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Abstract 

The radiotracer 1-[11C]-Methylpiperidin-4-yl Propionate ([11C]-PMP) is a substrate for 

acetylcholinesterase (AChE) and has been used in humans to evaluate AChE 

activity in vivo. After hydrolysis of [11C]-PMP by AChE, 4-hydroxy-1-

[11C]methylpiperidine ([11C]-MP4OH) is formed, which is supposedly trapped inside 

the target tissue. However, studies have shown that [11C]-MP4OH is not irreversibly 

trapped in rats. Thus, we examined the possibility of quantifying [11C]-PMP in rats 

consistently accounting for incomplete trapping. To achieve this, we performed a 90-
min dynamic [11C]-PMP PET scans in rats with arterial blood sampling. The following 

models were applied: one-tissue and two-tissue compartment models (1TCM and 

2TCM), graphical analysis with metabolite-corrected plasma and tissue (cerebellum) 

input functions; additionally, standard uptake value (SUV) and SUV ratio (SUVR) 

with the cerebellum as reference region were estimated. The PET outcome 

measures were compared with ex vivo measures of AChE activity from literature. 

Compartmental models did not provide a good fit to the data. Patlak graphical 

analysis provided good fits when only data acquired within 0-20 min were 
considered, while the graphical analysis yielding the effective distribution volume 

(EDV) could only fit the data from high uptake regions acquired up to 60- and/or 90-

min. The coefficient of variation (COV) of the uptake rate constant Ki, obtained from 

Patlak analysis (COV 9-14 %) was lower than that of the effective distribution volume 

(EDV, COV 9-33 %). Visual assessment of the model fit to the data did not show a 

good fit for tissue input Patlak graphical analysis. The effective distribution volume 

ratio (EDVR) graphical analysis with the cerebellum as reference region could fit the 
data in regions with high uptake of [11C]-PMP; it showed a COV of 13-26 % and 

correlated well with EDV obtained with metabolite-corrected plasma input. SUV 

showed only moderate correlations with Ki and EDV while good correlations between 

SUVR and EDV were found. The values of Ki, EDV, EDVR, SUV, and SUVR 

averaged across the animals correlated well with the known AChE activity 

distribution. This exploratory study indicates that [11C]-PMP can be quantified using 

surrogate measures of AChE activity although [11C]-PMP is not irreversibly trapped 

in the rat brain. Nevertheless, additional studies should evaluate the validity of [11C]-
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PMP quantification especially the use of reference region in states of reduced AChE 

activity and test-retest reliability. 

Introduction 

Parkinson’s disease (PD) is the second most common neurodegenerative disease 

[1]. While mostly known for its motor symptoms like bradykinesia, rigidity and tremor, 

the non-motor symptoms of PD such as depression, or cognitive deficits have been 

gaining more and more attention. While the motor symptoms of PD are mainly 

caused by the degeneration of the dopaminergic neurons originating in the 

substantia nigra pars compacta, other neurotransmitter systems are most likely 

involved in the non-motor symptoms of PD [2]. A study in idiopathic rapid eye 

movement sleep behavior disorder (RBD) patients found reduced cholinergic 
innervation of the neocortex compared to controls [3]. RBD is a risk factor for PD 

with 16-47% of RBD patients developing PD later in life [4]. Hence, this study 

indicates that cholinergic denervation can occur early in PD. Furthermore, a 

reduction in cholinergic neurons in certain brain areas was found at later stages of 

the disease in demented PD patients using postmortem analysis and positron 

emission tomography (PET) imaging [5, 6]. Given the early occurrence of cholinergic 

denervation in RBD patients and the relevance of non-motor symptoms for the 
quality of life of PD patients [7, 8], it is therefore of interest to study the cholinergic 

system in PD to evaluate the involvement of the cholinergic system in the 

progression and treatment of PD.  

PET imaging allows non-invasive imaging of functional processes in vivo, by using 

radioligands that selectively target a site or process of interest. It has been widely 
used in the research of neurodegenerative diseases such as PD or Alzheimer’s 

disease (AD) as it offers the possibility to evaluate biological processes in-vivo. A 

radiotracer for the assessment of cholinergic function is 1-[11C]-Methylpiperidin-4-yl 

Propionate ([11C]-PMP). [11C]-PMP is an acetylcholine-analog and a substrate for 

acetylcholinesterase (AChE) expressed in cholinergic synapses. It was shown that 

[11C]-PMP has a high specificity to AChE [9] and that it is hydrolyzed to its metabolite 

4-hydroxy-1-[11C]methylpiperidine ([11C]-MP4OH), which is irreversibly trapped in 

the human brain tissue [10].  
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 [11C]-PMP has been extensively used in human PET studies to evaluate AChE 

activity in PD [6, 11–13], while its use in rodents has rarely been described. Rodent 

disease models offer the opportunity to assess different aspects of disease 

mechanisms and development as well as testing of new pharmacological 

interventions. It is therefore of interest to also evaluate the use of [11C]-PMP for 

studying the cholinergic system in rodents. Although [11C]-PMP is irreversibly 

trapped in humans, the first assessment of [11C]-PMP with PET imaging in rats 
revealed that [11C]-MP4OH is not irreversibly trapped in the brain tissue of rodents 

[14]. This suggested that the modeling approach used for human data would likely 

not be suitable to quantify of [11C]-PMP kinetics in rats. We performed an exploratory 

study to evaluate the use of compartmental models and linearization with metabolite-

corrected plasma input, reference tissue models and static imaging for [11C]-PMP 

quantification in rats. The PET outcome measures were compared with measures of 

ex vivo AChE activity obtained from rats to assess their biological validity [15]. The 

ex vivo AChE activity was obtained by histoenzymatic staining of AChE on brain 
tissue sections as relative measurements of optical density (OD). 

