions, such as heating and a non-neutral pH [14, 15].
These complicated processes limit the clinical utility of
radiolabeled mAb. Thus, we planned the preparation by a
simple method and evaluation of a stable '3¥'38Re-labeled
protein. For this purpose, we selected '3'®¥Re(1) tricar-
bonyl complex as a chelating site. In this study, A7
(an IgG1 murine mAb) was used as a model protein, and
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186/18%Re-labeled A7 was prepared by directly reacting a 1%

188Re(D) tricarbonyl precursor, [#9188Re(CO)3(H,0)3] T,
with A7. Then, in vitro stability experiments and biodistri-
bution experiments in tumor-bearing mice were performed.

Materials and methods
Materials

'%Re and "®*W were supplied by the Japan Atomic Energy
Agency (Tokai-mura, Japan) as '#ReQ; and '8¥WOQ3 [16].
Alumina acid grade (100-200 mesh) alumina (ICN, Irvine,
CA) was used as an adsorbent for the '3¥W/!%8Re generator.
Silver cation exchange cartridges (Ag Plus) and anion
exchange cartridges (SepPak QMA Light) were purchased
from Alltech Associates, Inc. (Deerfield, IL) and Waters
Corporation (Milford, MA), respectively. '®*ReQ; was
eluted from a '®*W/'*®%Re generator using saline. The
radioactive elution (5 mL) was condensed to a total of
400 pL using the method reported previously [8, 9]. A7, an
immunoglobulin G1 murine mAb that recognizes the 45-kDa
glycoprotein in human colon cancer, was used. A7 reacts
with most colorectal cancers [{7]. IsoLink kits for preparing
['%9/'%¥Re(C0)3(H,0)3]" were obtained from Mallinckrodt
(St Louis, MO). ['*°T]Sodium iodide was purchased from
PerkinElmer (Waltham, MA). Radiolabeling of A7 with 1251
was performed by the chloramine-T method [18]. Other
reagents were of reagent grade and used as received.

The radiochemical purities of '¢'83Re- and '%I-labeled
A7 were determined by thin layer chromatography (TLC)
and cellulose acetate electrophoresis (CAE) (Separax-SP;
Joko Co. Ltd., Tokyo, Japan). TLC analyses were per-
formed with silica plates (Art 5553, Merck, Darmstadt,
Germany) with a mixture of 99% methanol and 1% con-
centrated HCI as a developing solvent. CAE was run at an
electrostatic field of 1.0 mA/cm for 20 min in veronal
buffer ( = 0.06, pH 8.6).

Preparation of '*1%8Re-labeled A7
(18/188Re_(CO),-AT)

An intermediate of '3'%%Re-labeled mAb, ['¥%188Re(CO),
(H,0),]17, was prepared using an IsoLink kit according to
the method reported previously [19, 20]. Namely, a mixture
of 400 pL '%/!%8Re0; and 6 pL concentrated phosphoric
acid was added to an IsoLink kit to which 6 mg BH;-NH;
(Aldrich, Milwaukee, WI) had previously been added. The
reaction mixture was heated at 65°C for 15 min with a
20 mL syringe inserted to balance the pressure caused by
gas production during the reaction. After the '*%'®*Re tri-
carbonyl intermediate solution was adjusted to about pH 7,
200 pL of this solution was added to 80 pL of the A7 mAb
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solution (14.7 mg/mL). After 2 h of incubation at 43°C,
this reaction mixture was purified with a PD-10 column
(GE Healthcare UK Ltd., Buckinghamshire, England) with
saline as the eluate.

In vitro stability

To evaluate its stability, 188Re-(C0O);-A7 in saline solution
was incubated at 37°C. After incubation for 24 h, a sample
was drawn and its radioactivity was analyzed by CAE and
TLC. In addition, '**Re-(C0)3-A7 solutions were diluted
10-fold with a 0.1 M solution of histidine or freshly pre-
pared murine plasma, and the solutions were incubated at
37°C. After 1-, 3-, and 24-h incubation, the radioactivity of
each sample was analyzed by TLC.

Biodistribution in tumor-bearing mice

Experiments with animals were conducted in accordance
with the Guidelines for the Care and Use of Laboratory
Animals of Kanazawa University. The animals were
housed with free access to food and water at 23°C with a
12-h alternating light/dark schedule. LS180 human colon
carcinoma cells were obtained from ATCC (Manassas,
VA) and grown in cell culture dishes in Eagle’s minimum
essential medium with phenol red, 10% heat-inactivated
fetal calf serum, 100 pg/mL glutamine, 100 units/mL
penicillin, and 100 pg/mL streptomycin. The cells were
cultured in a humidified atmosphere of 95% air and 5%
carbon dioxide at 37°C. They were then released from the
dishes by treatment with 0.05% trypsin/EDTA. Next, to
produce tumors, the mice to be inoculated were anesthe-
tized with pentobarbital and approximately 5 X 10° cells
were injected subcutaneously into the right shoulder of
4-week-old BALB/c nu/nu female mice (15-19 g).
Biodistribution experiments were performed approximately
8 days postinoculation, i.e., the time required for the
tumors to reach a palpable size. Groups of four or five mice
were administered 100 pL '8¢Re-(CO)s-A7, '*¥Re-(CO)s-
A7, or 'I-A7 (7.4 kBq, A7: 100 pg, respectively) intra-
venously and killed at 1- and 24-h postinjection. Tissues of
interest were removed and weighed, and radioactivity
counts were determined with an Auto Well Gamma System
(ARC-380; Aloka, Tokyo, Japan) and corrected for back-
ground radiation and physical decay during counting.

