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Abstract

Purpose—Cannabinoid subtype 1 (CB1) receptors are found in nearly every organ in the body,
may be involved in several neuropsychiatric and metabolic disorders, and are therefore an active
target for pharmacotherapy and biomarker development. We recently reported brain imaging of
CBy receptors with two PET radioligands: 11C-MePPEP and 18F-FMPEP-d,. Here we describe the
biodistribution and dosimetry estimates for these two radioligands.

Methods—Seven healthy subjects (four men and three women) underwent whole-body PET
scans for 120 min after injection with 11C-MePPEP. Another seven healthy subjects (two men and
five women) underwent whole-body PET scans for 300 min after injection with 18F-FMPEP-d,.
Residence times were acquired from regions of interest drawn on tomographic images of visually
identifiable organs for both radioligands and from radioactivity excreted in urine for 18F-FMPEP-
do.

Results—The effective doses of 11C-MePPEP and 18F-FMPEP-d, are 4.6 and 19.7 pSv/MBq,
respectively. Both radioligands demonstrated high uptake of radioactivity in liver, lung, and brain
shortly after injection and accumulated radioactivity in bone marrow towards the end of the scan.
After injection of 11C-MePPEP, radioactivity apparently underwent hepatobiliary excretion only,
while radioactivity from 18F-FMPEP-d, showed both hepatobiliary and urinary excretion.

Conclusion—!1C-MePPEP and 18F-FMPEP-d, yield an effective dose similar to other PET
radioligands labeled with either 11C or 18F. The high uptake in brain confirms the utility of these
two radioligands to image CB1 receptors in brain, and both may also be useful to image CB1
receptors in the periphery.

Keywords
11C-MePPEP; 18F-FMPEP-dy; Dosimetry; PET

Introduction

The cannabinoid subtype 1 (CB;) receptor is coupled to G proteins and found at various
densities in nearly every organ of the body. In the brain, CB1 receptors receive endogenous
cannabinoids, such as anandamide and 2-arachidonoyl glycerol, after paracrine or autocrine
release [1,2]. There, CB4 receptors often act as neuromodulators, reducing the amount of
neurotransmitter released into the synapse, such as y-aminobutyric acid (GABA), glutamate,
or dopamine. Changes in CB; receptor density have been associated with several
neuropsychiatric disorders, including alcohol dependence and schizophrenia, based on
postmortem and animal model studies [3,4]. As a result, CB; receptors have been targeted
for pharmacotherapy and investigated as possible biomarkers for several disorders.

While much attention has been paid to cerebral CB; receptors, peripheral organs have been
shown to express CB1 receptors where they mediate a variety of effects [5]. For instance,
CB; receptors are upregulated in animal models of liver fibrosis due to nonalcoholic
steatohepatitis, and rimonabant, an inverse agonist, has been suggested as a possible mode
of treatment [6]. In the heart, CB; receptors directly and indirectly mediate vasodilatation
and contractility, and endogenous cannabinoids are markedly increased in diseased states
[7]. Other sites of CB1 receptors include intestine, skeletal muscle, adipose tissue, and
immune cells, where they are involved in neural, metabolic, and immune functions.

We have reported two CB; receptor-selective radioligands for use in positron emission
tomography (PET), 11C-MePPEP and 18F-FMPEP-d, [8-10]. The two radioligands have
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been used to image and quantify CB receptors in human brain using the “gold standard”
method of serial brain images and measurements of unchanged radioligand in arterial
plasma. The objective of the current study was to measure the biodistribution and then to
estimate radiation dosimetry of 11C-MePPEP and 18F-FMPEP-d, in human subjects.

Materials and methods

Radioligand preparation

Subjects

PET scans

11C-MePPEP ((3R,5R)-5-(3-methoxy-phenyl)-3-((R)-I-phenyl-ethylamino)-1-(4-
trifluoromethyl-phenyl)-pyrrolidin-2-one) and 18F-FMPEP-d, ((3R,5R)-5-[(3-
fluoromethoxy-dy) phenyl]-3-[(R)-1-phenyl-ethylamino]-1-(4-trifluoromethyl-phenyl)-
pyrrolidin-2-one) were prepared as previously described [8]. The preparations are described
in detail in our Investigational New Drug Applications #79,948 and #100,898, submitted to
the US Food and Drug Administration and a copy of which is available at
http:/pdsp.med.unc.edu/snidd/. 11C-MePPEP was obtained in high radiochemical purity
(>99%) and had specific radioactivity at time of injection of 83+38 GBg/umol (n=6
batches). 18F-FMPEP-d, was obtained in high radiochemical purity (>99%) and had specific
radioactivity at time of injection of 118+ 18 GBg/umol (n=7 batches).