Methods 

Subjects 

Male Sprague Dawley rats (n = 5, 162 ± 91 d, 585 ± 213 g) were used in this study. 

Four rats were imaged and data included for pharmacokinetic modeling (group 1: 

n = 4, 127 ± 51 d, 508 ± 145 g). Furthermore, one additional rat (303 d, 894 g) was 

included in the analysis of the [11C]-PMP parent fraction. The total plasma activity 

values of the additional rat could not be used due to a technical error (plasma dilution 

due to neostigmine-addition was unknown). This did not affect the calculation of the 

parent fraction and hence the values were included in the study. However, as no 

plasma activity values were known this rat was excluded from pharmacokinetic 
modeling. 

The rats were housed in controlled standard conditions of humidity, a temperature of 

21◦C and with a 12-hour light cycle (light on at 7 a.m.). The animals had access to 
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water and standard chow ad libitum. All animal experiments were approved by the 

University of British Columbia Animal Care Committee and performed in accordance 

with the Canadian Council on Animal Care guidelines. 

PET imaging 

Scanning method 

A MicroPET Focus 120 (Concorde Microsystems Inc./Siemens, Knoxville, TN, USA) 

was used to perform PET imaging. All scans were performed under 2.5 % isoflurane 
anesthesia (5 % induction, 2.5 % maintenance). A cannula was placed in the tail 

vein for radiotracer injection and a second cannula was inserted in the ventral tail 

artery for collection of blood samples. A 10-min transmission scan with 57Co was 

performed before each emission scan. The radiotracer [11C]-PMP was produced 

according to the procedure described by Snyder et al. [16], with modifications to local 

infrastructure. [11C]-PMP was manually injected intravenously over one minute 

(group 1: 21 ± 6 MBq, additional rat: 40 MBq). A 90-min PET scan was started 

simultaneously with the injection. The heart rate and blood oxygen saturation were 

measured using a pulse oximeter, and the animals’ temperature was kept at 35 to 36 

°C using a heat lamp and measured with a digital thermometer throughout the 

procedure. Ear bars were used to provide accurate brain positioning and to 

immobilize the head. 

The manufacturer’s software was used for PET data processing and reconstruction. 

The standard corrections for attenuation, randoms, scatter, normalization and 

deadtime were applied to the data. Fourier rebinning followed by 2D filtered 

backprojection was used for reconstruction of dynamic images consisting of 20 

frames (6×30, 2×60, 5×300, 3×400, 4×600 s). 

Arterial Blood Sampling and Metabolite Analysis 

Arterial blood samples (100 µL) were taken at approximately 10, 20, 30, 40, 50, 60, 

90 s and 2, 3, 4, 5.5, 7, 10, 20, 45, 70 min after injection of [11C]-PMP. Immediately 

after collection, the AChE inhibitor neostigmine (0.2 mg/mL) was added and plasma 
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samples were obtained by centrifugation for 2 min at 16,100 g. The radioactivity in 

50 µL of plasma was determined using an automated well-counter (Cobra II Auto 

Gamma Counter, Packard Instrument Co., Meriden, CT, USA) calibrated with the 

scanner. Afterward, the parent and metabolite fractions of [11C]-PMP were 

determined from the samples taken at 25, 50 s and 2, 5.5, 7, 10, 20 and 45 min using 

a modified procedure by Koeppe et al. [10]. For this, 50 µL plasma was loaded onto 

SepPak C18 Classic cartridges (WAT051910, Waters, Milford, MA, USA) using 50 
µL sodium borate solution (40 mM). After washing twice with 5 mL of 5 % 

acetone/sodium borate (20 mM) solution, the parent radiotracer was eluted using 2x 

5 mL of acetone. The radioactivity in the SepPak C18 cartridge, elution fractions and 

washes were assessed using an automated well-counter and the parent fraction of 

[11C]-PMP was calculated. As it was previously determined that 5 % of the 

metabolites leaked into the elution of the parent using calibrated radioHPLC (data 

not published), a correction factor was applied to the parent fraction.  

The plasma values (radioactivity concentration converted to standardized uptake 

value (SUV)) of the rats (group 1) were pooled due to their similarly shaped curves 

(Supplemental Figure 1). The pooled plasma curve was fitted to create a population-

based plasma curve which was then scaled to the individually measured values of 

each rat (peak of [11C]-PMP concentration in plasma and end of the plasma curve) 

before their use in kinetic modeling. 

Radioactivity measurements for the parent fraction that were below the average 

background measurement plus three standard deviation were excluded from further 

analysis (23 %) and the remaining parent fraction values were used to fit curves to 

assess the missing values by interpolation/extrapolation. The parent fraction values 

of all rats (group 1 and additional rat) were pooled as they showed a similar 
metabolism of [11C]-PMP (Figure 2, Supplemental Figure 1) before curve fitting. The 

fitted parent fraction was used as a population-based curve for all rats and showed 

an average difference of 24 ± 23 % to the measured values.  
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Image Processing and Kinetic Analysis 

The software PMOD 3.9 was used to register each PET image to a [11C]-PMP-

specific template which was created using the SAMIT toolbox [17]. A template of 
brain volumes of interest (VOI) including the cerebellum, cortex (without frontal 

cortex), hippocampus, hypothalamus, midbrain, striatum, and thalamus was placed 

on each co-registered PET image. For each VOI, time-activity curves (TAC) were 

generated for 0-20 min (20 min), 0-60 min (60 min) and 0-90 min (90 min) acquisition 

and also converted to SUV.  