Results

Preparation of tiat 188R~ﬂ:-(CO)3—A7

In TLC analyses, 186”ggRe-(CO)3-A7 remained at the
original position (Rf =0), while an intermediate,

Radioactivity

188Re-(CO),-A7

[ I [ [ T I | I [
3 -2-1 0 1 2 3 4 5 6 7 8
Distance from Origin (cm)

1 i A7

|| [ T T T T 1 1

Distance from Origin (cm)

Fig. 1 Profiles of '**Re-(C0O)3-A7 and intact A7 (Ponceau S dye) on
cellulose acetate electrophoresis

['8¢'¥8Re(CO)5(H,0)5]", and the free perrhenate
('86/1883Re0; ) migrated to Rf = 0.2-0.4 and Rf = 0.7-0.8,
respectively [20]. In CAE analyses, intact A7 migrated to
the 2-2.5 cm anode from the origin, which was determined
by Ponceau S dye, and '**'**Re-(CO)3-A7 also migrated to
the 2-2.5 cm anode (Fig. 1), while colloidal '"**'**Re
remained at the origin. The radiolabeling yield of
['%8Re(CO)3(H,0)3]" was 41%. '*°Re-(CO);-A7 and
188Re-(CO);-A7 were prepared with radiochemical yields
of 23 and 28%, respectively. After purification using a PD-
10 column, "**Re-(C0);-A7 and '**Re-(C0O);-A7 showed a
radiochemical purity of over 95%.

In vitro stability

After incubation in saline for 24 h, about 93% of the '**Re-
(CO)3-A7 remained intact. In murine plasma, over 90% of
radioactivity existed in a protein fraction for 24 h, indi-
cating that the '®*Re-(C0);-A7 is not degraded to '%¥ReO;
in plasma. When challenged with an excess of histidine,
part of the radioactivity dissociated from 188Re-(CO)5-A7
(Fig. 2).

Biodistribution in tumor-bearing mice

The biodistributions of '*°Re-(C0);-A7, '**Re-(CO);-A7,
and '>I-A7 in tumor-bearing mice are listed in Tables 1, 2,
and 3. As we expected, both radiorhenium-labeled A7 had
almost identical biodistribution. '*°Re-(C0);-A7 and
188Re—(CO)3-A7 showed high uptakes in the tumors,
amounting to 13.1 and 13.2% at 24-h postinjection,
respectively. Meanwhile, uptake of '*’I-A7 in the tumor
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Fig. 2 Stability of '®*Re-(CO)3-A7 in L-histidine solution

Table 1 Biodistribution of radioactivity after intravenous adminis-
tration of '®Re-(C0O);-A7 in mice

Tissue Time after administration
I h 24 h

Blood 24.8 (1.1) 6.2 (0.3)
Tumor 5.1 (0.7) 13.1 (1.8)
Liver 18.5 (0.4) 9.7 (0.8)
Kidney 13.8 (0.4) 9.0 (1.1)
Intestine 1.5 (0.3) 2.0 (0.2)
Spleen 7.8 (1.0) 4.5 {0.9)
Pancreas 1.1 (0.1) 0.9 (0.0)
Lung 11.8 (2.5) 3.8 (0.5)
Heart 4.4 (0.6) 1.8 (0.1)
Stomach?® 0.4 (0.0) 0.2 (0.0)
Muscle 0.9 (0.4) 0.8 (0.1)

Data are expressed as % injected dose per gram tissue. Each value
represents the mean (SD) of four or five animals

* Data are expressed as % injected dose

was almost the same as that of *!%8Re-(CO);-A7 at 24-h
postinjection. Blood clearances of '*¢'®¥Re-(CO);-A7
were faster than that of 'I-A7. "8¢I38Re (CO);-A7
showed that the tumor/blood ratios were over 2.0 at 24-h
postinjection, but the tumor/blood ratio of '>’I-A7 was
approximately 1.0.

Discussion

We hypothesize that the '5¢'®¥Re(CO); core binds
endogenous histidine residue in an antibody when
[126/188Re(CO)a(H,0)3]" is used to label the antibody. In
our preliminary experiments, we labeled H-His-OMe with
['*Re(CO)3(H,0)3]* at room temperature, 45°C, or
100°C. As a result, the radiochemical yield increased in a
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Table 2 Biodistribution of radioactivity after intravenous adminis-
tration of *8Re-(C0O);-A7 in mice

Tissue Time after administration
1h 24 h

Blood 27.6 (1.8) 5.9 (0.8)
Tumor 6.0 (1.7) 13.2 (1.7)
Liver 18.9 (2.8) 9.7 (0.8)
Kidney 14.8 (1.7) 8.9 (0.4)
Intestine 1.8 (0.2) 2.0 (0.3)
Spleen 8.3 (0.8) 4.0 (0.7)
Pancreas 1.5 (0.2) 0.8 (0.0)
Lung 12.6 (2.2) 3.2 (04)
Heart 5.6 (0.5) 1.6 (0.3)
Stomach?® 0.9 (0.2) 0.3 (0.1)
Muscle 0.8 (0.2) 0.5 (0.1)

Data are expressed as % injected dose per gram tissue. Each value
represents the mean (SD) of four or five animals

? Data are expressed as % injected dose

Table 3 Biodistribution of radioactivity after intravenous adminis-
tration of '2’I-A7 in mice

Tissue Time after administration
lh 24 h

Blood 36.7 (4.3) 13.6 (2.1)
Tumor 3.5(0.7) 13.9 (3.5)
Liver 10.7 (4.5) 34(1.0)
Kidney 8.3 (1.4) 2.9(0.7)
Intestine 1.6 (0.3) 1.0 (0.3)
Spleen 753.2) 2.5 (0.8)
Pancreas 1.3 (0.4) 1.2 (0.2)
Lung 19.8 (2.5) 7.8 (1.2)
Heart 6.9 (1.0) 3.1(0.5)
Stomach?® 1.2 (0.2) 1.0 (0.4)
Muscle 0.9 (0.2) 0.8 (0.1)