Seven healthy subjects (four men and three women, age: 26+4 years, body weight: 71+9 kg)
participated in studies with 11C-MePPEP Another seven healthy subjects (two men and five
women, age: 30+12 years, body weight: 68+16 kg) participated in studies with 18F-FMPEP-
d,. All subjects were free of current medical and psychiatric illness based on history,
physical examination, electrocardiogram, urinalysis including drug screening, and blood
tests (complete blood count, serum chemistries, thyroid function test, and antibody screening
for syphilis, human immunodeficiency virus, and hepatitis B). The subjects' vital signs were
recorded before radioligand injection and at 15, 30, 90, and 120 min after injection of 11C-
MePPEP, and similarly recorded with additional readings at 150 and 180 min after injection
of 18F-FMPEP-d,. Subjects returned to repeat urinalysis and blood tests 7—24 h after the
PET scan.

After intravenous injection of either 11C-MePPEP (340+17 MBq) or 18F-FMPEP-d,
(105+18 MBQq), 2-D dynamic PET whole-body images were acquired on a GE Advance
tomograph (GE Medical Systems, Waukesha, W1, USA). We followed the procedure of
image acquisition described previously by our group [11]. In brief, each subject was imaged
in seven contiguous 15-cm bed positions (head to upper thigh) in either 14 frames for 11C-
MePPEP or 16 frames for 18F-FMPEP-d,, each of increasing duration (15 s to 4 min) for a
total scan time of 120 or 300 min, respectively. All PET images were reconstructed with
ordered subset expectation maximization image reconstruction in 28 subsets with 4
iterations and were corrected for attenuation. Subjects injected with 18F-FMPEP-d, had
three rest periods (30 min each) outside the camera, beginning at approximately 120, 180,
and 240 min after injection.

Image analysis

After injection of 11C-MePPEP, thyroid, brain, heart, lungs, liver, gallbladder, spleen,
kidneys, red marrow, and intestine were visually identifiable as source organs. To estimate
the residence time of red marrow and bone, regions of interest were placed on lumbar
vertebrae and on radii and ulnae. To estimate the residence time of intestine, a large region
of interest was placed in the abdomen that did not include the aforementioned organs. After
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injection of 18F-FMPEP-ds, brain, heart, lungs, liver, gallbladder, spleen, kidneys, bone, red
marrow, intestine, and urinary bladder were visually identifiable as source organs. Lumbar
vertebrae and radii and ulnae were again used to estimate the residence time of red marrow
and bone. Large regions were placed to encompass all accumulated radioactivity in each
organ. Image analysis was done using the PMOD 2.95 software (PMOD Technologies,
Zurich, Switzerland).

Regions were placed in two ways based upon the amount of radioactivity and the visibility
of the source organ. For all organs except bone (i.e., radius and ulna), regions were drawn on
each axial slice in which the organ was identified. These regions were confirmed in the
coronal and sagittal orientations. For the bones in the forearm that had low uptake of
radioactivity, regions were drawn over radii and ulnae (left and right) on the transmission
scan and then applied to the corresponding PET emission image.

Calculating residence times

The average recovery of activity measured in body above the thigh was 90+5% for 11C-
MePPEP and 94+4% for 18F-FMPEP-d, of the injected activity measured in a dose
calibrator. Since the images did not include the body below mid-thigh, organ uptake was
corrected for this recovery. Some of the source organs were not confined to a single bed
position. In these cases, we calculated a new time point weighted by the average of organ
radioactivity in the two frames. The area under the curve of each organ was calculated to the
end of imaging (120 min for 11C-MePPEP, 300 min for 18F-FMPEP-ds) by the trapezoidal
method. The area after the last image to infinity was calculated by assuming that further
decline of radioactivity occurred only by physical decay without any biological clearance.

