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This was a first-in-human study of the PET radiotracer 11C-

LSN3172176 for the muscarinic acetylcholine receptor subtype

M1. The objectives of the study were to determine the appropriate
kinetic model to quantify binding of the tracer to M1 receptors, and

the reliability of the chosen quantification method. Methods: Six
healthy subjects completed the test–retest protocol, and 5 healthy

subjects completed the baseline-scopolamine blocking protocol.
Multiple modeling methods were applied to calculate total distribu-

tion volume (VT) and nondisplaceable binding potential (BPND) in

various brain regions. The reference region was selected from the
blocking study. The occupancy plot was applied to compute re-

ceptor occupancy by scopolamine and nondisplaceable distribution

volume. Results: Tracer uptake was highest in the striatum, fol-

lowed by neocortical regions and white matter, and lowest in the
cerebellum. Regional time–activity curves were fitted well by all

models. The 2-tissue-compartment (2TC) model fits were good,

but the 2TC parameters often could not be reliably estimated. Because

VT correlated well between the 2TC and 1-tissue-compartment (1TC)
models after exclusion of unreliable estimates, the 1TC model was

chosen as the most appropriate. The cerebellum showed the lowest

VT, consistent with preclinical studies showing little to no specific
binding in the region. Further, cerebellar VT did not change between

baseline and blocking scans, indicating that the cerebellum is a suit-

able reference region. The simplified reference tissue model (SRTM)

slightly underestimated 1TC BPND, and the simplified reference tissue
model 2 (SRTM2) improved BPND estimation. An 80-min scan was

sufficient to quantify VT and BPND. The test–retest study showed ex-

cellent absolute test–retest variability for 1TC VT (#5%) and BPND

(#10%). In the baseline and blocking studies, occupancy values were
lower in the striatum than in nonstriatal regions, as may be attributed to

differences in regional acetylcholine concentrations. Conclusion: The
1TC and SRTM2 models are appropriate for quantitative analysis of
11C-LSN3172176 imaging data. 11C-LSN3172176 displayed excellent
test–retest reproducibility and is a highly promising ligand to quantify

M1 receptors in the human brain.
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The M1 subtype of the muscarinic acetylcholine receptor
(mAChR) is a G-protein–coupled receptor and the most prevalent

among the 5 identified mAChR subtypes (M1–M5). M1 is richly

expressed in forebrain regions, including the striatum, hippocam-

pus, and cortex, but absent in the cerebellum (1). M1-abundant

regions are involved in motor control, cognition, and memory

regulation. As a result, M1 is implicated in diseases such as Alz-

heimer disease, Parkinson disease, and other psychiatric disorders

(2,3). M1 receptors have 2 interconvertible affinity states: high-

affinity, or active, and low-affinity, or inactive (silent) (4). Accord-

ing to the classic 2-state theory of G-protein–coupled receptors,

antagonist PET ligands bind to receptors in both the active and the

inactive states, whereas agonist ligands bind only to the receptors

in the high-affinity, active state (5).
Several mAChR antagonist radiotracers have previously been

reported, such as 11C-scopolamine (6), 11C-N-methylpiperidyl

benzilate (7), [N-11C-methyl]-benztropine (8), and 11C-quinu-

clidinyl benzilate (9). However, most demonstrated a lack of

selectivity to the M1 subtype, slow kinetics, or low specific bind-

ing. As for mAChR agonist radiotracers, 11C-xanomeline and 11C-

butylthio-TZTP (thiadiazolyltetrahydro-1-methyl-pyridine) are

not selective for M1 and display high affinity for s-receptors

(10). The putative M1 agonist radiotracer 11C-AF150(S) displayed

rapid kinetics in rats but no measurable specific binding (11). 11C-

GSK1034702 was an M1 allosteric agonist with good brain uptake

in humans, but its total distribution volume (VT) was similar across

brain regions, including the cerebellum, suggesting negligible spe-

cific binding (12). More recently, 11C-(S,R)-1-methylpiperidin-3-

yl)2-cyclopentyl-2-hydroxy-2-phenylacetate was reported to be an

M1 agonist radioligand with good imaging characteristics in mon-

keys (13). However, its binding was only partially blocked by the

M1 selective antagonist pirenzepine, indicating a moderate M1

selectivity. We have developed a novel M1 agonist radioligand,
11C-LSN3172176 (Fig. 1) (14), and evaluated it in monkeys (15).