Data are expressed as % injected dose per gram tissue. Each value
represents the mean (SD) of four animals

* Data are expressed as % injected dose

reaction temperature-dependent manner. In this study, A7
was reacted with ['*¢1%8Re(CO),3(H,0)5] " at 43°C because
higher temperatures damage the antibody. Radiochemical
yields of '®'®%Re-labeled A7 were less than 30%. For
clinical use, the radiochemical purity should be over 95%
without purification. We suppose that some sequences,
such as an oligohistidine sequence, could be inserted into
the antibody to improve the radiochemical yield. Tait et al.
[21] reported that (His)s-inserted annexin V had a better
radiochemical yield compared with those of (His)s-inserted
annexin V and wild-type annexin V when annexin V was
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labeled with [**™Tc(CO)3(H,0)3]". Another cause of low
radiochemical yields of '**'3%Re-labeled A7 could be low
yields of ['%¢'"**Re(CO)z(H,0)s]". In this study, the
radiochemical yield of ['®*Re(CO);(H,0);]* was only
41%. Recently, higher yields of the preparation of the
precursor, ['88Re(CO)3(H20)3]+, were reported [22, 23].
We assume that using the new method for preparing
['8¢188Re(CO);(H,0)5] in future studies would also
improve the radiochemical yields of 186/188Re-labeled A7.

The high stability of 188Re-(C0O)5-A7 in saline and almost
no degradation to ¥ ReQ; in plasma were shown in in vitro
experiments. Since accumulation in the stomach is an index
of ReOj in biodistribution studies {24], low radioactivity
levels in the stomach after injection of '8'®Re-(CO);-A7
indicate little decomposition to '3¢/1%ReO; in vivo. In a
recent study, Chen et al. [23] prepared a 188Re-labeled
antibody ('88Re(I)-trastuzumab) by a similar method.
188R e(I)-trastuzumab showed high stability in vitro and low
stomach accumulation in tumor-bearing mice. These studies
strongly support the validity of our results.

In other previous studies, it was reported that a radio-
iodine-labeled antibody, **Y-isothiocyanatobenzyl-DTPA-
antibody, and '®*Re-MAG3-antibody showed similar blood
clearances [25, 26]. However, in this study, the radioac-
tivity (%dose/g) in blood at 24-h postinjection of 186Re-
(CO)5-A7, '*¥Re-(CO);-A7, and 'PI-A7 was 6.2 + 0.3,
5.9 £+ 0.8, and 13.9 + 3.5, respectively. That is, 186/188pa_
(CO)5-A7 showed faster blood clearance compared with
that of '°I-A7 in the biodistribution experiments. These
results suggest that 186/188R e detached from A7 in the blood
flow. There is a possibility that the binding of the 186/188Re-
(CO); core to A7 is not sirong, and so some molecules in
the blood might remove the '*¥'*¥Re-(CO); core from
186/18%pe (CO)3-A7. Actually, when '®*Re-(CO);-A7 was
challenged with an excess of histidine, part of the radio-
activity dissociated from 188Re-(C0);-A7. In this experi-
ment, the radiochemical purity of 188Re-(CO);-AT
decreased to around 60% after 3-h incubation. However,
after 24-h incubation, the radiochemical purity of '**Re-
(CO);-A7 was almost same as that after 3-h incubation.
These results suggest that there are strong and weak
bindings of the 188Re-(CO); core to an A7 antibody in
purified 1”}’5R<=,—(CO)3—A7 because the '*®Re-(CO); core
does not bind to a specific site in an antibody. Recently, the
biodistribution of ['**Re(CO)3(H,0)3]™* was reported [27].
The radioactivity in blood, liver, and kidney at 24-h post-
injection of ['®Re(CO)y(H,0)51" were 3.13 &+ 0.52,
9.65 + 1.40, and 9.62 + 0.09, respectively. Taking into
account the biodistribution at 24-h postinjection of
186/188pe-(CO)5-A7 in this study, these results are also not
inconsistent with our hypothesis.

Faster blood clearance is advantageous for mitigating
side effects because myelosuppression is the chief side

effect associated with radioimmunotherapy [28]. However,
faster blood clearance compromises the accumulation of
radioactivity in tumors. In summary, although diagnostic
radiopharmaceuticals should be better because they need a
high tumor/blood ratio at an earlier time postinjection,
therapeutic radiopharmaceuticals might be unfavorable
because high accumulation and long retention in tumors are
preferred for a better therapeutic effect. As mentioned
above, we suppose that insertion of an oligohistidine
sequence could improve the radiochemical yield. In addi-
tion, insertion could also be effective from the point of
view of improving the in vivo stability and biodistribution
of '8/188Re labeled antibodies.

Conclusion

186/188p e labeled A7 showed high uptakes in tumors the
same as that of '*I-labeled A7. However, further modifi-
cations of the labeling method would be necessary in order
to improve radiochemical yields and their biodistribution.
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Abstract

Introduction: Based on the concept of bifunctional radiopharmaceuticals, we have previously developed 186R e-complex-conjugated
bisphosphonate analogs for palliation of painful bone metastases and have demonstrated the utility of these compounds. By applying a
similar concept, we hypothesized that a bone-specific directed 99Y-labeled radiopharmaceutical could be developed.