First, the software PMOD 3.9 was used for pharmacokinetic modeling. The quality 

of the fits obtained with the one-tissue compartment model (1TCM, Table 1) and 

irreversible two-tissue compartmental model (2TCM) using the metabolite-corrected 

plasma input was assessed. Patlak graphical analysis with the metabolite-corrected 

plasma input was used to determine the uptake rate constant Ki (Ki = (K1*k3)/(k2+k3)) 

[mL/cm3/min] with a stretch time (t*) of 4 min for 20 min acquisition [18]. Additionally, 

Patlak graphical analysis with the TAC of the cerebellum as reference tissue input 
was performed to estimate Kiref [min-1] (20 min acquisition, t* = 4 min) [19]. 

Second, the effective distribution volume (EDV = Ki/kloss, Figure 1) was estimated 

using the metabolite-corrected plasma input and the TAC of the cerebellum to 

estimate the non-specifically bound component of the TAC signal [20]. Additionally, 

the effective distribution volume ratio (EDVR = Kiref/kloss) was estimated using the 

TAC of the cerebellum as reference tissue input [20]. A t* of 30 min was used for 60- 
and 90-min acquisition. The metabolite-corrected plasma input function was 

obtained from PMOD 3.9 software and applied for the dedicated graphical analysis 

using in-house software in Matlab. 

Last, SUV was calculated as (radioactivity concentration in VOI)/[(injected 

radioactivity)/(bodyweight)] from the data acquired during 30-60 min and 60-90 min 
post-injection. The standardized uptake value ratio (SUVR) was obtained by dividing 

the SUV of the target regions by the SUV of the reference tissue (cerebellum). 
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Table 1 Overview of the kinetic models and SUV, SUVR applied to the [11C]-PMP PET data 
obtained in rats. 

Model Acquisition [min] t* 
[min] 

Input Outcome 

One-tissue 
compartmental 
model 

0-20 
0-60 
0-90 

 Metabolite-
corrected plasma 
input, 
Regional TAC 

VT 

Irreversible two-
tissue 
compartmental 
model 

0-20 
0-60 
0-90 

 Metabolite-
corrected plasma 
input, 
Regional TAC 

Ki 

Patlak graphical 
analysis 

0-20 4 Metabolite-
corrected plasma 
input, 
Regional TAC 

Ki 

Patlak graphical 
analysis 

0-20 4 Cerebral TAC as 
reference tissue, 
Regional TAC 

Kiref 

Dedicated graphical 
analysis including 
efflux of radioactive 
metabolites 

0-60 
0-90 

30 Metabolite-
corrected plasma 
input, 
Cerebral TAC as 
reference tissue, 
Regional TAC 

EDV 

Dedicated graphical 
analysis including 
efflux of radioactive 
metabolites 

0-60 
0-90 

30 Cerebral TAC as 
reference tissue, 
Regional TAC 

EDVR 

Static Imaging 30-60 
60-90 

 Regional TAC SUV 

Static Imaging 30-60 
60-90 

 Cerebral TAC as 
reference tissue, 
Regional TAC 

SUVR 

t* - stretch time, TAC – time-activity curve, VT – volume of distribution, Ki – uptake rate 
constant, EDV – effective distribution volume, EDVR – effective distribution volume ratio 
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The selection of the best model for [11C]-PMP quantification was based on the Akaike 

Information Criterion (AIC) and the visual assessment of the model fit to the data. 

Furthermore, the coefficient of variation (COV) of each outcome measure was 

calculated as its standard deviation (SD) divided by its mean with a lower COV 

indicating better reliability due to the similarity of the rats used in the study. 

Additionally, the agreement of each outcome measure with ex vivo AChE activity 

from literature [15] was used for model selection.  

 

 

Figure 1 Schematic representation of [11C]-PMP pharmacokinetics in plasma and tissue in 
rats. The influx (K1) and efflux (k2) describe the exchange of [11C]-PMP between plasma and 
blood. The radiotracer is metabolized by acetylcholinesterase in plasma (k3P) and tissue (k3), 
respectively. Efflux of the metabolite, [11C]-MP4OH, from tissue is described by the rate 
constant kloss. The influx of the metabolite from plasma to tissue (KM1) was shown to be small 
[21].  

Statistical analysis 

The agreement between different outcome parameters was assessed with linear 

regression. Linear regression was performed using individual values of each rat for 

the brain regions cerebellum, hippocampus, midbrain, striatum, thalamus in R 
software [22–24]. Linear regression was used to evaluate the correlation of literature 

values for AChE activity with each PET outcome parameter. The AChE activity was 

obtained from OD measurement after histoenzymatic staining of AChE in Sprague-

Dawley rat brain sections (Table 2 in [15]). For this comparison, the brain regions 

striatum, thalamus, hippocampus, hypothalamus, and cortex were used except for 
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EDV and EDVR were only the striatal, thalamic and hippocampal brain region were 

compared. 

Results 

Tracer kinetics and metabolism 

The highest uptake of [11C]-PMP was observed to occur at approximately 1.75 min 

to 2.25 min in all brain regions. In the striatum, 39 ± 9 %, 58 ± 9 % and 75 ± 8 % of 

[11C]-PMP was washed out by 33, 55 and 85 min, respectively. The cerebellum 
showed a faster washout of [11C]-PMP with 69 ± 5 % at 33 min, 79 ± 5 % at 55 min 

and 88 ± 3 % at 85 min (Figure 2B). 