LSN3172176 exhibited high binding affinity to M1 (inhibition con-

stant [Ki] 5 8.9 nM) and lower binding affinity for other mAChR

subtypes, with a rank order of M1.M4 (Ki 5 41.4 nM), M5 (Ki 5
55.6 nM), M2 (Ki 5 63.8 nM) .. M3 (Ki 5 3,031 nM) (14). In

monkeys, 11C-LSN3172176 demonstrated highly favorable in vivo

imaging properties such as high brain uptake, appropriate kinetics

amenable to quantitative kinetic modeling, and high specific binding

signals (15).
In this paper, we present first-in-human PET imaging results for 11C-

LSN3172176. Baseline and blocking studies with scopolamine were
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conducted to identify the ap-
propriate kinetic model for

quantifying tracer binding

and for determining the

test–retest variability (TRV)

of binding parameters.

MATERIALS AND METHODS

Radiotracer Synthesis

The PET tracer 11C-LSN3172176
was synthesized as described

recently (15).

Human Subjects

Eleven healthy people were
included. All underwent a com-

prehensive screening assessment that included a complete physical

examination with medical history, routine blood tests, electrocardio-

gram, and urine toxicology. Individuals were excluded if they had a

current or past serious medical, psychiatric, or neurologic illness

(including a history of head injury with loss of consciousness); a

history of substance abuse or dependence; or metal in their body (an

MRI contraindication).
Six subjects (37 6 10 y; 3 male and 3 female) were enrolled in a

test–retest study, and another 5 subjects (42 6 2 y; 3 male and 2

female) completed a baseline-scopolamine blocking study. The protocol

was approved by the Yale Human Investigation Committee (the local

institutional review board) and the Yale–New Haven Hospital Radiation

Safety Committee and was performed in accordance with the federal

guidelines and regulations of the United States for the protection of

human research subjects, as detailed in title 45, part 46, of the Code of

Federal Regulations. All subjects gave written informed consent.

Brain PET Studies

PET Imaging. Subjects were administered a dose of 11C-LSN3172176

as an intravenous injection over 1 min by an automatic pump (PHD 22/

2000; Harvard Apparatus). The approved maximum injected mass was

10 mg per administration. Six subjects had 2 PET scans each on the

same day, 5.8 6 0.9 h apart. Five subjects underwent the baseline and

blocking PET scans on 2 consecutive days. The blocking scan was

conducted 23.6 6 0.3 h after scopolamine (1.5 mg) was administered

via a transdermal patch placed behind the subject’s left or right ear.

PET images were acquired for 120 min in list mode using the High
Resolution Research Tomograph (Siemens Medical Systems). A

6-min transmission scan was conducted for attenuation correction.

Dynamic scan data were reconstructed into 207 slices (1.2-mm slice

separation) in 33 frames (6 · 30 s, 3 · 1 min, 2 · 2 min, and 22 ·
5 min) with corrections for attenuation, normalization, scatter, ran-

doms, and dead time using a motion-compensation ordered-subsets

expectation maximization list-mode algorithm for resolution-recovery

reconstruction (16). Event-by-event motion correction (17) was in-

cluded in the reconstruction based on measurements with the Polaris

Vicra sensor (NDI Systems), using reflectors mounted on an elastic

cap worn by the subject.
MRI. Each subject underwent MRI for PET image registration. The

MRI scan was performed using a 3-dimensional magnetization-

prepared rapid acquisition with gradient-echo pulse, with an echo

time of 2.78 ms, repetition time of 2,500 ms, inversion time of 1,100

ms, and flip angle of 7� on a 3-T whole-body scanner (Trio; Siemens

Medical Systems) with a circularly polarized head coil.

Arterial Input Function Measurement. Discrete blood samples were

manually drawn every 10 s from 10 to 90 s, every 15 s from 90 s to

3 min, and then at 3.5, 5, 6.5, 8, 13.5, 15, 20, 25, 30, 45, 60, 75, 90,

105, and 120 min. Samples were centrifuged to obtain plasma, and

then whole blood and plasma were counted with a calibrated well

counter.
Radiotracer metabolism was analyzed using plasma samples

collected at 3, 8, 15, 30, 60, and 90 min after injection. Metabolites

were analyzed using the column-switching high-performance liquid

chromatography method (18) to determine the parent fraction. An

ultrafiltration-based method (Centrifree; Millipore) was used for mea-

suring the plasma free fraction. The procedures have been described in

detail previously (15).

For the blocking scan of 1 subject, no arterial data were available.