Methods: In this study, 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) was chosen as the chelating site, and DOTA was
conjugated with 4-amino-1-hydroxybutylidene-1,1-bisphosphonate. [*Y]DOTA-complex-conjugated bisphosphonate ([*°Y]DOTA-HBP)
was prepared by coordination with 90y, and its biodistribution was studied in comparison to [**Y]citrate.

Results: In biodistribution experiments, [°°Y]DOTA-HBP and [*°Y]citrate rapidly accumulated and resided in the bone. Although %Y
citrate showed a higher level of accumulation in the bone than [**Y]DOTA-HBP, the clearances of [*®Y]DOTA-HBP from the blood and from
almost all soft tissues were much faster than those of [*°Y]citrate. As a result, the estimated absorbed dose ratios of soft tissues to osteogenic
cells (target organ) of [**Y]DOTA-HBP were lower than those of [°°Y Icitrate.

Conclusions: [*°Y]DOTA-HBP showed superior biodistribution characteristics as a bone-seeking agent and led to a decrease in the level of
unnecessary radiation compared to [°°Y]citrate. Since the DOTA ligand forms a stable complex not only with %Y but also with lutetium
("""Lu), indium (*''In), gallium (°%8Ga), gadolinium (Gd) and so on, complexes of DOTA-conjugated bisphosphonate with various metals
could be useful as agents for palliation of metastatic bone pain, bone scintigraphy and magnetic resonance imaging.

© 2009 Elsevier Inc. All rights reserved.

Keywords: Yttrium-90; DOTA; Bisphosphonate; Bone; Palliation; Radiation dose

1. Introduction

Malignant tumors, especially in the advanced stages of
prostate, breast and lung carcinomas, frequently metastasize
to the bone. A prominent symptom of such metastasis is
severe pain, which has a significant impact on patients’
quality of life, and bone metastases are the most common
cause of pain in patients with malignant disease [1-3].
Management of pain is a challenging clinical problem, but

* Corresponding author. Tel.: +81 76 265 2476; fax: +81 76 234 4245.
E-mail address: kogawa@med.kanazawa-u.ac.jp (K. Ogawa).

0969-8051/$ — see front matter © 2009 Elsevier Inc. All rights reserved.
doi:10.1016/j.nucmedbio.2008.11.007

controlling bone pain is difficult, especially in the later stages
of the disease.

Localized radiation therapy is an effective method for
the treatment of bone pain [4]. Unfortunately, however,
bone pain often recurs at treated sites, and second radiation
therapy seldom provides full palliation of pain. In addition,
localized radiation therapy is difficult to apply when there
are multiple lesion sites, as is often the case in patients
with bone metastases. In such cases, systemic radionuclide
therapy using specifically localized bone-seeking radio-
pharmaceuticals is preferable because of few side effects,
long-lived therapeutic effects by single injection and
repeated usability [5].
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Yttrium-90 is a pure (3 -emitter (E,,,,=2.28 MeV) with a
half-life of 64.1 h. The usefulness of [*°Y]citrate for bone
pain palliation in clinical use has been reported [6].
Although [**Ylcitrate indicates high accumulation in the
bone, some part of the Y>* released by the dissociation of the
citrate complex binds to serum, which results in delayed
blood clearance and accumulation in the liver [7]. Mean-
while, based on the concept of bifunctional radiopharma-
ceuticals, we have previously developed '**Re-complex-
conjugated bisphosphonate analogs to improve the stability
of ['®®Re]bisphosphonate complex for palliation of painful
bone metastases, and we have demonstrated the utility of
these compounds [8-13]. By applying a similar concept,
we hypothesized that a stable and bone-specific directed
**Y-labeled radiopharmaceutical could be developed. In this
study, 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic
acid (DOTA) was chosen as the chelating site because it
forms a stable complex with *°Y, and DOTA was conjugated
with 4-amino-1-hydroxybutylidene-1,1-bisphosphonate.
Then, [*°Y]DOTA-complex-conjugated bisphosphonate
(’°Y]DOTA-HBP) was prepared by coordination with
%Y, and its biodistribution was studied in comparison to
[*°Y]citrate.

2. Materials and methods

2.1. Materials

Electrospray ionization mass spectra were obtained with
an LCMS-QP8000c (Shimadzu, Kyoto, Japan). Thin-layer
chromatography analyses were performed with silica plates
(Art 5553; Merck, Darmstadt, Germany), with 1.3 M
ammonium acetate—methanol (1:1) as developing solvent.
[*°Y]Yttrium chloride (*°YCls) in 0.04 M HCI was kindly
supplied by Chiyoda Technol Corp. (Tokyo, Japan).
1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetic acid
mono(N-hydroxysuccinimidyl ester) (DOTA-NHS-ester)
(1) was purchased from Macrocyclics (Dallas, TX). Other
reagents were of reagent grade and were used as received.

2.2. Synthesis of DOTA-confugated bisphosphonate
(DOTA-HBP (3))

DOTA-HBP (3) was synthesized by conjugation of the
DOTA ligand to a bisphosphonate derivative (Scheme 1).
Specifically, 4-amino-1-hydroxybutylidene-1-1-bisphospho-

nate (2) (12.4 mg, 0.05 mmol), synthesized as described
previously [9], was suspended in 665 pl of distilled water,
and triethylamine (30.0 mg, 0.30 mmol) was added to the
suspension. After a few seconds of stirring at room
temperature, the suspension became clear. DOTA-NHS-
ester (1) (60.1 mg, 0.06 mmol) was dissolved in 665 pl of
dimethylformamide and then gradually added to the reaction
mixture. Triethylamine (60.0 mg, 0.59 mmol) was then
added, and the reaction mixture was stirred for 24 h at room
temperature. The mixture was purified by reversed-phase
high-performance liquid chromatography (RP-HPLC) per-
formed with a Hydrosphere C18 column (20x150 mm;
YMC, Kyoto, Japan) at a flow rate of 12 ml/min with a
mobile phase of 0.1% trifluoroacetic acid (TFA) in water.
Chromatograms were obtained by monitoring UV adsorption
at a wavelength of 220 nm. The fraction containing DOTA-
HBP (3) was determined by mass spectrometry and
collected. The solvent was removed by lyophilization to
provide DOTA-HBP (3) (6.1 mg, 19.2%) as white crystals:
MS (ESI) calculated for CzgH30N5014P, (M—H) : m/z 634;
found: 634.