In the plasma, [11C]-PMP was metabolized rapidly with only 50 % of intact radiotracer 

present at 2.5 min and approximately 14 % at 15 min (Figure 2C). The metabolite-

corrected plasma input function showed the highest [11C]-PMP concentration at 
approximately 1 min followed by a rapid decrease of intact [11C]-PMP with only 50 

% remaining 90 seconds after [11C]-PMP injection (Figure 2D). After 15 min, the 

metabolite-corrected plasma input function was close to zero (0.04 ± 0.02). 

Plasma Input Models 

Visual assessment showed that the 1TCM did not fit the data well (Supplemental 

Figure 2). The AIC ranged between 23 and 88 for 20-, 60- and 90-min acquisition 

and tended to be higher for 90 min acquisition. Similarly, the irreversible 2TCM did 

not show a good fit to the data for 60- and 90-min acquisition with AIC values 

between 32 and 77 and larger AIC with increasing acquisition. For 20-min 

acquisition, the AIC of the irreversible 2TCM were lower (AIC: 21 ± 9, range 5-37) 

compared to the longer acquisition but visual inspection still showed only moderate 

fit of the model to the data (Supplemental Figure 2). The performance of these 

models was thus not investigated further. 
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Figure 2 PET image of the mean uptake of [11C]-PMP represented in SUV, averaged over 
three rats (age 101 ± 1 d) after co-registration to the template, Gaussian smoothing of 0.6 mm 
applied (A). TAC of [11C]-PMP in the striatal, cerebellar and midbrain brain region in SUV (B), 
parent fraction of [11C]-PMP in individual values measured (each rat identified by age) and the 
fitted parent fraction (Fit) used for further analysis (C) and metabolite-corrected plasma input 
curve of [11C]-PMP (D). Shown are mean ± SD of group 1 (n = 4) for (B) and (D). 

 

Visual assessment of Patlak graphical analysis showed a good fit to the data if the 

time period of the analyzed data was limited to 20 min (Supplemental Figure 3). The 

AIC ranged between 14 and 25 for all brain regions (Table 2). The largest Ki-values 

were found in the striatum with 0.454 ± 0.064 mL/cm3/min and the lowest Ki was 

estimated for the cerebellum with 0.238 ± 0.030 mL/cm3/min. The variation of Ki was 
low with COV of 9-14 %. Linear regression of mean Ki-values with literature values 

for AChE activity showed a moderate correlation with R2 of 0.77 (p < 0.001), 

respectively (Figure 3). 
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Table 2 The uptake rate constant (Ki) of [11C]-PMP estimated for an acquisition of 20 min by 
Patlak graphical analysis with metabolite-corrected plasma input. Shown are mean ± SD for 
macroparameters and the range for AIC and COV (n=4).  

Brain region Patlak [Ki] 

20 min 

Cerebellum 0.238±0.030 

Cortex 0.255±0.030 

Hippocampus 0.313±0.045 

Hypothalamus 0.282±0.035 

Midbrain 0.372±0.046 

Striatum 0.454±0.064 

Thalamus 0.407±0.052 

COV 9-14% 

AIC 14-25 

Ki in mL/cm3/min, COV - coefficient of variation, 
AIC - Akaike Information Criterion 

 

EDV could only be estimated reliably for the hippocampus, midbrain, striatum, and 

thalamus using 60- or 90-min acquisition (Supplemental Figure 3). The AIC for those 

regions ranged between 44 and 108 and was larger for 90 min than 60 min 

acquisition (Table 3). All other brain regions showed a lower general uptake of [11C]-

PMP and no model was found to provide a good fit to the data as determined from 

visual assessment (data not shown). Hence, only data from the brain regions where 
the model fit the data well were used for further analysis with fitting limited to the 

data acquired in the first 60 min post-injection, due to the lower AIC-values. The 

highest EDV of [11C]-PMP was found in the striatum (12.80 ± 1.28) and the lowest in 

the hippocampus (4.48 ± 1.49). The variation of EDV between rats was larger 

compared to Ki obtained from the Patlak graphical analysis with a COV of 9 to 33 %. 

The correlation of EDV with literature values for AChE activity was good with R2 

values of 0.90 (p < 0.001). Linear regression of EDV with Ki showed a moderate 

correlation with an R2 of 0.68 (p < 0.001) (Figure 3). The loss rate constant kloss 
(Table 4) was largest in the hippocampus with 0.076 ± 0.024 followed by the 
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midbrain and thalamus with kloss of 0.069 ± 0.019 min-1 and 0.048 ± 0.003 min-1, 

respectively. The lowest kloss was found in the striatum with 0.035 ± 0.004 min-1. 

 

Table 3 The effective distribution volume (EDV) and effective distribution volume ratio (EDVR) 
of [11C]-PMP estimated for an acquisition of 60- and 90-min by dedicated graphical analysis, 
including efflux of metabolites, using the metabolite-corrected plasma input and cerebellum 
as reference region or only the reference region, respectively. Shown are mean ± SD for 
macroparameter and the range for AIC and COV (n = 4). 