Residence time of bone was estimated based upon that in radius and ulna, which lack red
marrow in adults [12]. The bone mass of ulnae and radii are 216 g, which equals 4.3% of all
bone mass in the body [13]. Thus, the residence time of all bone in the body was calculated
as that of radii and ulnae divided by 4.3%. Furthermore, the residence time of all bone was
divided between trabecular and cortical regions according to the mass ratio of these two
regions determined in postmortem study; the ratio of trabecular bone to cortical bone is 1:4
[13].

The residence time of all red marrow in the body was estimated from lumbar vertebrae,
which contains both red marrow and bone. The bone component of lumbar vertebrae was
estimated relative to that of radii and ulnae, and the red marrow component was estimated as
total activity in lumbar vertebrae minus its bone component. More specifically, the bone
mass of lumbar vertebrae is 172 g, which equals 3.4% of the mass of all bones in the body.
The mass of red marrow in lumbar vertebrae equals 12.3% of the mass of all red marrow in
the body [12]. Thus, the bone component of the residence time in lumbar vertebrae was
calculated as 3.4% of the residence time of all bone in the body, which itself was calculated
from radii and ulnae. The residence time of red marrow in the body was calculated as that of
all radioactivity in lumbar vertebrae minus that from the bone component and then divided
by 12.3%.

The residence times for the intestinal tract were determined using the ICRP 30 intestine
model [14], in which the highest percentage of injected activity measured in the intestines
during the scanning session was designated as entering the small intestine.

To calculate the residence time of the remainder of the body, the residence time of all source
organs was summed and subtracted from the fixed theoretical value of Tq/,/In 2, which
equals 0.490 h for 11C and 2.640 h for 18F.
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Urine excretion

Urine was collected for 19-25 h in five subjects and for 5 h in two subjects after injection
of 18F-FMPEP-d,. Total activity in the urine was added to that measured in the urinary
bladder in the PET scan to determine total radioactivity excreted after injection. The
cumulative activity in urine was decay corrected and expressed as a fraction of injected
activity. This curve was fitted with a monoexponential function to estimate total
radioactivity excreted at infinite time.

Estimation of absorbed radiation doses

Radiation absorbed doses were calculated by the mean residence time for each source organ
using OLINDA 1.0/EXM software [15] for a 70-kg adult male. We used the dynamic
urinary bladder model, with voiding interval of 2.4 h.

Results

Pharmacological effects

Neither 11C-MePPEP nor 18F-FMPEP-d, caused pharmacological effects during the 2- and
5-h scans, based on subject reports, ECG, blood pressure, pulse, and respiration rate. In
addition, no effects were noted in any of the blood and urine tests acquired 7-24 h after
radioligand injection. The injected activity of 11C-MePPEP was 340+17 MBq, which
corresponded to 5.2+2.7 nmol MePPEP (n=7 injections). Likewise, the injected activity

of 18F-FMPEP-d, was 105+18 MBgq, which corresponded to 0.90+ 0.19 nmol FMPEP-d,
(n=7 injections).

Biodistribution of 11C-MePPEP

Thyroid, brain, heart, lungs, liver, gallbladder, spleen, kidneys, lumbar vertebrae, and
intestine were visually identified on the images and treated as source organs of radioactivity
for dosimetry calculations of 11C-MePPEP (Fig. 1). The liver had the highest uptake, with a
peak of 25% of injected activity at ~9 min. Radioactivity peaked at the time of first image
acquisition and decreased thereafter in lungs (19%), kidneys (4.9%), spleen (3.3%), heart
(3.0%), and thyroid (0.2%) (Fig. 2). Radioactivity slowly accumulated in brain (7.9%),
intestine (6.8%), lumbar vertebrae (0.7%), and radii and ulnae (0.2%) and reached a peak
after 45 min, while radioactivity accumulated in gallbladder (2.6%) from 16 min until the
end of the scan.

Radioactivity was excreted solely through bile, since the gallbladder showed high levels of
radioactivity and none was observed in the urinary bladder. The gallbladder was clearly
visible in all subjects and reached a maximum of 2.6% injected activity by the end of the
scan. The small intestine was visualized after radioactivity had accumulated in the
gallbladder, suggesting that the bile containing radioactivity was excreted into the intestinal
tract. We determined the residence time for the intestinal tract using the ICRP 30 intestine
model [14], using as an input the highest percentage of injected activity measured in the
intestines during the scan, which occurred when bile containing radioactivity was present in
the intestine.

