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The present study estimated radiation-absorbed doses of the
dopamine D1 receptor radioligand [11C]((1)-8-chloro-5-(7-ben-
zofuranyl)-7-hydroxy-3-methyl-2,3,4,5-tetrahydro-1H-3-benza-
zepine) (NNC 112) in humans, based on dynamic whole-body
PET in healthy subjects. Methods: Whole-body PET was per-
formed on 7 subjects after injection of 710 6 85 MBq of 11C-
NNC 112. Fourteen frames were acquired for a total of 120 min
in 7 segments of the body. Regions of interest were drawn on
compressed planar images of source organs that could be iden-
tified. Radiation dose estimates were calculated from organ
residence times using the OLINDA 1.0 program. Results: The
organs with the highest radiation-absorbed doses were the gall-
bladder, liver, lungs, kidneys, and urinary bladder wall. Biexpo-
nential fitting of mean bladder activity demonstrated that 15%
of activity was excreted via the urine. With a 2.4-h voiding inter-
val, the effective dose was 5.7 mSv/MBq (21.1 mrem/mCi). Con-
clusion: 11C-NNC 112 displays a favorable radiation dose profile
in humans and would allow multiple PET examinations per year
to be performed on the same subject.
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Abnormalities in dopamine have been implicated in
several psychiatric and neurodegenerative disorders such as
schizophrenia, Parkinson’s disease, attention deficit hyper-
activity disorder, and drug dependence. Dopamine D1

receptors are highly distributed in the brain, with the
highest density being found in the striatum and regions of
the basal ganglia, followed by such regions of the cerebral
cortex as the prefrontal cortex, thalamus, hippocampus, and
amygdala (1,2). D1 receptors in the brain have been
implicated in the regulation of motor and cognitive activity

such as locomotor behavior, working memory, and
executive functions (3–5).

[11C]((1)-8-Chloro-5-(7-benzofuranyl)-7-hydroxy-3-
methyl-2,3,4,5-tetrahydro-1H-3-benzazepine) (NNC 112)
is2 a high-affinity (dissociation constant, 0.18 nmol/L)
dopamine D1 receptor radioligand that can image low-
density D1 receptors in striatal and extrastriatal regions.
11C-NNC 112 displays higher specific-to-nonspecific ratios
than does an older, commonly used ligand, 11C-SCH-23390
(6,7), and is highly reliable for PET quantification (7).
Radiation-absorbed dose estimates of 11C-NNC 112 have not
been reported; therefore, the present study was performed to
obtain human dosimetry estimates of 11C-NNC 112 based on
serial whole-body PET scans of healthy subjects.

MATERIALS AND METHODS

Radiopharmaceutical Preparation
The (1)-desmethyl NNC 112 (6) (1.0 mg per radiolabeling)

was obtained from Professor Christer Halldin of the Karolinska
Institutet. 11C-NNC 112, originally reported by Halldin et al. (6 ),
was synthesized in radiolabeled form from 11C-methyl iodide
via a captive solvent method using a commercially available
radiochemistry ‘‘loop’’ module. The radiochemical purity of all
the 11C-NNC 112 syntheses was greater than 99%, with an
average specific activity of 47.0 6 12.58 GBq/mmol (1.27 6 0.34
Ci/mmol).

Subjects
The study was approved by the Radiation Safety Committee of

the National Institutes of Health and the Institutional Review
Board of the National Institute of Mental Health. Seven healthy
volunteers (4 male and 3 female; mean age 6 SD, 28 6 8 y;
range, 21–42 y) participated in the study. All subjects were free of
current medical and psychiatric illness based on history, a physical
examination, routine laboratory tests (including a complete blood
count, chemistries, urinalysis, urine drug screening, and HIV and
hepatitis B tests), and an electrocardiogram. Furthermore, after
completion of the PET scan, standard screening laboratory tests
were repeated on every subject.
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PET Data Acquisition
Subjects underwent transmission and dynamic emission scans

on an Advance tomograph (GE Healthcare). Before tracer
injection, transmission scans using 68Ge rods were obtained on
7 segments of 15 cm each (the axial field of view of the Advance
scanner) from the head to the upper thigh to permit measured at-
tenuation correction. The duration of each transmission was 3 min.
After intravenous bolus administration of 710 6 85 MBq (19 6 2
mCi) of 11C-NNC 112, dynamic emission scans of 14 frames were
acquired by serial imaging of the body in the 7 contiguous
segments. The duration of initial frames was 15 s at each segment,
followed by frames of increasing length, with six 3-s intervals to
move the bed to the next section and 13 s to move the bed back to
the first bed position. The total scanning time approximated 120
min (4 · 0.25, 3 · 0.5, 3 · 1, 3 · 2, and 1 · 4 min for each of 7
body sections from head to mid thigh).