Brain region EDV EDVR 

60 min 90 min 60 min 90 min 

Hippocampus 4.48±1.49 5.07±1.55 0.324±0.083 0.331±0.088 

Midbrain 5.74±1.58 5.77±1.43 0.438±0.095 0.422±0.094 

Striatum 12.8±1.28 13.33±1.43 0.851±0.116 0.875±0.124 

Thalamus 8.52±0.83 8.66±0.8 0.601±0.084 0.599±0.078 

COV 10-33% 9-31% 14-26% 13-26% 

AIC 44-63 83-108 32-52 58-98 

COV - coefficient of variation, AIC - Akaike Information Criterion 

 

Table 4 The loss rate constant (kloss) of [11C]-PMP calculated as kloss = Ki(Patlak, 20 min)/EDV. 
Shown are mean ± SD for kloss and the range for COV (n = 4). 

Brain region kloss 

60 min 90 min 

Hippocampus 0.076±0.024 0.066±0.019 

Midbrain 0.069±0.019 0.067±0.016 

Striatum 0.035±0.004 0.034±0.005 

Thalamus 0.048±0.003 0.047±0.005 

COV 7-32% 11-28% 

COV - coefficient of variation   
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Figure 3 Linear regression of AChE activity, expressed as optical density of histoenzymatic 
staining, with the uptake rate constant (Ki) obtained from Patlak graphical analysis with 20-
min acquisition (A) and with EDV obtained with 60-min acquisition (B). As the EDV could not 
be determined reliably for all brain regions only striatum, thalamus and hippocampus were 
included in the linear regression. Linear regression of EDV with Ki for 60- and 20-min 
acquisition (C). The 95 % confidence interval of each linear regression is indicated in grey. 
Shown are individual values for Ki and EDV. 

Reference Tissue Approaches 

Patlak graphical analysis with the cerebellum as reference region showed no good 

model fit to the data as evaluated by visual assessment. The slope of the Patlak 

regression was close to zero in most regions and, in the cortex, even a negative 

slope in one rat was found thus increasing the variation in Kiref. Visual assessment 

of the model fit to the data of high uptake regions indicated a concave curvature 
close to 20 min (Supplemental Figure 4).  

Similar to EDV, EDVR could only be fit reliably for the regions with high uptake of 

[11C]-PMP, i.e. hippocampus, midbrain, striatum and thalamus (Supplemental Figure 

4). The AIC for those regions ranged between 32-98 with higher AIC found for 90 

min than 60 min acquisition (Table 3). Hence, only EDVR-values for 60 min were 

analyzed further. EDVR showed a similar range as EDV with the highest EDVR 
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found in the striatum (0.851 ± 0.116) and the lowest in the hippocampus 

(0.324 ± 0.083). The variation of EDVR tended to be smaller compared to EDV with 

COV ranging between 14 % and 26 %. A good correlation between AChE activity 

from literature and EDVR was found (Figure 4), with R2 of 0.87 (p < 0.0001). EDV 

and EDVR correlated well with an R2 of 0.96 (p < 0.0001).  

 

 

Figure 4 Linear regression of the EDVR obtained with 60-min acquisition with AChE activity, 
expressed as optical density of histoenzymatic staining (A). As the model did not show a fit to 
the data of all brain regions only striatum, thalamus and hippocampus were included in the 
linear regression. Linear regression of EDV with EDVR (B). The 95 % confidence interval of 
each linear regression is indicated in grey. Shown are individual values . 

 

Semi-quantitative measures 

The SUV calculated for 60-90min were lower (47 ± 10 %) compared to those 

evaluated over the 30-60 min time period and they exhibited a larger COV (Table 5). 

For the 30-60min time frame, the SUV was highest in striatum (2.53 ± 0.28) and 

lowest in cerebellum (1.26 ± 0.17). Linear regression with literature values of AChE 
activity showed good correlation between SUV and AChE activity (Figure 5, 

R2 = 0.82, p < 0.0001). However, only moderate correlations were found between Ki 

from Patlak graphical analysis and SUV (R2 = 0.42, p = 0.002) and SUV and EDV 

(R2 = 0.57, p < 0.001). 
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SUVR using the cerebellum as a reference region showed a lower variation than 

SUV at 30-60 min and 60-90 min, with COV between 4 % and 24 % (Table 5). As 

for SUV, the highest SUVR was found in the striatum (2.02 ± 0.11), and the lowest 

SUVR was found in the hypothalamus (1.14 ± 0.05). For 60-90 min, the SUVR were 

approximately 2 ± 9 % lower than for 30-60 min. SUVR showed good correlations 

with literature AChE activity values (R2 = 0.91, p < 0.0001), and EDV (R2 = 0.98, 

p < 0.0001) and a moderate correlation with Ki from Patlak graphical analysis 
(R2 = 0.59, p < 0.001) (Figure 5).  

 

Table 5 SUV and SUVR of [11C]-PMP for an acquisition of 60- and 90-min. SUVR obtained 
by dividing regional SUV by cerebellar SUV. Shown are mean ± SD for macroparameters and 
the range for COV (n = 4).  