2.3. Preparation of [*°Y]DOTA-HBP

DOTA-HBP (3) (0.1 mg) was dissolved in 50 pl of 1.3 M
ammonium acetate, and “°YCl; in 0.04 M HCI was added to
the solution. The mixture was reacted at 95°C for 15 min.
[Y]DOTA-HBP was purified by RP-HPLC performed with
a Hydrosphere C18 column (4.6x250 mm) at a flow rate of
| ml/min with a mobile phase of 0.1% TFA in water.

2.4. Preparation of [*°Y]citrate

[°°Y]Citrate was prepared according to the procedures
described previously [7]. Briefly, *’YCl; in 0.04 M HCI
was added to a 3-ml aqueous solution of 7.5 mg/ml
sodium citrate.

2.5. Stability of [*’Y]DOTA-HBP in plasma

[*°Y]DOTA-HBP was diluted 10-fold with freshly
prepared rat plasma, and the solutions were incubated at
37°C for 24 h. After 1, 3 and 24 h of incubation, 100-ul
aliquots of the samples were drawn and mixed with the same
volume of 0.1% TFA aqueous solution. After centrifugation
at 6300xg for 2 min, 60 u! of supernatant was analyzed by
RP-HPLC.

o O=P-OH OH
Q HoN OH 0 O=P-OH
HOOC— /—\ ,~H&—0-N o O=P-OH HOOC— /™\ PLNWOH

N N
) e
NN
HOOC— o/ “—COCH
1

[N N) H O=p-oH
OH
N N
HOOC—" —/ “—COOH
3

Scheme 1. Synthesis of DOTA-HBP.
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2.6. Biodistribution experiments

Animal experiments were conducted in accordance with
our institutional guidelines; experimental procedures were
approved by the Kyoto University Animal Care Committee.
Biodistribution experiments were performed with an intra-
venous administration of 100 pl of each diluted tracer
solution to 6-week-old male ddY mice (27-30 g; Japan SLC,
Inc., Hamamatsu, Japan). Groups of five mice each were
sacrificed by decapitation at 10, 60 and 180 min postinjec-
tion. Tissues of interest were removed and weighed. The
complete left femur was isolated as a representative bone
sample. The levels of radioactivity in these tissues were
determined as bremsstrahlung with an autowell gamma
counter (ARC-380; Aloka, Tokyo, Japan) using a very large
energy window and corrected for background radiation and
physical decay during counting.

2.7. Radiation dose estimates

For estimation of the radiation dose absorbed by the bone
and bone marrow, the activity concentration in the bone
marrow was assumed to be 30% of the activity concentration
in the blood [14]. A red marrow mass was assumed to be
25% of blood volume [14]. The blood, bone and muscle
mass of mice were assumed to be 8%, 5% and 48% of body
weight, respectively. According to the International Com-
mission on Radiological Protection, an equal distribution of
radionuclide to trabecular and cortical bones was assumed
[15]. The non-decay-corrected activity from each source
organ was converted into a percentage of the injected dose.
The area under each organ’s activity curve from Time 0 to
infinity was calculated by extrapolation of biodistribution
data. To correct for the different ratios of organ to total body
weights in mouse or rat and in human, we used the following
organ correction factor (CR):

CR = (organ mass/total body mass), .../
(organ mass/ total body mass)mouse or rat’

According to the values, the radiation doses were
calculated for an adult male patient using OLINDA 1.0
software (Vanderbilt University) [16].

2.8. Statistical analysis

Biodistribution data were compared using Students’ ¢ test.
P=.05 was set as the limit of significance.

3. Results
3.1. Preparation of ["’Y]DOTA-HBP

The labeling efficiency of DOTA with *’Y should be very
high {17,18]. In this study, however, the radiochemical yields
of [*"Y]DOTA-HBP ranged from 54% to 80%. Fig. 1A is a
typical radiochromatogram of [*°Y]DOTA-HBP before
purification. Radioimpurity showed a peak at 9 min, and
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Fig. 1. RP-HPLC radiochromatograms of [*°YIDOTA-HBP before
purification (A) and after purification (B). Conditions: flow rate of 1 ml/
min with 0.1% TFA in water.

the peak of [*®Y]DOTA, which was reacted between P0yCl,
and the DOTA ligand, coincided with the peak of radio-
impurity. On RP-HPLC analysis after the synthesis reaction
of DOTA-HBP, the peaks of DOTA-HBP and DOTA-NHS-
ester were observed to be close. When we purified DOTA-
HBP by RP-HPLC, a subtle amount of DOTA-NHS-ester
might have mixed with DOTA-HBP. As a result of DOTA-
NHS-ester hydrolyzation to DOTA, [°°Y]DOTA might mix
as an impurity. After purification by RP-HPLC, *°Y]DOTA-
HBP had a radiochemical purity of over 95% (Fig. 1B).

3.2. Stability of ["°Y]DOTA-HBP in plasma

Table 1 shows the stability of [*’Y]JDOTA-HBP in
plasma. Although it was nearly intact after 1 h of incubation,
it gradually decomposed over time.

