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This study assessed the in vivo distribution of 'C-nicotine and the
absorbed radiation dose from whole-body *'C-nicotine PET imaging
of 11 healthy (5 male and 6 female) subjects. Methods: After an initial
CT attenuation scan, ''C-nicotine was administered via intravenous
injection. A dynamic PET scan was acquired for 90 s with the brain in
the field of view, followed by a series of 13 whole-body PET scans
acquired over a 90-min period. Regions of interest were drawn over
organs visible in the reconstructed PET images. Time-activity curves
were generated, and the residence times were calculated. The
absorbed radiation dose for the whole body was calculated by en-
tering the residence time in OLINDA/EXM 1.0 software to model the
equivalent organ dose and the effective dose for a 70-kg man.
Results: The mean residence times for ''C-nicotine in the liver, red
marrow, brain, and lungs were 0.048 = 0.010, 0.031 = 0.005, 0.021 =
0.004, and 0.020 = 0.005 h, respectively. The mean effective dose for
MC-nicotine was 5.44 = 0.67 wSv/MBg. The organs receiving the
highest absorbed dose from the 'C-nicotine injection were the uri-
nary bladder wall (14.68 = 8.70 uwSv/MBq), kidneys (9.56 + 2.46 nSv/
MBaq), liver (8.94 = 1.67 wSv/MBq), and spleen (9.49 + 3.89 uSv/
MBq). The renal and hepatobiliary systems were the major clearance
and excretion routes for radioactivity. Conclusion: The estimated
radiation dose from 'C-nicotine administration is relatively modest
and would allow for multiple PET examinations on the same subject.
Key Words: 1'C nicotine; radiation absorbed dose; PET dosimetry;
whole-body PET imaging
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The rate of smoking by adults has decreased substantially in
the United States since the hallmark 1964 U.S. Surgeon General’s
report. Nonetheless, 40 million Americans still smoke regularly,
and approximately 400,000 people die each year from illnesses
directly associated with smoking (/). Although the various com-
ponents of tobacco cause different effects, nicotine has been iden-
tified as one of the primary chemicals responsible for tobacco
addiction in humans (2,3). More recently, there has been a steady
rise in the use of newly developed nicotine delivery devices (such
as e-cigarettes) to replace cigarettes, and their use has now sur-
passed that of any other tobacco product, especially among high-
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RADIATION DOSIMETRY OF !!C-NICOTINE *

school students (4). There is growing concern among the scien-
tific, medical, and regulatory communities over the deleterious
impact of nicotine consumption on human health. Aside from the
reinforcing action, nicotine perpetuates the smoking habit in hu-
mans through the aversive consequences of nicotine withdrawal, a
negative reinforcement phenomenon (5—7). Neuronal nicotinic ace-
tylcholine receptors have been identified as one of the primary sites
of action in the brain for the elicitation of reinforcing effects, de-
pendency, and withdrawal expressions during cessation of smoking
(8-12). PET imaging is highly useful for studying the impact of
smoking and the targeting of acetylcholine receptor systems. The
involvement of nicotinic receptors in brain cholinergic transmission
alludes to the role of nicotine in Alzheimer disease, in which a
direct relationship exists between nicotinic receptors, cholinergic
transmission, and pathologic symptoms (/3—-15). A PET imaging
study in patients with neurodegenerative disease showed signifi-
cantly reduced uptake of !'C-nicotine in Alzheimer disease patients
in comparison with healthy controls, especially in the frontal and
temporal cortices (/16—18), a finding that is in accordance with the
strong correlation between nicotine binding in the parietal cortex
and performance in a visuospatial ability test (I6). ''C-nicotine
PET has also been useful for investigating the impact of menthol
in cigarettes, which can alter nicotine accumulation in the brain
(19). A 'C-nicotine PET study we performed earlier showed a slow
accumulation of nicotine in the brains of dependent smokers, which
was partially due to a slower release of accumulated nicotine in the
lungs (20), establishing a direct relationship between nicotine and
its pharmacologic impact on human health. These imaging studies
further underscore the importance of ''C-nicotine PET in the study
of addiction and other in vivo neurologic functions. Despite multi-
ple publications on the use of '!C-nicotine in humans, to our knowl-
edge there are no published data on the radiation dosimetry of ''C-
nicotine. Therefore, the aim of this study was to obtain estimates of
radiation dosimetry of !'C-nicotine in humans. We report on the in
vivo distribution of ''C-nicotine in humans and the estimated radi-
ation dose from whole-body ''C-nicotine PET scans.