The tomographic PET images were compressed into a single
anterior-posterior planar image. Planar images were analyzed in-
stead of tomographic images to facilitate visualization of organs.
A previous study in our laboratory (8) demonstrated that analysis
of compressed planar images is comparable to that of tomographic
images, but with a slight overestimation (i.e., conservative cal-
culation) of organ radiation burden. Images were analyzed using
pixelwise modeling computer software (PMOD 2.55; PMOD
Group) on the compressed planar images. Regions of interest were
drawn on source organs that could be identified. Large regions of
interest were drawn to ensure that all accumulated radioactivity,
which consisted of both parent and metabolite radioactivities, in
each organ was encompassed. The ‘‘remainder of body’’ was
calculated for each time point as the decayed value of all activity
in the segment minus activity in the identified source organs.

Residence Time Calculation
At each time point, decayed data of the identified source organs

were converted to the fraction of the injected dose by dividing the
organ activities by the total injected activity and plotted versus
time. The total injected activity was calculated as the entire
activity in frame 1 in each of the 7 segments. Time–activity curves
(percentage injected dose [%ID] vs. time) for the source organs
were created. The area under the time–activity curve for each
organ was calculated by the trapezoidal method up to the last data
acquisition at 120 min. To be conservative, we calculated the area
under the curve from the last data acquisition to infinity by
assuming that the decline in radioactivity occurred by only
physical decay, without any further biologic clearance. The area
under the time–activity curve of source organ from time zero to
infinity is equivalent to residence time (h).

Organ Absorbed Dose
The activity overlying the bladder represented the total urinary

excretion during the scanning interval. For each subject, decay-
corrected cumulative urine activity was fitted with a biexponential
curve by limiting the urine activity to no more than 100% of the
injected activity, and the total excretion in urine in terms of %ID
and biologic half-life was determined. The dynamic bladder
model (9) implemented in OLINDA/EXM version 1.0 (10) was
used to calculate the residence time of the urinary bladder wall
with urine-voiding intervals of 2.4 and 4.8 h. Organ absorbed
doses were based on the OLINDA/EXM scheme of a 70-kg man,
using the residence time of the source organs calculated above.

RESULTS

The injection of 11C-NNC 112 caused no significant
change in heart rate or blood pressure, and no significant
effects were observed in blood or urine tests performed
approximately 5–30 min after termination of the scan. After
injection of 11C-NNC 112, the brain, lungs, liver, heart,
spleen, kidneys, small intestine, gallbladder, and urinary
bladder were visually identified as organs with moderate to
high activity in most subjects (Fig. 1). However, the heart
was not visualized in 4 subjects, and the small intestine
was not visualized in 2 subjects. For the heart and small
intestine, the average time–activity curve and residence
time were based on 3 and 5 subjects, respectively. Uptake
of 11C-NNC 112 was highest in the lungs, with a peak of
28 %ID occurring at the first frame acquisition. Peak values
of the %ID to the liver, brain, heart, kidneys, small
intestine, and gallbladder were 22, 7, 5, 4, 4, and 1.4,
respectively, and all occurred within 5 min. Figure 2 dem-
onstrates the time–activity curves of the source organs at
the average time that they were imaged.

The accumulated activity over the bladder was fitted with
a biexponential curve to estimate the fraction of injected
activity excreted via this route (Fig. 3). In some cases, the
fitting of the biexponential curve did not converge; in these
instances, the first 1 or 2 data points were eliminated be-
cause there were relatively high activities in surrounding
soft tissue, compared with that in the urinary bladder. After
this step, the biexponential curve well described the
accumulation of radioactivity over the bladder, with a mean
r2 value of 0.999. According to this fit, the average fraction
excreted via urine was approximately 15%, and biologic
half-lives were 0.04 and 1.5 h. In most subjects, at the end
of the study, the small intestine showed decay-corrected
activity of 9.7 %ID. Because of the short half-life, the rest
of the injected activity would have decayed before ex-
cretion to the bladder or intestine.