This subject was excluded from occupancy calculations.
Image Registration and Regions of Interest. PET images were

corrected for motion by frame-by-frame registration to a summed
image (0–10 min after injection) using a 6-parameter mutual in-

formation algorithm (FLIRT; FSL). The summed PET image was
then coregistered to the subject’s T1-weighted MR image (6-pa-

rameter affine registration), which was subsequently coregistered
to the Automated Anatomic Labeling (AAL) template (19) in Mon-

treal Neurologic Institute (20) space using a nonlinear transforma-
tion (Bioimage suite) (21). Using the combined transformations

from template-to-PET space, regional time–activity curves in 13
regions were generated: putamen, caudate, frontal cortex, occipital

cortex, parietal cortex, temporal cortex, amygdala, globus pallidus,
hippocampus, thalamus, cerebellum, and centrum semiovale. The

ventral striatum was drawn on the template MR image as in pre-
vious work (22).

Regional VT was computed using 1-tissue-compartment (1TC) and
2-tissue-compartment (2TC) models. Each scan and curve were fitted

separately. Blood volume in the brain was assumed to be 5% in the

1TC and 2TC models (CPETðtÞ 5 CTðtÞ1 0:05CWBðtÞ, where CPET

(t), CT (t), and CWB (t) are the measured PET data, the brain activity,

and whole blood activity, respectively).

The occupancy results were visualized with the Lassen plot (23) but
analyzed with a nonlinear model, since occupancy was not the same

among all regions. The measured VT in n regions at baseline and after

drug administration were modeled as VTðbaselineÞ 5 VND 1VS and

VTðblockingÞ 5 VND 1 ð1 2 rÞVS, where VND is the nondisplaceable dis-

tribution volume, r is M1 receptor occupancy by scopolamine, and VS is the

specific distribution volume. Nonlinear least-squares (NLLS) fitting (24) was

used to estimate parameter p 5 ðVND; rNLLS;V
ROI1
S ;VROI2

S ;\cdots;VROIn
S Þ
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s2ðVi

T
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s2ðVj
T
ðblockingÞÞ were determined

from the SE of 1TC VT estimates. Thus, a total of n 1 2 parameters
were estimated using 2 · n data points. A reference region was se-
lected by comparing VT at the baseline and blocking scans with the
estimated VND.

BPND was computed using VT from the compartment models for all
regions and the selected reference region. The simplified reference

tissue model (SRTM) and simplified reference tissue model 2

(SRTM2) were also used to derive BPND directly. In the SRTM2

model, all regional time–activity curves were fitted simultaneously

per scan with a common parameter k92, the efflux rate of the reference

region (coupled parameter fitting).

FIGURE 1. Molecular structure of
11C-LSN3172176.
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For VT and BPND, the mean and SD of the TRV [2 · (retest – test)/

(test 1 retest)] and the mean of the absolute value of TRV were

calculated. The intraclass correlation coefficients were also calculated.

The minimal scan duration sufficient for reliable estimation of VT

and BPND was evaluated by considering shorter datasets (30–120 min

in 10-min increments, n 5 12). The percentage difference in VT and

BPND between x (,120 min) and 120 min were calculated for each

scan duration. The minimum scan duration was chosen using previ-

ously defined criteria (25): the average VT ratio was between 95% and

105%, and the SD of the ratio was lower than 10%.

RESULTS

Radiochemistry
11C-LSN3172176 was prepared in 14% 6 4% yield (range,

5%–21%) at the end of synthesis based on trapped 11C-methyl
iodide. The radiochemical purity was 98% 6 2%, and the molar
activity was 692 6 400 MBq/nmol (range, 144–1,302 MBq/nmol) at

the end of synthesis. The average synthesis time was 48 6 2 min.

Human Injection and

Scan Parameters

The injected dose, injected mass, and
specific activity at the time of injection for
11C-LSN3172176 are listed in Table 1. Ad-

ministered activity dose, injected mass,
and specific activity did not significantly
differ between test and retest scans (2-

tailed paired t test: P 5 0.43, P 5 0.19,
and P 5 0.23, respectively) or between

baseline and blocking scans (P 5 0.81,
P 5 0.46, and P 5 0.30, respectively).

Safety

There were no adverse or clinically
detectable pharmacologic effects in any
subject. No clinically significant changes

in vital signs, laboratory test results, or
electrocardiograms were observed.