MATERIALS AND METHODS

Subjects

This study was approved by the Radiation Safety Committee and the
Institutional Review Board of the Wake Forest University Medical
Center. Written informed consent was obtained from each participant
before the PET studies. In total, 11 (5 male and 6 female) healthy
nonsmokers (mean age = SD, 39.1 * 9.1 y) with an average weight of
80.3 £ 26.3 kg were enrolled.

Synthesis of 11C-Nicotine Radiochemistry
"C-nicotine was produced via N-methylation of (S)-nornicotine
using ''C-methyltriflate prepared by a previously reported method
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with minor modifications (21). Briefly, '!C-methyltriflate (FXc-Pro
module; GE Healthcare) was bubbled through a solution of 0.25 mg of
(S)-nor-nicotine biscamsylate and 10 wL of a 5% solution of 1,2,2,6,6-
pentamethyl piperidine in acetonitrile. After the !'C-methyltriflate delivery
was complete, the reaction mixture was loaded on the high-performance
liquid chromatography loop and the desired product was isolated using
a semipreparatory high-performance liquid chromatography column
(pPorasil silica, 7.8 x 300 mm, 10 wm; Waters) eluted with 96% dichloro-
methane and 4% methanol/trimethylamine (100/1, v/v), at a flow rate of
2 mL/min.

PET Imaging

The PET/CT images were acquired on a Discovery VCT PET/CT
scanner (GE Healthcare). The imaging characteristics of this scanner
have been described previously (22). Iterative image reconstruction
with measured attenuation correction, modeled scatter correction, and
random correction using singles counting rates was performed for all
subjects (23). Data acquired from image sets in counts per pixel were
calibrated using the standard quantification procedures to report up-
take values in Bg/cc.

The subjects were positioned on the scanner bed, and a whole-body
(top of the head to toes) CT scan was acquired for attenuation
correction and localization of organs. Subsequently, 505 = 96 MBq
(13.6 = 2.6 mCi) of ''C-nicotine were injected intravenously into
the subject’s arm, and sequential PET scans were acquired in 3-
dimensional mode over 90 min to provide a total of 14 scans (time
points). Before the first whole-body PET scan, dynamic brain scans
were acquired for the first 90 s commencing from the time of ''C
injection (45 frames, 2 s each), to capture the uptake and distribution
characteristics of ''C-nicotine in the brain. Subsequently, 12 whole-
body image sets (head to midthigh) were obtained using the following
image acquisition sequence: 2 X 15,3 x20s,2%x305s,3x60s, and 2 X
90 s. After the twelfth whole-body scan, a final image set covering the
entire body from the top of the head to the toes was acquired (60 s/bed
position). The PET images were reconstructed using fully 3-dimensional
maximum-likelihood ordered-subset expectation maximization, with
28 subsets, 2 iterations, and a 6-mm postloop filter (23).

PET Image Analysis and Calculation of Residence Time

Reconstructed coronal images were used to identify and measure
the radioactivity content in key organs. Using PMOD 3.2 software
(PMOD Technologies), regions of interest (ROIs) were drawn man-
ually across all image planes, for each image set, to determine total
radioactivity accumulated in an organ. All ROIs were carefully drawn
to minimize organ-boundary edge artifacts and were viewed in coronal,
sagittal, and axial directions to ensure that different ROIs did not
overlap. The CT images were used for secondary confirmation of the
anatomic accuracy of the PET ROIs. Lumbar spine ROIs were used to
calculate radioactivity in the red marrow. The guidelines of International
Commission on Radiological Protection publication 89 (24) were fol-
lowed to estimate the quantity of red marrow in an adult and to calculate
the total amount of radioactivity accumulated in the bone marrow.
Whole-body muscle uptake was calculated by multiplying the quantity
of radioactivity present in a thigh muscle ROI by a weighting factor, as
described in following equation:

weight X %muscle mass

%0ID uscle = %IDlhigh muscle ROT X .
VOlthigh muscle ROI X Pruscle

Additionally, a large ROI was created to calculate the quantity of
radioactivity in the whole body. Time-activity curves were generated
from each ROI, and the accumulated radioactivity in each organ was
expressed as percentage injected dose (%ID). For residence time calcu-
lations, the radioactivity content beyond the last imaged time-point was
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assumed to be depleted exclusively by physical decay of the radioac-
tivity. Integration of the time-activity curve data from time zero to
complete elimination of radioactivity (area under the curve) was per-
formed using the trapezoidal method to derive residence times for var-
ious organs.

Calculation of Equivalent Organ Dose and Effective Dose

The absorbed radiation dose for individual organs was estimated by
entering organ residence times into OLINDA/EXM 1.0 software (25).
OLINDA uses the MIRD scheme, and the dose estimates were
obtained for the 70-kg adult man. Effective dose equivalent and
absorbed radiation dose were determined using the methods published
in the earlier International Commission on Radiological Protection
publications, 30 and 60, respectively (26,27).

RESULTS

The ''C-nicotine was eluted from a semipreparatory high-
performance liquid chromatography column in about 6.5-8.5 min
with a radiochemical yield of about 30% and a radiochemical
purity of more than 99%. The product was reconstituted in saline
for injection and sterile-filtered using a 0.2-pm Millipore filter.
The average specific activity (n = 16) of ''C-nicotine was 264 +
23 TBg/mmol (7,158 = 648 Ci/mmol) at the end of synthesis.

After intravenous injection, the radioactivity accumulated in the
brain rapidly. Representative brain PET images from one male and
one female subject are shown in Figure 1. The time-activity
curves generated from the brain images acquired during the first
90 s for representative male and female subjects are shown in
Figure 2. In general, a lag of about 8-10 s between the time of
injection and the arrival of radioactivity in the brain was noted.
Comparing the radioactivity levels from the brain time-activity
curves of the representative male and female subjects, higher lev-
els of radioactivity were noted in the female brains (Fig. 2). Be-
sides the accumulation levels, these time-activity curves also
show a distinct difference in the rate of radioactivity accumulation
between the male and female brains. The uptake slope during the
initial phase (5-37 s) of radioactivity accumulation in the female

0-30s

30-60 s 60-90 s

Male

Female

EE——— —
0.0 kBa/ce/kBq

50E-5

FIGURE 1. Axial view of representative brain PET images from one
man (top) and one woman (bottom). PET scans were acquired dynam-
ically over 90 s (45 frames of 2 s each) after injection of 'C-nicotine.
Data are normalized to injected dose. These 45 frames were divided into
3 sets: 0-30 s (A), 30-60 s (B), and 60-90 s (C). A higher accumulation
was seen in female brain than in male brain (B and C).
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FIGURE 2. Time-activity curves generated from dynamic brain PET scans acquired over first 90
s for representative woman (A) and man (B). After initial lag of about 10 s between injection and
arrival of radioactivity in brain, rapidly increasing levels were noted in brain for both groups. These
time-activity curves show initial faster radioactivity accumulation phase (red line) followed by
much slower but sustained accumulation phase (blue line).
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FIGURE 3. Coronal view of representative 2.8-min (top) and 22.6-min (bottom) whole-body
PET/CT images of man (A) and woman (B). Early images clearly delineate brain, liver, spleen,
lungs, and kidneys. Late images show intense accumulation in urinary bladder. Brain, liver, lungs,
spleen, and kidneys are less conspicuous in late images than in early images, indicating signif-
icant washout of radioactivity from these organs with time.

and male brain was 1.06 (linear fit 72 = 0.999) and 0.58 (linear fit
r? = 0.997), respectively (P < 0.001). This initial rapid rise in
radioactivity was followed by a much slower accumulation phase.
The average slope during this slow uptake period was 0.22 (1> =

0.921) and 0.16 (> = 0.941) in the female
and male brains, respectively.