The average residence times for the 7 subjects are shown
in Figure 4. From the organ residence times and the percent-
age of activity excreted via the urine, radiation-absorbed
dose was estimated for each subject, with urine-voiding

FIGURE 1. Compressed anteroposterior whole-body planar
images showing distribution of radioactivity in representative
healthy subject at approximately 1, 5, 22, and 90 min after 11C-
NNC 112 injection.
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intervals of 2.4 and 4.8 h. There was only a 2% difference
in the dose to the urinary bladder wall at urine-voiding
intervals of 2.4 and 4.8 h. The effective doses were 5.71 and
5.77 mSv/MBq, with 2.4- and 4.8-h voiding intervals,
respectively. With a 2.4-h voiding interval, the organs with
the highest radiation burden (mSv/MBq) were the gallblad-
der (32.4), followed by the liver (22.2), lungs (16.9),
kidneys (16.6), and urinary bladder wall (15.7). Table 1
summarizes organ absorbed dose estimates for humans.

DISCUSSION

In the present study, serial whole-body 11C-NNC 112
PET studies were performed on healthy humans to estimate
radiation-absorbed doses of 11C-NNC 112. Whole-body

imaging of 11C-NNC 112 revealed that this D1 receptor
radioligand caused only modest radiation exposure, with an
effective dose of 5.7 mSv/MBq. With injected activities of
523–788 MBq (14–22 mCi), which are frequently used in
brain-imaging studies, this effective dose of 5.7 mSv/MBq
(21.1 mrem/mCi) would yield an effective dose of 2.98–
4.49 mSv (0.29–0.46 rem). This would allow multiple PETFIGURE 2. (A) Time–activity curves for 11C-NNC 112 serial

PET of lungs and liver. Data are expressed as mean 6 SD of 7
subjects and are not corrected for radioactive decay. (B) Time–
activity curves for 11C-NNC 112 serial PET of 6 organs. Data are
expressed as average of 7 subjects for brain, kidneys, spleen,
and gallbladder; average of 5 subjects for small intestine; and
average of 3 subjects for heart and are not corrected for
radioactive decay. For clarity, SD error bars are not included.

FIGURE 3. Decay-corrected cumulative urinary excretion of
radioactivity after injection of 11C-NNC 112. Data reflect mean 6

SD bladder activity measured by PET in 7 subjects. Solid line reflects
biexponential fitting of average bladder activity with PRISM
software (version 4.0). Two-phase exponential association was
used, defined as Y 5 Ymax1 · (1 2 exp(2K1 · X)) 1 Ymax2 · (1 2

exp(2K2· X)),where Y5 cumulativeurinary excretion,Ymax1and
Ymax2 5 2 fractions of urinary excretion at the infinite time, X 5 h,
and K1 and K2 5 rate constants. Urine activity was constrained to
not exceed 100% of injected activity (Ymax1 1 Ymax2 # 1), and
half-times were defined as ln(2)/K1 and ln(2)/K2. Asymptote of
curve indicates that approximately 15 %ID was excreted via urine.
Fitting to biexponential curve yielded half-lives of 0.04 and 1.5 h.

FIGURE 4. For 7 subjects, average residence times (h)
calculated from whole-body planar images of 11C-NNC 112.
Values are mean 6 SD.
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studies per year to be performed on the same subject.
Furthermore, the absence of effects on vital signs (heart rate
and blood pressure) or on standard blood and urine tests
after 11C-NNC 112 injection indicate that 11C-NNC 112 is
also safe from a pharmacologic perspective.

The present study demonstrated that the gallbladder is
the organ with the highest radiation burden (32.4 mSv/
MBq), followed by the liver, lungs, and kidneys. Because
planar images were used instead of tomographic images to
improve visualization of organs, the gallbladder activities
are likely to have included liver activities, and the dose to
the gallbladder may have been overestimated. Because
planar images were analyzed and large regions of interest
were drawn, the present study may have, in general, slightly
overestimated the radiation exposure of source organs,
resulting in conservative estimates of organ radiation
burden. High uptake of 11C-NNC 112 (peak uptake, 28
%ID) initially occurred in the lungs, contributing to the
relatively high radiation burden to this organ. This high
activity in the lungs at early times reflects distribution of
11C-NNC 112, although the clearance of 11C-NNC 112
from the lungs was rapid, decreasing to 50% of its peak
value within 8 min after injection, based on non–decay-
corrected data. Activity from injected 11C-NNC 112 at later
times primarily reflects elimination of the tracer via the