Plasma Analysis

The parent fraction of 11C-LSN3172176
in plasma decreased moderately over time
(Fig. 2). At 60 min after injection, parent

fractions were 66% 6 5% and 67% 6 5%
for the test and retest scans, respectively,
and 64% 6 3% and 65% 6 3% for the

baseline and blocking scans, respectively.

Free fractions were 0.29 6 0.03 for test, retest, and baseline scans

and 0.28 6 0.01 for blocking scans. There was no statistically

significant difference in plasma free fraction between the test

and retest scans (2-tailed paired t test: P 5 0.51) or between

the baseline and blocking scans (P 5 0.24). The TRV of the

plasma free fraction was 23% 6 11%.

Brain Distribution and Kinetics

Figure 3 shows typical images of 11C-LSN3172176 in SUV
units. The highest uptake was seen in the striatum (ventral stria-

tum, putamen, and caudate), followed by the neocortex. The low-

est uptake was in the cerebellum. Typical time–activity curves and

fitted curves are shown in Figure 4. For baseline scans, peak SUV

in cortical regions ranged from 5 to 9, peaking at later times for

the regions with higher uptake. Regional time–activity curves fit

well with all models:1TC, 2TC, SRTM, and SRTM2. The 2TC

fitting of the time–activity curves was significantly better than the

1TC in 44% of the fits as assessed by the F test. Although the 2TC

fits were statistically better overall, the individual parameters were

FIGURE 2. (A and B) Mean ± SD of plasma parent fraction (A) and metabolite-corrected input

function (B) in test and retest scans of 11C-LSN3172176. (C and D) Plasma parent fraction (C) and

metabolite-corrected input function (D) in baseline and blocking scans.

TABLE 1
Subject Information and PET Scan Parameters

Parameter Test (n 5 6) Retest (n 5 6) Baseline (n 5 5) Blocking (n 5 5)

Age (y) 38 ± 10 43 ± 2

Body weight (kg) 81 ± 16 88 ± 13

Injected dose (MBq) 559 ± 109 584 ± 152 601 ± 74 579 ± 141

Specific activity at injection (MBq/nmol) 452 ± 83 400 ± 100 139 ± 42 158 ± 31

Injected mass (μg/kg) 0.006 ± 0.002 0.008 ± 0.004 0.021 ± 0.008 0.017 ± 0.006

Data are mean ± SD. Age and weight are for test and retest groups combined and for baseline and blocking groups combined.
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often not reliably estimated because of numeric identifiability

problems (relative SE of VT . 10%). When estimates were reli-

able, there was an excellent match between 2TC- and 1TC-derived

VT [2TC VT 5 ð1:01 · 1TC VTÞ 2 1:56; R2 5 0:99]. Given the

quality of fits and comparison of VT with the 2TC estimates, the

1TC model was selected as the model of choice when the arterial

input function is available. The 1TC K1 estimates (mL/min/cm3)

ranged from 0.18 6 0.03 (centrum semiovale) to 0.49 6 0.12
(putamen). Estimates of 1TC VT without blood volume correction
were very similar to those with correction [uncorrected VT 5 (0.99
· corrected VT) 1 0.04, R2 5 1.00]. Mean regional VT across
subjects in the test–retest study is shown in Table 2. VT was high-
est in the striatum, followed by the neocortical regions and white
matter, and lowest in the cerebellum.

Scopolamine Blocking

Tracer uptake was reduced by scopolamine administration (Fig.
3). The mean 1TC VT across subjects is shown in Table 3. The
mean VT in all regions except the cerebellum was reduced by
scopolamine. The mean cerebellum VT was similar between base-
line and blocking scans (4% 6 11% difference, n 5 4). Occu-
pancy and VND are listed in Table 4, with the assumption of
uniform occupancy across regions (1-occupancy model). Figure
5 shows the Lassen plot of VT averaged across subjects. Four
regions (s) appear to belong to a different regression line than
the other regions (•), with a lower slope. Thus, the assumption of
uniform occupancy in all regions might not be adequate. There-
fore, occupancy and VND were estimated assuming 2 occupancy
groups—one for striatal regions and the other for nonstriatal
regions—using a common VND (Table 4). The F test showed that
the 2-occupancy model was significantly better than the 1-occupancy
model (P , 0.001 for all subjects). VND was 5.22 6 0.77 mL/cm3,
which was extremely similar to the mean cerebellum VT (5.10 6
0.54 mL/cm3, n 5 5). As seen in Figure 5, the cerebellum point is
located on the x-axis, thus showing no blockade by scopolamine and
supporting use of the cerebellum VT as VND. Therefore, the cere-
bellum was selected as the reference region. The occupancies com-
puted from percentage difference in BPND using 1TC and SRTM2
were at a level similar to those using the 2-occupancy model (Sup-
plemental Table 1; supplemental materials are available at http://
jnm.snmjournals.org).