The whole-body PET images show a
rapid uptake and distribution of ''C-nicotine
for most major organs. Dividing the whole-
body ROI value by the decay-corrected in-
jected dose provided a recovery coefficient
of 95% = 7%. PET images of representa-
tive male and female subjects showing typ-
ical whole-body distribution patterns for
HC-nicotine are in Figure 3. The 2.8-min
PET/CT images clearly delineated most ma-
jor organs such as the brain, lungs, spleen,
liver, and kidneys. Because urinary excre-
tion was the primary route for radioactivity
elimination, the urinary bladder was more
distinct on the later images. Figure 4 shows
uptake in the right and left lungs of repre-
sentative male and female subjects and av-
erage uptake in the left and right lungs for
all subjects. The time—activity curves gen-
erated for several of the major organs that
were easily discernible on PET images are
presented in Figure 5. As seen from Figure
5, after an initial rapid uptake, a significant
washout of radioactivity was noted for most
organs with time. For example, the %ID of
1€ in the liver, brain, red marrow, muscle,
and lungs was 9.4 * 19,62 = 15,50 =
2.0, 15.2 = 9.1, and 6.0 = 2.2, respectively,
at 2.8 min, and these levels decreased to
0.6 £ 0.2, 0.1 = 0.0,03 = 0.1, 1.2 *
0.4, and 0.2 = 0.0 by 86.5 min.

The residence time for each organ was
computed by integrating the total accumu-
lated radioactivity in the individual organ
from the time of injection until complete
elimination. The mean residence times for
various organs are shown in Table 1. The
absorbed doses for various organs were esti-
mated by entering the residence times into
the OLINDA software and are presented in
Table 2. The 4 organs that received the high-

est absorbed dose in this study were the urinary bladder wall (14.68 *+
8.70 wSv/MBq), kidneys (9.56 = 2.46 wSv/MBq), spleen (949 *=
3.89 wSv/MBgq), and liver (8.94 = 1.67 uSv/MBq). The mean effec-
tive radiation dose to a 70-kg human was 544 *= 0.67 wSv/MBq
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FIGURE 4.

(A and B) Time-activity curves showing accumulation of ''C nicotine in right and left lungs from representative man (A) and woman (B).

(C) Average uptake in right and left lungs from all subjects. In all cases, slightly higher uptake was seen in right lung, but these differences were

statistically insignificant (P > 0.12).
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FIGURE 5. Time-activity curves generated from ROlIs placed on organs that were easily discernible on whole-body PET/CT images. Radioactivity
level in each organ is presented as averaged %ID for male and female groups. In general, accumulation levels in most organs peaked during first

few minutes and then decreased rapidly.

(20.11 £ 2.47 mrem/mCi). The effective dose calculated in this
study for ''C-nicotine is similar to values reported for many of the
commonly used !'!'C-labeled radiopharmaceuticals, as shown in
Table 3.

DISCUSSION

Several investigators have identified advantages to using ''C-
nicotine PET in the study of nicotine addiction and neurodegen-
erative disease. A PET imaging study showed lower accumulation
of ""C-nicotine in the brains of Alzheimer disease patients than in
age-matched healthy controls, implying the loss of nicotinic receptors
in Alzheimer disease (28). PET studies on patients with Alzheimer
disease were also effective in finding a direct correlation between
1 C-nicotine levels in the parietal cortex and the results of a clock-

TABLE 1
Residence Times Calculated from Whole-Body Images of
11 Subjects Injected with "C-Nicotine