Uptake in red marrow is difficult to calculate because it is located within bones which may
also contain radioactivity and would potentially confound measurements of red marrow. We
estimated uptake in bone based on the radioactivity in radii and ulnae, which lack marrow in
adults, and assumed that the uptake per unit mass in bone of lumbar vertebrae was the same
as that of the radii and ulnae. Uptake in red marrow of lumbar vertebrae was calculated as
the total activity minus that estimated to be in bone. Based on these assumptions, we
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estimated that uptake of radioactivity in all red marrow of the adult male slowly
accumulated and approached an asymptote of ~4.7% injected activity at about 120 min.

The organs with the longest residence time (h) were liver (0.091), lung (0.039), brain
(0.034), small intestine (0.032), and red marrow (0.019) (Table 1). The organs with the
highest radiation doses (uGy/MBq) were: liver (16.2), small intestine (11.6), lungs (11.1),
and kidneys (9.9; Table 2). The effective dose was 4.6 uSv/MBq.

Biodistribution of 18F-FMPEP-d,

Brain, heart, lungs, liver, gallbladder, spleen, kidneys, lumbar vertebrae, intestine, and
urinary bladder were visually identified on the images and treated as source organs of
radioactivity for dosimetry calculations of 8F-FMPEP-d, (Fig. 3). The liver had the highest
uptake, with a peak of 20% of injected activity at ~7 min. Similar to 11C-MePPEP,
radioactivity peaked in the first image acquisition for lungs (14.5%), kidneys (5.0%), heart
(3.1%), and spleen (3.1%) and decreased throughout the length of the scan (Fig. 4).
Radioactivity accumulated slowly in brain (7.4%), small intestine (7.3%), gallbladder
(2.2%), lumbar vertebrae (1.8%), and radii and ulnae (0.2%), with curves for these tissues
peaking at 23 min for brain and after 100 min for the others.

Radioactivity was excreted through both urine and bile, since both urinary bladder and
gallbladder showed high levels of radioactivity. Radioactivity in the images of the urinary
bladder was combined with that directly measured in urine and fitted to a monoexponential
curve. Based on this curve, 33+9% (n=7) of injected radioactivity was excreted via the urine
at infinite time, and the half-life of excretion was 3.8+2.0 h (n=7, median 2.9; Fig. 5).
However, the gallbladder was clearly visible in all subjects and reached a maximum of 2.2%
injected activity within ~102 min. Similar to 11C-MePPEP, the small intestine was
visualized after radioactivity had accumulated in the gallbladder, suggesting that the bile
containing radioactivity was excreted into the intestinal tract.

Uptake in red marrow is difficult to calculate because it is located within bones, and 18F-
labeled radioligands are often metabolized via defluorination, leading to bone uptake of 18F-
fluoride ion. We estimated uptake in bone and red marrow as described for 11C-MePPEP
and estimated that uptake of radioactivity in all red marrow of the adult male slowly
accumulated and approached an asymptote of ~14.6% injected activity by about 300 min.

The organs with the longest residence time (h) were red marrow (0.198), brain (0.145), liver
(0.161), small intestine (0.123), and bone (0.102) (Table 1). Based on a 2.4-h interval for
urinary voiding, the organs with the highest radiation doses (uGy/MBQ) were: urinary
bladder wall (66.2), gallbladder wall (60.7), upper large intestinal wall (41.4), and small
intestinal wall (38.0) (Table 2). The effective dose was 19.7 uSv/MBqg.

Discussion

Based on biodistribution data in human subjects, we estimated the effective dose to be 4.6
uSv/MBq for 11C-MePPEP and 19.7 uSv/MBq for 18F-FMPEP-d,. These effective doses
are similar to those of other 11C- and 18F-labeled radioligands [11,16]. For both
radioligands, maximal uptake in brain was high (7-8% injected activity), occurred at ~30-
45 min, and thereafter washed out slowly. We estimate that the majority of the skeletal
uptake of both radioligands is in red marrow rather than bone itself.