Binding Potential

Shown in Table 2 is mean BPND calculated from the 1TC and
SRTM2models across subjects. BPND was first calculated using SRTM
and correlated well with BPND from 1TC but was slightly underesti-
mated [SRTM BPND; 5 ð0:90 · 1TC BPNDÞ1 0:21; R2 5 0:97].
The estimated SRTM k92(1/min) ranged from 0.065 to 0.099,

whereas the 1TC k2(1/min) in the cerebel-
lum was 0.0796 0.002. SRTM k92 matched
well with 1TC k2 in the cerebellum
[SRTM k92 5 ð0:97 · 1TC k2Þ1 0:005;
R2 5 0:64]. SRTM2 BPND matched bet-
ter with the 1TC values: SRTM2 BPND 5
½0:94 · 1TC BPNDÞ 1 0:04; R2 5 0:98.
Given the quality of fits (Fig. 4) and com-
parison of BPND with the 1TC estimates,
SRTM2 is recommended as the best nonin-
vasive model for quantitative analysis.

Minimum Scan Time and TRV of

Binding Parameters

Listed in Table 2 are the minimum scan
times required to achieve stable measurement
of binding parameters for each region. In
general, longer scan times were needed for
regions with higher VT. Compared with the
1TC 120-min estimates, the minimum scan
was 70 min for VT and 80 min for BPND.

FIGURE 3. MR and coregistered typical PET images of 11C-LSN3172176

under test and retest conditions in one subject and under baseline and

blocking conditions in another subject. PET images were summed from

30 to 60 min after injection.

FIGURE 4. Time–activity curves of 11C-LSN3172176 in baseline (A) and blocking (B) scans and

fits with 1TC, 2TC, SRTM, and SRTM2. CER 5 cerebellum; FRO 5 frontal cortex; PUT 5 puta-

men; THA 5 thalamus.

556 THE JOURNAL OF NUCLEAR MEDICINE • Vol. 62 • No. 4 • April 2021

http://jnm.snmjournals.org/
http://jnm.snmjournals.org/


Table 5 shows the test–retest statistics for VT and BPND. The TRVof
VTwas excellent: absolute TRVwas no more than 5% in all regions and
22% for the global mean TRV. The absolute TRV of 1TC BPND was
also good (#10%), and the global mean TRV was 1%. SRTM2 BPND
showed slightly higher absolute TRV and TRV than did 1TC BPND.

DISCUSSION

The primary aims of this study of the novel mAChR M1 PET
tracer 11C-LSN3172176 were to determine an appropriate tracer

kinetic model for quantitative analysis of imaging data, to assess

the TRVof kinetic parameters, and to evaluate a suitable reference

region for simplified analysis. 11C-LSN3172176 showed high up-

take in the brain and produced images of high statistical quality.

The pattern of the time–activity curves demonstrated reversible

binding. All regional time–activity curves were described well

using all kinetic models: 1TC, 2TC, SRTM, and SRTM2. On

the basis of the F test, the 2TC model fitting was better than the

1TC model fitting; however, estimation of regional VT was not

TABLE 2
Binding Parameters from Test–Retest Study of 11C-LSN3172176

1TC VT (mL/cm3)

(n 5 6) 1TC BPND (n 5 6)

SRTM2 BPND

(n 5 6)

Region Test Retest

Minimum

scan time (min) Test Retest

Minimum

scan time (min) Test Retest

Ventral striatum 48.5 (16%) 48.9 (20%) 50 8.87 (12%) 8.69 (17%) 50 8.60 (17%) 8.00 (14%)

Putamen 38.6 (22%) 39.3 (22%) 60 6.82 (20%) 6.74 (18%) 60 6.63 (23%) 6.31 (16%)

Caudate 30.2 (19%) 30.4 (20%) 60 5.13 (15%) 4.98 (14%) 70 4.97 (19%) 4.64 (12%)

Amygdala 28.8 (21%) 28.8 (18%) 40 4.80 (14%) 4.67 (8%) 50 4.62 (20%) 4.3 (12%)

Temporal cortex 27.4 (15%) 27.9 (14%) 60 4.56 (10%) 4.52 (10%) 70 4.41 (11%) 4.25 (8%)