Brain region SUV SUVR 

30-60 min 60-90 min 30-60 min 60-90 min 

Cerebellum 1.26±0.17 0.69±0.19 
  

Cortex 1.46±0.13 0.82±0.21 1.17±0.09 1.21±0.21 

Hippocampus 1.75±0.11 0.96±0.2 1.41±0.1 1.42±0.15 

Hypothalamus 1.43±0.14 0.78±0.18 1.14±0.05 1.14±0.06 

Midbrain 1.82±0.32 0.93±0.3 1.45±0.12 1.34±0.07 

Striatum 2.53±0.28 1.39±0.37 2.02±0.11 2.03±0.19 

Thalamus 2.11±0.29 1.09±0.33 1.68±0.07 1.58±0.08 

COV 6-18% 21-33% 4-13% 5-24% 

COV - coefficient of variation 

 



Quantification of [11C]-PMP in Rats 

 49 

 2 

 
Figure 5 Linear regression of AChE activity, expressed as optical density of histoenzymatic 
staining, with SUV (A) and SUVR (B) for the 30-60 min time frame. Linear regression of Ki 
from Patlak graphical analysis with SUV (C) and SUVR (D) and linear regression of EDV with 
SUV (E) and SUVR (F). The 95 % confidence interval of each linear regression is indicated in 
grey. Shown are and individual values.  

Discussion 

The aim of this study was to explore the possibility of quantifying [11C]-PMP using 

kinetic modeling or parameters derived from static imaging and to compare the 

obtained outcome measures with AChE activity from literature [15]. The radiotracer 

showed a fast metabolism and washout from all brain regions. The 1TCM and 
irreversible 2TCM were unable to accurately model the data, and Patlak graphical 
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analysis could only reliably fit the data for an acquisition length of 20 min. The 

dedicated graphical analysis including the tissue efflux of metabolites, provided a 

better fit to the data acquired up to 60 min compared to 90 min. A larger COV of EDV 

and EDVR compared to Ki from the Patlak graphical analysis was found. The semi-

quantitative measures SUV and SUVR showed a similar COV compared to Ki from 

Patlak graphical analysis. Nevertheless, SUVR showed better correlations with Ki 

and EDV compared to SUV. Patlak graphical analysis with the cerebellum as 
reference tissue input did not fit the data.  

While usually described as an irreversibly trapped radiotracer [21, 25, 26], [11C]-PMP 

was shown to have a fast washout from the rat brain when evaluated with PET 

imaging [14], which is in line with the results of our study. Previously, [11C]-PMP has 

been mainly characterized in mice and rats using ex vivo biodistribution which could 

have obscured the washout [9, 21, 25, 26]. However, early work by Irie et al. 
suggested a slow washout of [14C]-PMP from the brain with a half-life of 

approximately 60 min [9] while in our study it seemed to be faster with approximately 

39 % and 69 % washed out after 33 min in the striatum and cerebellum, respectively. 

Discrepancies between the results could be related to the different methodologies 

used. Ex vivo biodistribution was performed by Irie at el for five time points ranging 

between one and 60 min after radiotracer injection. For each ex vivo biodistribution 

time point, three rats were used while PET imaging, as applied in our study, 
facilitates continued measurement of radioactivity within each rat. Therefore, intra-

individual differences in radiotracer uptake and retention could have increased the 

half-life of [14C]-PMP in the study by Irie et al. Similar to [11C]-PMP, the radiotracer 

[11C]-MP4A also showed washout from rat brain [27]. [11C]-MP4A is closely related 

to [11C]-PMP and also metabolized by AChE to [11C]-MP4OH. Derivatives of [11C]-

PMP and [11C]-MP4A labeled with 18F were found to have similar kinetic behavior in 

rat brain as shown by [11C]-PMP in our study [14, 27, 28]. Since the enzymatic 

hydrolysis of [11C]-PMP and [11C]-MP4A is not reversible, our results and the results 
by Shao et al. and Kikuchi et al. suggest that the metabolite is not irreversibly trapped 

in the brain of rats (Figure 1, kloss). 
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Interestingly, in humans [11C]-PMP shows irreversible trapping in the brain [10]. One 

possibility for the efflux of [11C]-MP4OH from the brain could be related to the 

anesthesia required for small animal PET imaging. The working mechanisms of 

volatile anesthetics like isoflurane remain largely unknown although several ion 

channels have been implicated, e.g. the g-aminobutyric acid type A (GABAA), 

serotonin, glutamate, and the nicotinic acetylcholine receptors [29]. One study 

showed that isoflurane and other volatile anesthetics reduced the activity of AChE 

obtained from dog brain in vitro [30] and a study in rats confirmed these results for 

several (e.g. striatum, hippocampus, thalamus) but not all brain regions in vivo using 

pentobarbitone sodium anesthesia [31]. Nevertheless, Brasswell and Kitz suggested 

that the anesthetics showed a competitive, non-competitive (mixed) type of inhibition 

which was in line with the in vivo results showing a reduction of AChE activity by 

approximately 20 to 25 %. Additionally, it was shown that the release of acetylcholine 
was lower during isoflurane anesthesia suggesting reduced competition between 

acetylcholine and [11C]-PMP for AChE [32, 33]. Further indication that anesthesia is 

not responsible for the washout of [11C]-MP4OH from rat brain are [11C]-PMP PET 

imaging studies which showed retention of [11C]-MP4OH in the brain of in ketamine-

anesthetized pigtail monkeys [14, 25]. 

A second possibility is that interspecies differences are responsible for the higher 

efflux across the blood-brain barrier for [11C]-MP4OH in rats. It is possible that [11C]-

PMP is metabolized differently in rats than higher mammals, but this seems unlikely 

since the catalytic site of AChE is highly conserved in mammals [34]. The metabolite 

of [11C]-PMP and [11C]-MP4A has a partition coefficient of -2.2 [28] indicating that it 

cannot cross the blood-brain barrier passively. This was confirmed by studies 

showing only limited uptake of [11C]-MP4OH or an 18F-labeled MP4A metabolite in 

the rat brain after intravenous injection [21, 28]. Taken together these results suggest 
that an active transport mechanism, e.g. via an efflux transporter like P-glycoprotein 

(P-gp), or breast cancer resistance protein (BCRP), facilitates the washout of the 

[11C]-PMP metabolite from rat brain. Indeed, it was shown that efflux transporters 

such as P-gp showed higher expression in rats than in humans [35], and a study 

using the P-gp radiotracers [18F]-Altanserin, [11C]-GR205171 and [11C]-Verapamil 

showed large variations in brain uptake of these radioligands between humans and 
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rats [36]. This suggests that the active transport mechanism of the [11C]-PMP 

metabolite is most likely less active in humans and non-human primates as the 

metabolite is trapped in those species [10]. 