gastrointestinal and urinary routes. Because the distribution
of radioactivity in peripheral organs does not match that of
dopamine D1 receptors, and because 11C-NNC 112 was
metabolized quickly, most of the activities detected in
peripheral organs in this study were likely from radioactive
metabolites not binding to the receptor. Biexponential
fitting of bladder activity demonstrated that only 15% of
total activity was excreted via urine. Although there may be
errors in the parameter estimation for the urinary excretion
because of the short data acquisition, the impact on dose
estimations with a 2.4-h urine interval should be minimal
because the data were acquired for 2 h—that is, 83% of
the interval. Although uptake of 11C-NNC 112 reached
a maximum within 5–10 min for all source organs,
clearance of 11C-NNC 112 from the liver, gallbladder,
and small intestine was quite slow. In most subjects, at the
end of the study, the small intestine showed decayed-
corrected activity of 9.7 %ID. Because of the short half-life
of 11C (20.4 min), the rest of the injected activity (;75%)
would have decayed before excretion to the bladder or
intestine.

The short half-life of 11C also raises the question of
whether human biodistribution studies of 11C-labeled
ligands need to be performed, provided that radiation dose
estimates in rodents or nonhuman primates have been
completed. Table 2 displays effective dose estimates of 11C-
labeled ligands obtained from biodistribution studies on
humans. For all the tracers listed in Table 2, the estimated
effective dose is quite low, allowing multiple injections of
the tracer per year in the same subject. With the exception
of 1 study (11), which resulted in a conservative estimation
of overall radiation burden from 11C-WAY 100635, the
effective dose of the 11C tracers shows modest variation,
ranging from 4.3 to 7.0 mSv/MBq. With inclusion of 11C-
WAY 100635, the effective dose varies appreciably by
a factor of 3.3. This relatively large discrepancy may be
due to actual differences in radiation exposure from the
different 11C-labeled tracers or, rather, may reflect differ-
ences in study design and analysis of data.

TABLE 1
Radiation Dose Estimates of 11C-NNC 112

Target organ mGy/MBq mrad/mCi

Adrenals 3.5 13.0
Brain 6.9 25.6

Breasts 1.7 6.2

Gallbladder wall 32.4 120.0
Lower large intestine wall 2.0 7.3

Small intestine 7.5 27.8

Stomach 2.3 8.6

Upper large intestine wall 3.0 11.0
Heart wall 6.6 24.4

Kidneys 16.6 61.4

Liver 22.2 82.1

Lungs 16.9 62.6
Muscle 1.8 6.5

Ovaries 2.2 8.2

Pancreas 3.4 12.6
Red marrow 1.9 6.9

Bone surfaces 2.2 8.3

Skin 1.3 4.6

Spleen 9.4 35.0
Testes 1.3 4.9

Thymus 1.9 7.1

Thyroid 1.5 5.4

Urinary bladder wall 15.7 58.1
Uterus 2.5 9.3

Total body 2.8 10.3

Dynamic urinary bladder model was used, based on 2.4-h void.

Effective dose equivalent 5 9.2 mSv/MBq (33.9 mrem/mCi).

Effective dose 5 5.7 mSv/MBq (21.1 mrem/mCi).

TABLE 2
Comparison of Radiation Burden of 11C-NNC 112 with Other

11C-Labeled Radioligands in Humans

Radioligand
Effective

dose (mSv/MBq) Reference

11C-WAY100635 14.1 11
11C-Raclopride 6.7 12
11C-DASB 7.0 13
11C-Glucose 4.3 14
11C-Methionine 5.2 15
11C-Methoxyprogabidic acid 4.8 16
11C-Acetate 4.9 17
11C-Flumazenil 5.0 18
11C-Mirtazapine 6.8 19
11C-Raclopride 6.5 20
11C-NNC 112 5.7 —
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CONCLUSION

The dopamine D1 receptor radioligand 11C-NNC 112
appears to be safe for humans, yielding a relatively modest
radiation burden that would permit multiple PET studies
per year to be performed on the same subject.
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