Occipital cortex 26.7 (16%) 27.3 (14%) 60 4.42 (9%) 4.41 (9%) 70 4.28 (10%) 4.17 (8%)

Parietal cortex 25.5 (16%) 26.1 (13%) 60 4.18 (9%) 4.16 (9%) 60 4.04 (9%) 3.94 (8%)

Frontal cortex 24.4 (17%) 24.7 (15%) 60 3.96 (14%) 3.88 (12%) 70 3.83 (14%) 3.67 (10%)

Hippocampus 17.5 (18%) 18.0 (15%) 70 2.55 (16%) 2.58 (16%) 80 2.48 (21%) 2.42 (17%)

Globus pallidus 16.4 (24%) 16.6 (24%) 40 2.31 (25%) 2.27 (24%) 40 2.26 (28%) 2.15 (23%)

Centrum semiovale 9.0 (16%) 9.4 (15%) 30 0.82 (16%) 0.85 (13%) 40 0.77 (16%) 0.78 (17%)

Thalamus 8.7 (19%) 9.0 (19%) 30 0.76 (27%) 0.76 (20%) 30 0.75 (28%) 0.75 (19%)

Cerebellum 4.9 (12%) 5.1 (14%) 30

Data are percentage coefficient of variation followed by intersubject variability in parentheses.

TABLE 3
Binding Parameters from Baseline-Blocking Study of 11C-LSN3172176

1TC VT (mL/cm3) 1TC BPND

Region Baseline (n 5 5) Blocking (n 5 4) Baseline (n 5 5) Blocking (n 5 4)

Ventral striatum 44.6 (10%) 34.0 (12%) 7.82 (8%) 5.68 (7%)

Putamen 37.2 (9%) 26.6 (11%) 6.37 (7%) 4.25 (11%)

Caudate 29.7 (19%) 21.2 (24%) 4.85 (14%) 3.14 (19%)

Amygdala 27.4 (12%) 18.9 (15%) 4.44 (16%) 2.71 (10%)

Temporal cortex 24.7 (9%) 16.5 (14%) 3.89 (8%) 2.25 (10%)

Occipital cortex 23.8 (7%) 14.9 (11%) 3.71 (7%) 1.94 (10%)

Parietal cortex 23.1 (7%) 14.9 (13%) 3.59 (11%) 1.94 (14%)

Frontal cortex 22.5 (12%) 14.6 (15%) 3.45 (11%) 1.88 (13%)

Hippocampus 17.7 (11%) 12.4 (13%) 2.51 (15%) 1.44 (13%)

Globus pallidus 15.6 (9%) 12.6 (17%) 2.12 (24%) 1.51 (35%)

Centrum semiovale 8.7 (14%) 6.8 (14%) 0.72 (28%) 0.34 (40%)

Thalamus 9.4 (13%) 7.3 (9%) 0.86 (12%) 0.43 (12%)

Cerebellum 5.1 (11%) 5.1 (10%)

Data are percentage coefficient of variation followed by intersubject variability in parentheses.
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consistently reliable by the 2TC model. On the other hand, VT

estimated by the 1TC model matched well with VT using the
2TC model. Therefore, the 1TC model was chosen as the best
model for analysis of imaging data when input function data are
available. The 1TC K1 in gray matter was 0.40 mL/cm3/min, sug-
gesting good extraction of the tracer. The 1TC VT displayed a rank
order consistent with the M1 distribution in the brain, that is, high in
striatal regions and lowest in the cerebellum. Given the high VT, it
was not surprising that a blood volume correction was not needed.
The 1TC VT in the cerebellum did not change between baseline

and scopolamine blocking scans. Also, the estimated VND from
occupancy estimation was close to the cerebellum VT. In view of
these results and a postmortem study (26), the cerebellum was
selected as a reference region satisfying the requirements to accu-
rately compute binding potential.
For reference region models, SRTM and SRTM2 were evalu-

ated for computation of BPND. The SRTM2-coupled fit led to an
estimated k92 similar to the 1TC-estimated k2 in the cerebellum.
SRTM2 BPND matched better with BPND from 1TC than did BPND

from SRTM. Therefore, SRTM2 was selected as the best noninvasive
model for quantitative analysis of 11C-LSN3172176 imaging data.