3.3. Biodistribution experiments

The biodistributions of [**Y]DOTA-HBP and [**Ycitrate
in normal mice are presented in Tables 2 and 3, respectively.
Both *°Y-labeled compounds accumulated rapidly and
resided in the bone. Although the difference in the
accumulation of both compounds in the bone was not
significant at 10 min postinjection, [*°Y]citrate accumulated
in the bone in significantly larger amounts than [*°Y]DOTA-
HBP at 60 and 180 min postinjection. However, the blood
clearance of [*"Y]DOTA-HBP was much faster than that of
[**Y]citrate, and the radioactivity of ["°Y]DOTA-HBP was
barely observed in tissues other than bone at 180 min
postinjection. In addition, the clearances of [*°Y]citrate were
slower than those of [*’Y]DOTA-HBP in almost all tissues.
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Table |
Stability of [*®Y]DOTA-HBP in plasma

Incubation period (h)

Radiochemical purity (%)

1 94.0 (0.49)
3 84.5 (0.38)
24 35.7 (3.02)

Each value represents the mean (S.D.) for three experiments.

3.4. Dosimetry

Table 4 shows the estimates of absorbed radiation doses
for [*°Y]DOTA-HBP, [*°Y]citrate and ['>*Sm]ethylene dia-
mine tetramethylene phosphonate (EDTPM). In the case of
["*>’Sm]EDTPM, calculation was performed using the data
of a biodistribution study reported previously [19]. Table 5
shows the ratios between the estimates of the absorbed doses
for some organs and osteogenic cells. Since osteogenic cells
are assumed to be the target for internal radionuclide therapy
using bone-seeking radiopharmaceuticals, these ratios can be
regarded as an index of unnecessary radiation in obtaining an
equal therapeutic effect. The absorbed dose ratios of red
marrow to osteogenic cells and total body to osteogenic cells
were almost the same for [*®Y]DOTA-HBP and [*°Y Jcitrate,
but the ratios of other tissues to osteogenic cells for [*°Y]
DOTA-HBP were lower than those for [**Y]citrate.

4. Discussion

Since bisphosphonates have exceptional affinity for
hydroxyapatite, they have been used as carriers to deliver
several classes of therapeutic agents to bone tissue [20]. In
nuclear medicine, bisphosphonates function not only as
carriers but also as ligands for radiometals such as *™Tc
and "*¥1®8Re in the cases of [*™Tc]MDP, [*™Tc]HMDP
and ['3'®8Re]HEDP [21,22]. Accordingly, the phospho-
nate groups in these complexes serve as both coordinating

Table 2
Biodistribution of radioactivity after intravenous administration of [*"Y]
DOTA-HBP in mice

Tissue Time after administration

Table 3
Biodistribution of radioactivity after intravenous administration of [*°Y]
citrate in mice

Tissue Time after administration
10 min 60 min 180 min

Blood 2.92 (0.81) 1.26 (0.38) 0.22 (0.04)
Liver 1.15 (0.07) 1.43 (0.27) 2.47(0.71)
Kidneys 3.69 (1.02) 3.17 (1.28) 7.10 (3.52)
Intestine 0.68 (0.08) 0.44 (0.05) 0.45 (0.12)
Spleen 1.14 (0.14) 0.61 (0.07) 0.60 (0.11)
Pancreas 1.29 (0.21) 0.53 (0.05) 0.19 (0.05)
Lungs 2.82 (0.66) 1.34 (0.15) 0.92 (0.19)
Heart 1.78 (0.16) 0.94 (0.09) 0.72 (0.18)
Stomach® 0.55 (0.05) 0.40 (0.07) 0.69 (0.38)
Femur 15.08 (2.43) 31.27 (2.93) 37.68 (5.35)
Muscle 1.57 (0.51) 0.32 (0.06) 0.34 (0.27)

Data are expressed as percent injected dose per gram of tissue. Each value
represents the mean (S.D.) for five animals.
* Data are expressed as percent injected dose.

ligands and hydroxyapatite-binding functional groups,
which might decrease the inherent accumulation of
bisphosphonate in the bone. Besides, these complexes
cannot be obtained as a single well-defined chemical
species but as mixtures of short-chain and long-chain
oligomers, which may reduce the efficacy of the radio-
pharmaceutical [23]. In the case of ['*®Re]JHEDP, since
thenium is more easily oxidized than technetium [24], in
vivo decomposition of ['**Re]HEDP to '®°ReO; was
observed [25]. This resulted in delayed blood clearance and
higher gastric uptake of radioactivity. Thus, to overcome
these shortcomings, novel radiolabeled bisphosphonate
compounds have been developed by conjugating stable
mononuclear *°™Tc- or '®®Re-chelating groups with
bisphosphonate analogs [9,10,12,26-28]. Some of the
compounds showed superior results in preclinical studies
[9.26,28]. Therefore, we hypothesized that this strategy

Table 4
Absorbed dose estimates of [*"Y]DOTA-HBP, [**Y]citrate and ['5*Sm]
EDTMP

Organ °YIDOTA-  [*°Y] ['**Sm]