 [11C]-PMP is not only metabolized in the brain but also by AChE present on 

erythrocytes in the blood (Figure 1) [37]. This contributes to the rapid metabolism of 
[11C]-PMP as shown by the rapidly decreasing parent fraction in plasma and is 

similar to previous studies in mice and humans [10, 25]. In humans, the fast 

metabolism and hence limited recirculation of [11C]-PMP benefits its quantification 

[10]. The hydrolysis rate of [11C]-PMP by AChE (k3) is the chosen outcome parameter 

as a direct measure of AChE activity. It was shown that the irreversible 2TCM yielded 

precise estimates of k3 in brain regions with low uptake of [11C]-PMP like the cortex 

in humans. However, in high uptake regions of [11C]-PMP such as the striatum 

estimates of k3 could only be reliably obtained when K1/k2 was constrained. 
Contrarily, we did not find the irreversible 2TCM to adequately fit the data obtained 

in rats. Considering that [11C]-PMP is not irreversibly trapped in brain tissue in rats, 

this is not surprising. As the hydrolysis rate of [11C]-PMP could not be estimated 

using the irreversible 2TCM we evaluated whether quantification of [11C]-PMP using 

Patlak graphical analysis was possible. While the uptake rate constant Ki is not an 

exact measure of AChE activity, it correlated well with AChE activity determined by 

Planas et al. [15] suggesting that it could be used as a surrogate measure of AChE 
activity, but only when the data are limited to approximately 20 min after injection. 

For longer acquisition, the transformed data was curved, indicating reversibility, 

leading to worse model fits and underestimation of the uptake rate constant Ki. 

Hence, we applied another graphical approach that accounts for the elimination of 

[11C]-MP4OH from tissue by including the term kloss (Figure 1) [20]. Additionally, the 
model removes the possible influx of the metabolite from plasma to tissue due to the 

subtraction of the cerebellar time activity curve, a surrogate estimate of the non-

specifically bound tracer. EDV correlated well with ex vivo AChE activity indicating 

that it can be considered for quantification of [11C]-PMP. Compared to Patlak, the 

graphical analysis including efflux of metabolites showed a larger variation of the 

outcome measure and higher AIC although the visual assessment of the model fit to 
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the data was similar for both graphical analysis models. However, brain regions with 

low uptake of [11C]-PMP could not be estimated using EDV most likely due to the 

similarity of [11C]-PMP uptake in reference and target tissue. This consideration 

indicated that the Patlak graphical analysis could practically (not necessarily 

conceptually) be the preferred method for [11C]-PMP quantification as long as the 

included data are limited to an acquisition of 20 min. Nevertheless, short acquisition 

might make the data more susceptible to changes in radiotracer influx and efflux in 
the brain or changes in peripheral metabolism. For example, Kilbourn et al. showed 

that peripheral inhibition of AChE increased uptake of [11C]-PMP in all brain regions 

[26]. Hence, before its use in future studies, the use of Patlak graphical analysis 

should be evaluated in rat models of reduced AChE activity and changed cerebral 

blood flow. 

While a short acquisition of 20 min could increase the susceptibility of the data to 
changes in radiotracer pharmacokinetics or metabolism, shorter acquisition is 

preferred in animal PET studies as it reduces the time of anesthesia required. Our 

study suggests that only 20 min acquisition are needed to quantify [11C]-PMP with 

Patlak graphical analysis with metabolite-corrected plasma input, however, arterial 

blood sampling is still required for this analysis method. Quantification of radiotracers 

without the need for blood sampling, e.g. via the use of a reference tissue or static 

imaging, simplifies PET scanning in small animals like rats. The semi-quantitative 
measure SUV showed a good correlation with ex vivo AChE activity but only 

moderate correlations with Ki from Patlak graphical analysis and EDV from graphical 

analysis including efflux of metabolites were found suggesting it should not be used 

for [11C]-PMP quantification. Contrarily, SUVR correlated well with ex vivo AChE 

activity as well as with the outcome measures obtained with graphical analysis using 

plasma input indicating it could be used for [11C]-PMP quantification without blood 

sampling. 