Test–retest reproducibility was excellent for both 1TC VT and
1TC BPND and was slightly poorer for SRTM2 BPND but still

good. There is no published literature on the reproducibility of

other M1 tracers for comparison. Compared with our previously

published test–retest studies with various tracers, the test–retest

reproducibility of 11C-LSN3172176 was similar to that of the

synaptic vesicle 2A protein tracer 11C-UCB-J (27) and much bet-

ter than those of other tracers, such as the k-opioid receptor tracer
11C-LY2795050 (28) and the dopamine D2/D3 receptor tracer 11C-

PHNO (29).
In the scopolamine blocking study, striatal and nonstriatal

regions showed different occupancy levels in all subjects. This

difference was visible in individual occupancy plots, and the 2-

occupancy model was statistically better than the 1-occupancy

model in all subjects. This result might be attributed to different

endogenous acetylcholine concentrations between these regions.

Drug occupancy is classically described as D/(1 1 D 1 E), where

D 5 [drug]/IC50 (drug) and E 5 [acetylcholine]/IC50 (acetylcho-

line). Concentration is denoted by [], and IC50 is half-maximal

inhibitory concentration. Therefore, a higher endogenous acetyl-

choline concentration would lead to lower measured occupancy.

Thus, the lower scopolamine occupancy in the striatal regions may

be caused by higher endogenous acetylcholine concentrations. In
the rat brain, acetylcholine exists abundantly in the caudate and
putamen, in comparison with the cortical regions (30,31). Uptake
of the vesicular acetylcholine transporter tracer 18F-fluoroethoxy-
benzovesamicol was 5–6 times higher in the striatum than in the
cerebral cortices (32). These results suggest that in humans, ace-
tylcholine concentrations are higher in striatal regions than in
cortical regions. These differences in occupancy levels were ob-
served because the occupancy by scopolamine was moderate
(;40%) in the present study. High occupancy (i.e., high scopol-
amine concentration) would diminish an effect by endogenous
acetylcholine. Indeed, the effect of endogenous acetylcholine
was undetectable during our preclinical characterization of 11C-
LSN3172176 in rhesus macaques, in which an average occupancy
of 98.6% was achieved by intravenous administration of a 50 mg/
kg dose of scopolamine, without evidence of differential occu-
pancy levels (15). However, the differences in regional occupancy
levels might also be attributed to the regional differences in the
magnitude of acetylcholine release induced by scopolamine. In rat
studies (33,34), scopolamine increased acetylcholine release more
in the frontal cortex (1,400% at peak) and hippocampus (1,200%)

TABLE 4
Occupancy by Scopolamine and VND

11C-LSN3172176

One-occupancy model

Two-occupancy model

Subject Occupancy (%) VND (mL/cm3)

Nonstriatum

occupancy (%)

Striatum

occupncy (%)

VND

(mL/cm3)

1 47 (7%) 3.87 (15%) 52 (4%) 41 (5%) 4.17 (5%)

2 34 (15%) 5.24 (20%) 44 (8%) 27 (15%) 6.01 (6%)

3 31 (13%) 4.49 (21%) 36 (7%) 24 (19%) 5.51 (8%)

4 39 (7%) 4.92 (13%) 43 (4%) 33 (8%) 5.19 (6%)

Mean ± SD 4.63 ± 0.59 5.22 ± 0.77

Data are best-fit values using nonlinear analysis, followed by relative percentage SE in parentheses.

FIGURE 5. Lassen plot of mean regional 1TC VT of 11C-LSN3172176

(n 5 4). Error bar shows SEM. Ventral striatum (VST), putamen (PUT),

caudate (CAU), pallidum (PAL), and cerebellum (CER) are shown as

open circles, and other regions are shown as closed circles.
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than in the striatum (400%). If a similar effect of scopolamine on
acetylcholine occurs in human, the induced acetylcholine release
also would lead to higher occupancy in the cortical than striatal
regions. Therefore, the differential occupancy observed in the pre-
sent study could be due to the combination of these 2 factors: high
baseline endogenous acetylcholine levels in the striatum, and
higher induced acetylcholine release in nonstriatal regions. Further
experiments are needed to tease out these 2 factors.
Other possible causes for the differential occupancy by

scopolamine are different levels of VND between striatal and non-
striatal regions and different proportions of binding to M1, M2,
and M4 receptors. For the first possible cause, we compared oc-
cupancy models to describe the results from the scopolamine
blocking study. The chosen model, 2 occupancies and 1 VND,
was significantly better than the 1-occupancy and 1-VND model
but not significantly different from the 2-occupancy and 2-VND