10 min 60 min 180 min HBP Citrate EDTMP?
Blood 0.87% (0.24) 0.07* (0.02) 0.03" (0.01) Osteogenic cells (nGy/MBg)  9.33E+00 [.21E+01 7.65E+00
Liver 0.417 (0.08) 0.27* (0.05) 0.18% (0.02) Red marrow (mGy/MBq) 4.65E+00 6.05SE+00  1.21E+00
Kidneys 4.74 (2.63) 0.94° (0.47) 0.44% (0.17) Liver (mGy/MBq) 2.00E-03 5.87E-02  2.50E—02
Intestine 0.13% (0.03) 0.04° (0.01) 0.04” (0.02) Kidneys (mGy/MBq) 1.28E-02 2.18E-01  5.02E-02
Spleen 1.13 (0.22) 0.98% (0.26) 0.68 (0.22) Small intestine (mnGy/MBq) 4.64E-04 1.60E—02 1.63E-02
Pancreas 0.27% (0.04) 0.03" (0.01) 0.037 (0.03) Stomach (mGy/MBq) 4.38E-04 3.88E-02  1.17E-02
Lungs 0.88% (0.15) 0.11% (0.03) 0.06" (0.04) Spleen (mGy/MBq) 1.15E-02 1.42E-01 [.14E-02
Heart 0.40% (0.06) 0.16" (0.23) 0.02* (0.01) Pancreas (mGy/MBq) 2.52E-04 496E-03  7.80E-03
Stomach® 0.097 (0.03) 0.02* (0.01) 0.017 (0.00) Lungs (mGy/MBq) 2.76E~03 6.90E-02  1.49E-02
Femur 15.42 (1.35) 18.02° (4.14) 19.90° (2.02) Muscle (mGy/MBq) 6.55E-04 1.50E-02  1.01E-02
Muscle 0.21% (0.03) 0.04" (0.02) 0.02 (0.01H) Effective dose 8.40E-01 I.I3E+00  3.87E-01
Data are expressed as percent injected dose per gram of tissue. Each value E ftzqcl::::l;g:ér?ni;/vl\//[&g)q) 6.52E-01 3.71E-01 2. 326-01

represents the mean (S.D.) for five animals.
* Significant differences from [*’Y]citrate.
® Data are expressed as percent injected dose.

* Each value was calculated from the data of the biodistribution study by
Goeckeler et al. [19].
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would be useful in the development of a novel **Y-labeled
bone-seeking radiopharmaceutical, so we undertook to
synthesize a novel [*°Y]DOTA-conjugated bisphosphonate.

Previously, development of a DOTA-conjugated bispho-
sphonate (BPAMD) for application in a magnetic resonance
imaging (MRI) contrast agent as Gd(IIT) complex has been
reported [29]. BPAMD does not have a hydroxyl group
(o-OH group) at the central carbon of the bisphosphonate
structure. The DOTA-HBP that we synthesized has an «-OH
group. Previous studies of bisphosphonates suggest that the
presence of the a-OH group affects the affinity for bone
minerals [30,31]. In the design of radiometal complex-
conjugated bisphosphonate derivatives, it has also been
suggested that the a-OH group is effective in enhancing
accumulation in the bone [10]. Accordingly, we suppose that
DOTA-HBP might be designed by a more ideal structure-
based drug design as a bone-seeking ligand.

Since DOTA-HBP contains not only a DOTA ligand site
but also a bisphosphonate site, there is the possibility that
%%Y coordinates with the bisphosphonate moiety and not
with the DOTA moiety. To ascertain that *°Y is selectively
complexed with only the DOTA moiety, the mixture
containing DOTA and Compound (2) at equal mole
concentrations was reacted under the same condition of the
labeling reaction of DOTA-HBP. By RP-HPLC analysis of
this reaction mixture, the °Y-labeled product was found to
be identical to that obtained from the reaction of only DOTA
with Y. These findings suggest that °°Y is chelated with the
DOTA moicty in DOTA-HBP.

Contrary to our expectations, in stability experiments in
plasma, the stability of [*°Y]DOTA-HBP was not so high.
However, ["°Y]DOTA-HBP was nearly intact after 1 h of
incubation in plasma. When this type of radiopharmaceutical
is injected in vivo, some parts should rapidly accumulate in
the bone, and the rest should be rapidly excreted in urine.
Thus, it is supposed that the instability over the long term
does not affect biodistribution. Actually, in biodistribution
experiments, [*Y]DOTA-HBP showed excellent selectivity

Table 5

Ratios between absorbed dose estimates for some organs and bone surfaces

Organ/osteogenic cells ratio [°°v] °y]  [**Sm]
DOTA-HBP Citrate EDTMP*

Red marrow/osteogenic cells 0.49839 0.50000 0.15817

Liver/osteogenic cells 0.00021 0.00485 0.00327
Kidneys/osteogenic cells 0.00137 0.01802 0.00656
Small intestine/osteogenic ceils 0.00005 0.00132 0.00213
Stomach/osteogenic cells 0.00005 0.00321 0.00153
Spleen/osteogenic cells 0.00123 0.01174 0.00149
Pancreas/osteogenic cells 0.00003 0.00041 0.00102
Lungs/osteogenic cells 0.00030 0.00570 0.00195
Muscle/osteogenic cells 0.00007 0.00124 0.00132

Effective dose equivalent/osteogenic  0.09003 0.09339 0.05059
cells (Sv/Gy)
Effective dose/ osteogenic cells

(Sv/Gy)

 Each value was calculated from the data of the biodistribution study by
Goeckeler et al. [19].