Uptake of radioactivity in bone and red marrow

In our prior brain imaging study using 18F-FMPEP-ds in healthy subjects, the skull had
moderate uptake of radioactivity and we were uncertain whether that uptake reflected bone
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or red marrow. The current study suggests that the majority of the radioactivity in skull
came from red marrow. First, the whole-body images of 18F-FMPEP-d, (Fig. 3) showed a
distribution typical of that for red marrow with high concentrations in the central axial
skeleton, especially vertebrae and pelvis. The uptake was not typical of 18F-fluoride ion,
which concentrates at the ends of long bones in arms and legs and in ribs. In fact, we
incorporated two deuteriums in FMPEP to decrease defluorination and found in monkeys
that about one third less radioactivity resided in the mandible by the end of the 180-min scan
compared to FMPEP without deuterium [10]. Second, both 11C-MePPEP and 18F-FMPEP-
d, had uptake typical of red marrow, suggesting that it was not merely the result of
defluorination and uptake of 18F-fluoride in bone. Instead, the uptake could reflect binding
of both parent radioligands to CB receptors known to exist in bone marrow where they are
likely involved in hematopoiesis and are found on lymphocytes and dendritic cells [17-19].
In preliminary experiments with 11C-MePPEP in monkeys, we found that about 20% of
uptake in lumbar vertebrae was blocked by receptor-saturating doses of a nonradioactive
inverse agonist (unpublished data). Third, we estimated the distribution of radioactivity in
bone and red marrow by comparing uptake in radii and ulnae, which lack marrow in adults,
with that in lumbar vertebrae, which contain both components. By this estimation, uptake of
radioactivity in red marrow at 120 min was 83% of total vertebral activity for 11C-MePPEP
and 88% for 18F-FMPEP-d,. While we were careful to choose regions (radii and ulnae and
lumbar vertebrae) with minimal confounding sources of radioactivity, this method is
vulnerable to error due to extrapolation because these regions represent a small portion of
the total bone (<5%) or bone marrow (<15%).

Because of the substantial uptake of radioactivity in red marrow, the dose (uGy/MBq) to this
tissue was comparatively high: 4.1 for 11C-MePPEP and 24.5 for 18F-FMPEP-d,. As a
comparison, the dose (uGy/MBq) to red marrow is 24.0 for 18F-fluorothymidine and 10.5
for 18F-fluorodopa [20,21].

Biodistribution of 11C-MePPEP and 18F-FMPEP-d,

11C-MePPEP and 18F-FMPEP-d, demonstrated similar time-activity curves for most organs
in human; however, there were a couple of notable differences. First, 11C-MePPEP had no
apparent excretion through the urinary bladder, whereas ~33% of radioactivity from 18F-
FMPEP-d, was excreted in urine. On the other hand, by the end of the scan only ~9% of
radioactivity from 11C-MePPEP and ~7% of radioactivity from 18F-FMPEP-d, was
accounted for in the gallbladder and intestine combined. While these are different chemical
compounds and their metabolism could be different, they have a high structural similarity
and may undergo similar metabolic pathways. Thus, it is possible that the fluorine atom
causes the creation of a hydrophilic radiometabolite which is excreted in urine, whereas a
similar metabolite does not exist for 11C-MePPEP or is converted into 11C-CO, and expired
through the lungs. We also consistently noted uptake of radioactivity from 11C-MePPEP, but
not 18F-FMPEP-d,, in thyroid, although it was a small contributor to the effective dose
(5%).

Although much interest has been paid toward imaging CB; receptors in the brain for drug
occupancy or potentially studying neuropsychiatric diseases, CB; receptors are found
throughout the body where they may contribute to other pathophysiologies. For example,
CB; receptors are upregulated by at least two to three times in liver fibrosis [22,23] and as
much as several thousand times in rhabdomyosarcoma [24]. The ability of either 11C-
MePPEP or 18F-FMPEP-d, for imaging CB; receptors in liver or intestines is likely to be
confounded by the high hepatobiliary excretion of radioactivity. Nevertheless, the extremely
large upregulation of CB receptors in disease states may provide an adequate signal with
focal intensity.
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One other CB4-selective PET tracer, 18F-MK-9470, has been reported with dosimetry and
biodistribution data [25]. When compared to 18F-FMPEP-d,, 18F-MK-9470 demonstrates
similar organ distribution and elimination with more predominant hepatobiliary
elimination. 18F-MK-9470 has a slightly higher effective dose than 18F-FMPEP-d, (22.8 vs
19.7 uSv/MBq, respectively).