model as judged by the F test. Further, the Akaike information

criterion of the chosen model was smaller than the 1-occupancy

and 2-VND model. These model comparison results support a sin-

gle VND across all regions. For the next possible cause, scopol-

amine has similar affinity for M1 (1.1 nM), M2 (2.0 nM), and M4

(0.8 nM) receptors (35). Therefore, the spatial distribution of these

subtypes is unlikely to affect the occupancy.
Finally, although LSN3172176 displayed high in vitro binding

affinity for the M1 mAChR (Ki 5 8.9 nM), it also had moderate

affinities for M4 (Ki 5 41.4 nM) and M2 (Ki 5 63.8 nM). Pre-

clinical studies on rodents have shown that the in vivo binding

signal of 11C-LSN3172176 comes predominantly from M1. None-

theless, it is possible that there are also small contributions from

M4 and M2, especially in striatal regions where levels of M4

and M2 are relatively high (14). To date, a detailed mapping of

the 5 mAChR subtypes in the human brain is not available.

Assuming that the maximum density of binding sites of M2/

M4 is about half that of M1 (36), up to 10% of 11C-LSN3172176

BPND might be contributed by its binding to M2/M4. Therefore,

although 11C-LSN3172176 is fairly selective for the M1

mAChR, it is important to consider the contributions from its

M2/M4 binding when interpreting the imaging data, especially

in the striatal regions. Assessment of the exact contributions

from M4 and M2 subtype binding will require future blocking

studies with M4 and M2 selective compounds.

CONCLUSION

11C-LSN3172176, a new M1 mAChR PET tracer, displayed
high brain uptake, heterogeneous distribution among brain re-

gions, and appropriate kinetics. The 1TC and SRTM2 models

were judged as the most suitable for describing the kinetics, and

an 80-min scan time was sufficient to quantify regional VT and

BPND. Excellent test–retest reproducibility was found for 1TC VT

and BPND. From the blocking study, the cerebellum was consid-

ered a suitable reference region to compute BPND. On the basis of

our results, 11C-LSN3172176 is an excellent PET ligand to quan-

tify M1 mAChR in the human brain.
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TABLE 5
Test–Retest Reproducibility Parameters of 11C-LSN3172176

1TC VT (mL/cm3) (n 5 6) 1TC BPND (n 5 6) SRTM2 BPND (n 5 6)

Region aTRV TRV ICC aTRV TRV ICC aTRV TRV ICC

Ventral striatum 5% 0% ± 7% 0.92 7% 3% ± 8% 0.87 8% 7% ± 6% 0.83

Putamen 2% −2% ± 2% 0.99 4% 1% ± 4% 0.98 9% 4 ± 9% 0.84

Caudate 1% 0% ± 1% 1.00 4% 3% ± 3% 0.96 8% 6 ± 8% 0.79

Amygdala 3% −1% ± 4% 0.99 6% 2% ± 7% 0.81 11% 6 ± 12% 0.67

Temporal cortex 3% −2% ± 3% 0.98 4% 1% ± 5% 0.92 7% 4 ± 8% 0.61

Occipital cortex 4% −3% ± 5% 0.93 6% 0% ± 7% 0.72 8% 2 ± 10% 0.34

Parietal cortex 5% −2% ± 6% 0.92 6% 0% ± 8% 0.67 8% 3 ± 11% 0.35

Frontal cortex 4% −1% ± 4% 0.97 6% 2% ± 7% 0.89 6% 4 ± 7% 0.78

Hippocampus 4% −4% ± 4% 0.96 6% −1% ± 8% 0.90 9% 1 ± 11% 0.87

Globus pallidus 4% −2% ± 5% 0.98 6% 2% ± 9% 0.95 7% 4 ± 7% 0.94

Centrum semiovale 4% −4% ± 3% 0.94 7% −4% ± 8% 0.87 6% −1 ± 8% 0.91

Thalamus 4% −3% ± 4% 0.97 10% −1% ± 12% 0.91 11% −1% ± 13% 0.88

Cerebellum 4% −3% ± 3% 0.96

aTRV 5 absolute TRV; ICC 5 intraclass correlation coefficient.
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KEY POINTS

QUESTION: Does 11C-LSN3172176 show kinetic properties suitable

for quantifying M1 mAChR in humans?

PERTINENT FINDINGS: 11C-LSN3172176 showed high brain

uptake, favorable kinetics, high specific binding, and excellent

test–retest reproducibility.

IMPLICATIONS FOR PATIENT CARE: The excellent kinetics of
11C-LSN3172176 will enable quantification of M1 receptors in the

human brain.
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