0.06988 0.07198 0.03033

Table 6
Biodistribution of radioactivity after intravenous administration of [**™Tc]
HMDP in mice

Tissue Time after administration
10 min 60 min 180 min

Blood 1.63 (0.23) 0.15 (0.07) 0.07 (0.02)
Liver 0.48 (0.09) 0.14 (0.04) 0.13 (0.03)
Kidneys 10,78 (1.66) 5.69 (1.88) 0.85 (0.35)
Intestine 0.41 (0.05) 0.12 (0.02) 0.17 (0.04)
Spleen 0.46 (0.08) 0.11 (0.03) 0.07 (0.02)
Stomach® 0.23 (0.03) 0.15 (0.14) 0.19 (0.17)
Femur 16.87 (2.12) 19.65 (1.76) 19.21 (2.08)
Muscle 0.61 (0.15) 0.15 (0.06) 0.17 (0.12)

Data are expressed as percent injected dose per gram of tissue. Each value
represents the mean (S.D.) for five animals.
? Data are expressed as percent injected dose.

for bone, as expected. [*°Y]Citrate showed a higher level of
accumulation in the bone than [*°Y]DOTA-HBP, but [*°Y]
citrate also accumulated in soft tissues. Consequently, the
ratios of [*°Y]DOTA-HBP accumulation in the bone to that
in soft tissues were significantly higher than those of *°Y]
citrate. We assumed that the pharmacokinetics of the [*°Y]
DOTA-HBP complex might be so strongly affected by the
DOTA-HBP ligand that the [**Y]DOTA-HBP would show
rapid clearance from the blood and soft tissue. In other
words, complexes of DOTA-HBP with other metals might
also show similar pharmacokinetics.

When bone affinity is compared with those of other bone-
seeking agents measured in different species, the uptake
value is expressed as %dose/g tissuexbody weight in order to
normalize the difference in the weight of the animals [32].
The corresponding value of [*°Y]DOTA-HBP in the femur at
1 h postinjection was 514%, while the value of ['**Sm]
EDTMP, which was approved by the Food and Drug
Administration for the treatment of painful bone metastases
in 1997, was 707% (2 h; rats) [19] or 580% (24 h; rats) [33].
Since the uptake value of [*’YJDOTA-HBP was only
slightly less than that of ['3Sm]EDTMP,_ it is expected
that [**Y]DOTA-HBP could be of clinical use from the point
of view of bone uptake. Moreover, soft-tissue clearance of

Table 7
Femur/tissue ratios of [*°Y]DOTA-HBP, ['**Sm]EDTMP and ['"Lu]
DOTMP

Tissue °*Y]DOTA-HBP®

['*Sm]EDTMP®  ['7Lu]DOTMP®

Liver 70.0 (22.1) 137.8 325
Kidneys 26.7 (19.6) 253 12.1
Intestine 472.9 (87.8) 53.1 9.8
Stomach 1371.0 (737.7) 90.7 84.6

Data are expressed as the ratio of percent injected dose per gram of tissue.

* Each value represents the mean (S.D.) for five mice at 1 h
postinjection.

b Each value was calculated using the data for rats at 2 h postinjection
in Goeckeler et al. [19].

¢ Each value was calculated using the data for rats at 3 h postinjection
in Das et al. [35].
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[**YIDOTA-HBP could be comparable to that of [**>Sm)]
EDTMP because it was reported that [*™Tc]MDP and
['**Sm]EDTMP showed no significant soft-tissue uptake
[34], and the accumulation of [**Y]DOTA-HBP in soft tissue
was not high compared with [**™Tc]JHMDP (Tables 2 and 6).
Meanwhile, the value (%dose/g tissuexbody weight) of
['77Lu]1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraamino-
methylenephosphonate (DOTMP), which is currently under
development for the treatment of painful bone metastases,
was 1058% (3 h; rats) [35]. However, the ratios of bone to
other tissues are 9.8 (intestine), 12.1 (kidney) and 32.5 (liver)
(3 h; rats), respectively. These values are not large compared
with those of [**Y]DOTA-HBP and ["**Sm]EDTMP (Table
7). Thus, we do not suppose that ['”’Lu]DOTMP is a
complex that is superior to [*°Y]DOTA-HBP and ['**Sm]
EDTMP from the point of view of biodistribution.

In dosimetry calculations, the ratios of the absorbed dose
in soft tissues to that in osteogenic cells of [*°Y]DOTA-HBP
were much lower than those of [*°Y]citrate, reflecting the
results of the biodistribution experiments. These results were
reflected in the values of effective dose equivalent and
effective dose. However, in the case of the absorbed dose for
red marrow, known as the dose-limiting factor of radio-
pharmaceuticals for palliation of metastatic bone pain, the
ratios of the absorbed dose in red marrow to that in
osteogenic cells were almost the same for [*°Y]DOTA-HBP
and [**Y]citrate. That is to say, both compounds might show
similar degrees of myelosuppression, which is the most
important side effect, in obtaining equal therapeutic effect.
Because the radiation dose for bone marrow is highly
influenced by the accumulation of radioactivity in the bone,
improvement in the clearances of the blood and other tissues
should contribute little to the radiation dose for red marrow.
Meanwhile, although the ratios of the absorbed dose in soft
tissues to that in osteogenic cells of [**Y]DOTA-HBP were
also lower than those of ['*>Sm]EDTMP, ['**Sm]EDTMP
has the advantage over ["’Y]DOTA-HBP in terms of the
effective dose equivalent and effective dose. It is attributed to
the difference in the radiation of red marrow. Namely, '>*Sm
should be more appropriate than *°Y as a radionuclide used
in palliation therapy because the energy of the *°Y B
particles could be too high.

In conclusion, [*°Y]DOTA-HBP showed superior biodis-
tribution characteristics as a bone-seeking agent and led to a
decrease in the level of unnecessary radiation compared to
[*®Y]citrate. Since the DOTA ligand forms a stable complex
not only with *°Y but also with lutetium (*”’Lu), indium
(""In), gallium (°*®Ga), gadolinium (Gd) and so on,
complexes of DOTA-HBP with various metals could be
useful as agents for palliation of metastatic bone pain, bone
scintigraphy and MRI.
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