Organ Residence time (h)
Brain 0.021 + 0.004
Liver 0.048 + 0.010
Lung 0.020 + 0.005
Bladder 0.019 + 0.013
Kidney 0.009 + 0.003
Muscle 0.088 £ 0.040
Red marrow 0.031 £ 0.005
Spleen 0.005 + 0.003
Stomach 0.007 + 0.004
Pancreas 0.001 + 0.000
Heart 0.004 + 0.001
Lower large intestine 0.005 £ 0.002
Small intestine 0.004 + 0.002
Remainder of body 0.227 + 0.039

Data are mean + SD.
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drawing test (16). Another ''C-nicotine PET imaging study investigated
the influence of mentholated cigarettes on nicotine accumulation in the
brain (/9). These and many other imaging studies conducted over
the years testify to the merits of ''C-nicotine PET for a variety of
applications (19,20,29-33). However, despite the many ''C-nico-
tine studies performed on humans, no dosimetry data have been
presented. To our knowledge, this study is the first to report on the
radiation dosimetry of !'C-nicotine derived from whole-body
PET/CT imaging on humans.

In this study, the PET images showed a rapid uptake of
radioactivity in most organs, leading to clear visualization of several
organs within a few minutes of the intravenous injection of ''C-
nicotine (Fig. 3). Similarly, radioactivity rapidly accumulated in the
brain soon after injection (Fig. 1). The time—activity curves gener-
ated from the PET images revealed a lag of about 8-10 s between
the time of injection and the arrival of radioactivity in the brain
(Fig. 2). The radioactivity levels peaked in the brain within 90 s
after injection, with an initial sharp rise during the first 5-37 s
followed by a slow but sustained accumulation (Fig. 2). Regres-
sion analysis of the initial sharp rise showed a linear fit of data
(r* = 0.999 for women; r* = 0.997 for men), whereas the later
slower rise showed a nonlinear fit (#> = 0.921 for women; 2 =
0.941 for men). This pattern is similar to that reported previously
by ourselves and others when ''C-nicotine was administered by
inhalation (20,34).

Although the time—activity curves from the whole-body PET
images showed a rapid but low uptake of ''C-nicotine in major
organs such as the heart, spleen, kidneys, liver, and lungs, most
organs were easily delineated on the PET images (Fig. 3). Uptake
in the right lung on PET images was slightly higher than that in the
left lung. The time—activity curves from representative male and
female subjects and from the average of all subjects indicated
slightly higher but statistically insignificant levels of radioactivity
accumulation in the right lung (Fig. 4). Initial uptake in the lungs
was followed by a rapid and significant washout of radioactivity.
Similarly, several other major organs also showed a significant and
steady washout of radioactivity with time. For example, the radio-
activity in the liver and kidneys peaked within the first 5 min and
decreased about 15-fold by 86.5 min (Fig. 5). Similarly, the ra-
dioactivity in the blood pool was 26.1 = 8.0 %ID at 2.78 min and
decreased 45-fold to 0.6 = 0.1 %ID by 86.5 min. Although the
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TABLE 2
Radiation Dose Estimates for ''C-Nicotine
Dose

Organ pSv/MBqg mrem/mCi
Adrenals 2.93 £ 0.20 10.85 £ 0.72
Brain 5.33 £+ 0.98 19.74 £ 3.80
Breasts 1.75 + 0.19 6.49 £ 0.70
Gallbladder wall 3.21 £ 0.26 11.86 + 0.96
Lower large intestine wall 6.96 + 1.75 25.75 + 6.47
Small intestine 3.69 + 0.54 13.65 + 2.01
Stomach wall 6.00 +1.97 22.22+7.28
Upper large intestine wall 2.63 +0.16 9.72 £ 0.59
Heart wall 3.65 + 0.46 13.51 £ 1.70
Kidneys 9.56 £+ 2.46  35.35+9.08
Liver 8.94 +1.67 33.03+6.14
Lungs 6.22 +1.24  23.03 + 4.60
Muscle 2.01 £ 0.34 7.45 +1.24
Ovaries 2.72 £ 0.12 10.07 £ 0.45
Pancreas 4.29 + 0.57 15.89 £ 2.13
Red marrow 5.15 £ 0.50 19.09 + 1.83
Osteogenic cells 4.63 £ 0.33 17.15 £ 1.21
Skin 1.53 +0.12 5.65 + 0.46
Spleen 9.49 £+ 3.89  35.09 + 14.36
Testes 1.91 £ 0.11 7.06 £ 0.42
Thymus 2.07 £ 0.16 7.67 £ 0.60
Thyroid 714 +£1.00 26.41+3.70
Urinary bladder wall 14.68 £ 8.70 54.35 + 32.28
Uterus 2.92 +0.30 10.78 £ 1.11
Total body 2.81 £ 0.04 10.40 £ 0.15
Effective dose equivalent 5.71 £ 0.73 21.13 £ 2.70
Effective dose 5.44 + 0.67 20.11 £ 2.47