Interestingly, Patlak graphical analysis with the cerebellum as reference tissue input 

did not show good fits to the data even when the acquisition time was reduced to 20 

min. It is possible that the cerebellum cannot be used as a reference region. Indeed, 

some studies have shown low but not negligible expression of AChE in the 
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cerebellum [15, 38, 39]. It is interesting to notice that tracer behavior in the early 

times after injection is particularly sensitive to trapping and the Ki values are different 

from zero in the cerebellum – indicating irreversibility, in violation of the requirement 

of a reference region. The effect of such trapping may be less pronounced for 

measures that rely on tracer behavior at later time points. Indeed, the other kinetic 

models with cerebellum as a reference tissue (i.e. EDVR and SUVR) seemed to 

show good correlations with literature values of ex vivo AChE activity in healthy rats. 
A good correlation, however, does not necessarily imply the absence of bias; it is 

thus advisable to further evaluate the influence of changes in AChE activity on those 

outcome measures. The effect of partial inhibition of AChE on [11C]-PMP uptake in 

different brain regions has been explored in a previous study in mice [26]. Using ex 

vivo biodistribution, Kilbourn et al. showed that pretreatment with a dose of 2 mg/kg 

phenserine, an AChE inhibitor mainly taken up in the brain, significantly reduced the 

[11C]-PMP uptake in the cerebellum 30 min after radiotracer injection and thereby 

altered the outcome of tissue-cerebellar ratios. This suggests that the use of the 
cerebellum as a reference tissue for kinetic modeling or SUVR can bias the outcome 

if changes in AChE activity occur in the reference tissue. As the kinetic models 

presented here do not quantify AChE activity directly, the influence of reduced AChE 

activity in the reference tissue on their outcome is unknown and an evaluation of the 

effect of AChE inhibition in the cerebellum should be performed. 

Limitations of the study 

A correlation with ex vivo AChE activity from literature was performed to assess the 

biological validity of the PET outcome measures. However, for this correlation 

different groups of rats were used, and the correlation of mean-values can obscure 

intraindividual differences, reduce data variation and, consequently, improve the 

correlation. Hence, in a future study, the AChE activity should be assessed using 

PET imaging and histoenzymatic stains in the same rats using individual values 

instead of averages for ex vivo AChE activity. Furthermore, only four rats were 
included for pharmacokinetic analysis. It was not possible to include more rats in the 

study due to financial and logistical reasons; this was thus an exploratory study to 

investigate the feasibility of [11C]-PMP quantification in rats. However, an increased 
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number of rats could have improved the population-based parent fraction. In our 

study, only three metabolite measurements were included for the fitting of the parent 

fraction from 15 to 45 min after injection of [11C]-PMP. Hence, after the fitting of the 

pooled data, the population-based parent fraction curve remained approximately 14 

% from 15 min to 90 min. Hence, the population-based parent fraction curve is not 

completely consistent with previous studies which showed almost complete 

metabolism of [11C]-PMP in plasma after approximately 30 min in rats and humans 
[10, 25]. Only small amounts of blood can be taken from rats, and due to the reduced 

amount of plasma available and the short half-life of 11C, some of the plasma 

samples taken at later time points could not be included in the metabolite analysis 

of [11C]-PMP. Although samples with low count rates were excluded from the 

evaluation of the parent fraction, it is possible that measurement errors in the later 

samples artificially increased the parent fraction. Despite a parent fraction of 

approximately 14 % from 15 to 90 min, the metabolite-corrected plasma input used 

in our study showed that intact [11C]-PMP in plasma was close to zero after 15 min. 
When we explored the use of a parent fraction which was constrained to zero after 

25 min only minor changes in the fitting of the kinetic models used in this study were 

found (data not shown) which suggests that the influence of the parent fraction after 

approximately 15 min is negligible. 

Conclusion 

Our study gives a first indication that [11C]-PMP can be used as a radiotracer in rats 

despite the apparent reversibility of tracer accumulation. Surrogate measures for 

AChE activity obtained with Patlak graphical analysis with metabolite-corrected 

plasma input or graphical analysis including efflux of metabolites might be used for 
quantification of AChE activity in rats. However, our study only assessed AChE 

activity in healthy rats and indicated that the cerebellum might not be used as a 

reference region. Hence, further evaluation [11C]-PMP is necessary to evaluate the 

influence of changes in AChE activity, e.g. in disease models or blocking studies, 

and the effect of variations in blood flow on [11C]-PMP quantification. Furthermore, 

test-retest reliability should be assessed for [11C]-PMP. Other radiotracers for 

markers of cholinergic activity like [18F]-FEOBV, a ligand for the vesicular 
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acetylcholine transporter (VAChT), have been evaluated in rats with promising first 

results [40] and could be used as an alternative to [11C]-PMP.  

Acknowledgements 

We thank the staff of the UBC veterinary staff and UBC Animal Resource Unit for 

their assistance with animal welfare. Alex Kadmin helped with PET scanning and 

Christine Takhar helped with radiotracer production. Elisabeth Pfaehler helped with 
Matlab, and Prof. Erik F.J.de Vries, Dr. Janine Doorduin, Dr. Antoon T.M. Willemsen 

and Dr. David Vallez García helped with the analysis. 

Supplemental Data 

 

Supplemental Figure 1 Individual values and fitted curve of parent fraction (A) and SUV in 
plasma (B) for each rat (identified by age). The fitted plasma curve was scaled to the 
measured values of each rat before its use.  
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Supplemental Figure 2 Model fit for the 1TCM (A) and irreversible 2TCM (B) for 20- and 60-
min acquisition of one representative rat.  
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Supplemental Figure 3 Model fit for Patlak graphical analysis with 20 min acquisition (A) and 
the dedicated graphical analysis, including efflux of metabolites for 60 min acquisition (B), 
using metabolite-corrected plasma input for one representative rat. Data points used for model 
fit with black outline. 



Quantification of [11C]-PMP in Rats 

 59 

 2 

 

Supplemental Figure 4 Model fit for Patlak graphical analysis with 20 min acquisition (A) and 
the dedicated graphical analysis, including efflux of metabolites for 60 min acquisition (B), 
using the cerebellar TAC as reference tissue input for one representative rat. Data points used 
for model fit with black outline. 
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