The effective doses of 11C-MePPEP and 18F-FMPEP-d, are similar to other 11C- and 18F-
labeled radioligands. Brain uptake of both radioligands is high and prolonged. These
radioligands may be useful to image CB; receptors in the periphery, although additional
studies are required to determine whether uptake reflects binding of parent radioligand
rather than merely accumulation of radiometabolites.
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Fig. 1.

Maximum intensity projection images of a healthy male about 2, 25, and 100 min after
injection of 11C-MePPEP
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Uptake of radioactivity from 11C-MePPEP in organs that could be visually identified on
whole-body images. Activity of organ is expressed as percentage of injected activity. Data

are mean + SD in seven subjects
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Fig. 3.

Maximum intensity projection images of a healthy male about 2, 25, 100, and 280 min after
injection of 18F-FMPEP-d,
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Uptake of radioactivity from 18F-FMPEP-d, in organs that could be visually identified on

whole-body images. Activity of organ is expressed as percentage of injected activity. Data
are mean + SD in seven subjects
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Fig. 5.
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Cumulative radioactivity in urine identified in the urinary bladder with PET and directly
measured in excreted urine after injection of 18F-FMPEP-d,. Decay-corrected data from all
seven subjects was fitted to a single exponential curve. By this extrapolation, 34% of
injected activity was excreted via urine, with a biological half-life of 3.8 h
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Residence times of source organs determined from whole-body imaging of seven healthy subjects injected

with 11C-MePPEP and seven healthy subjects injected with 18F-FMPEP-d,

Organ 11C_MePPEP2 8F-FMPEP-d,
Residence time (h)  Residence time (h)
Mean = SD Mean = SD
Brain 0.034+0.006 0.145+0.033
Cortical bone 0.011+0.004 0.082+0.025
Gallbladder 0.002+0.001 0.029+0.019
Heart wall 0.007+0.002 0.017+0.003
Kidney 0.009+0.003 0.034+0.007
Liver 0.091+0.025 0.161+0.043
Lower large intestine  0.000+0.000 0.012+0.003
Lung 0.039+0.007 0.095+0.051
Red marrow 0.019+0.002 0.198+0.075
Small intestine 0.032+0.013 0.123+0.027
Spleen 0.004+0.001 0.011+0.005
Trabecular bone 0.003+0.001 0.020+0.006
Upper large intestine  0.004+0.002 0.068+0.015
Urinary bladder? - 0.11920.026
Remainder of body 0.236+0.033 1.524+0.204

aThe residence time of 11 C-MePPEP in thyroid and lower large intestine is <0.001 h

b - -
Some organs could not be identified as source organs for both radioligands
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Radiation dosimetry estimates for 11C-MePPEP and 18F-FMPEP-d, each from seven healthy subjects

Table 2

Organ 1C-MePPEP  18F-FMPEP-d,
pGy/MBq pGy/MBq
Mean + SD Mean + SD
Adrenals 3.3+0.1 13.3+0.4
Brain 8.0+1.5 26.3+5.4
Breasts 1.8+0.1 7.8+0.4
Gallbladder wall 8.7+3.1 60.7+29.2
LLI wall 2.5+0.1 21.1+1.9
Small intestine 11.6+3.8 38.0#5.5
Stomach 2.5+0.1 11.9£0.5
ULI wall 5.4+1.2 41.4+6.2
Heart wall 7.5%1.2 17.0+1.8
Kidneys 9.9+2.3 28.7+3.8
Liver 16.2+4.2 255455
Lungs 11.0+1.7 21.9+8.6
Muscle 2.0+0.1 9.9+0.4
Ovaries 2.8+0.2 16.4+0.9
Pancreas 3.2+0.0 13.6+0.4
Red marrow 4.1+0.2 24552
Bone surfaces 4.7+0.4 26.7£3.0
Skin 1.5+0.1 7.2+0.5
Spleen 7.9+2.2 18.3+4.8
Testes 1.6+0.2 9.3+0.7
Thymus 2.1+0.2 9.7+0.5
Thyroid 45+1.7 9.3+0.7
Urinary bladder wall2 2.0£0.2 66.2£11.4
Uterus 2.620.1 17.120.7
Effective dose (uSv/IMBq)  4.6+0.3 19.7x2.1

LLI lower large intestine, ULI upper large intestine

aDetermined from the dynamic urinary bladder model with a voiding interval of 2.4 h
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