Data are mean + SD.

muscles were not distinctly visible on the PET scans, the %ID
was significantly higher in the muscles than in the liver and
spleen (Fig. 5), the two tissues that were distinctly visible on
the PET images. This anomaly could be due to the relatively
higher mass of muscle in the human body in comparison with
the mass of the liver and spleen. The bladder showed a steady
rise of radioactivity with time for the duration of the scan be-
cause of renal excretion of radioactivity. Unlike the uptake pat-
tern in the brain and muscle, some other major organs showed
higher levels of ''C-nicotine in men than in women (Fig. 5).
Although notable, these uptake differences were statistically in-
significant (P > 0.1).

The residence time for individual organs was calculated using
the area under the time-activity curves generated for those or-
gans from the PET images. The maximum residence time for
1C-labeled radiopharmaceuticals is 0.488 h (35). The residence
time for the remainder of the body was obtained by subtracting the
sum of the residence time for all identified organs from 0.488 h.

RADIATION DOSIMETRY OF !!C-NICOTINE *

TABLE 3
Comparison of Effective Dose Estimates Between
11C-Nicotine and Other ''C-Radiopharmaceuticals

"1C- C-PIB  "C-PK11195

Organ nicotine* 37) (35)

Urinary bladder 14.7 16.6 9.8
wall

Kidneys 9.6 12.6 14.0
Spleen 9.5 4.3 12.5
Liver 8.9 19.0 9.5
Thyroid 71 2.4 1.9
Effective dose 5.4 4.7 4.8

*Current study.

The residence times thus generated agreed reasonably well across
subjects and were entered in the OLINDA software to derive the
absorbed radiation dose for individual organs (Table 2). The esti-
mated mean effective dose for !'C-nicotine was 5.44 = 0.67
wSv/MBq (20.11 = 2.47 mrem/mCi) for a 70-kg human. The
estimated effective dose equivalent for ''C-nicotine was 5.71 =+
0.73 nSv/MBq (21.13 £ 2.70 mrem/mCi). The critical organs
are the urinary bladder wall, kidneys, and spleen. On the basis
of these calculated values, a standard injection of 555 MBq
(15 mCi) of "'C-nicotine would result in 3.02 mSv (0.3 rem)
of exposure to a 70-kg human. The current federal guidelines
limit the radiation exposure for a research subject to a 0.03-Sv
(3-rem) effective dose for a single study and a 0.05-Sv (5-rem)
effective dose for the whole year (36). This limit corresponds to
administration of about 9,250 MBq (~250 mCi) of !'C-nicotine
per subject per year. These results showing that the absorbed
dose from !'C-nicotine in human studies is relatively low should
help in planning future studies and in advising research subjects of
the potential risk from the radiation associated with ''C-nicotine
PET studies.

CONCLUSION

We evaluated the whole-body distribution and radiation dosim-
etry of ''C-nicotine. The effective dose of ''C-nicotine in a
healthy subject is 5.4 wSv/MBq, thus suggesting only a modest
radiation dose from a 555-MBq (15-mCi) injection of !'C-nicotine.
These results will be helpful in calculating the associated radiation
dose when planning multiple PET studies with 'C-nicotine on the
same subject.
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