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a b s t r a c t 

Previous work introduced the [ 11 C]yohimbine as a suitable ligand of central 𝛼2-adrenoreceptors ( 𝛼2-ARs) for 

PET imaging. However, reproducibility of [ 11 C]yohimbine PET measurements in healthy humans estimated with 

a simplified modeling method with reference region, as well as sensitivity of [ 11 C]yohimbine to noradrenergic 

competition were not evaluated. The objectives of the present study were therefore to fill this gap. Methods: 

Thirteen healthy humans underwent two [ 11 C]yohimbine 90-minute dynamic scans performed on a PET-MRI 

scanner. Seven had arterial blood sampling with metabolite assessment and plasmatic yohimbine free fraction 

evaluation at the first scan to have arterial input function and test appropriate kinetic modeling. The second scan 

was a simple retest for 6 subjects to evaluate the test-retest reproducibility. For the remaining 7 subjects the second 

scan was a challenge study with the administration of a single oral dose of 150 μg of clonidine 90 min before the 

PET scan. Parametric images of 𝛼2-ARs distribution volume ratios (DVR) were generated with two non-invasive 

models: Logan graphical analysis with Reference ( LREF ) and Simplified Reference Tissue Method ( SRTM ). Three 

reference regions (cerebellum white matter (CERWM), frontal white matter (FLWM), and corpus callosum (CC)) 

were tested. Results: We showed high test-retest reproducibility of DVR estimation with LREF and SRTM regardless 

of reference region (CC, CERWM, FLWM). The best fit was obtained with SRTM CC (r 
2 = 0.94). Test-retest showed 

that the SRTM CC is highly reproducible (mean ICC > 0.7), with a slight bias (-1.8%), whereas SRTM CERWM had lower 

bias (-0.1%), and excellent ICC (mean > 0.8). Using SRTM CC , regional changes have been observed after clonidine 

administration with a significant increase reported in the amygdala and striatum as well as in several posterior 

cortical areas as revealed with the voxel-based analysis. Conclusion: The results add experimental support for 

the suitability of [ 11 C]yohimbine PET in the quantitative assessment of 𝛼2-ARs occupancy in vivo in the human 

brain. 

Trial registration EudraCT 2018-000380-82 
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. Introduction 

Investigations of the noradrenergic system function in the brain have

ainly emerged from animal studies so far. Indeed, the lack of suitable

maging tools has hampered its understanding in human. Nevertheless,

e now have the possibility to overcome this difficulty as in vivo imag-
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ng of the noradrenergic system has recently become feasible with the

evelopment of a novel PET radiotracer: [ 11 C]yohimbine ( Nahimi et al.,

015 ). Yohimbine is an antagonist of the 𝛼2-adrenoreceptors ( 𝛼2-ARs)

nd a partial agonist of the 5-HT 1A receptors ( Millan et al., 2000 ). The

adiotracer [ 11 C]yohimbine binds with high selectivity to all 𝛼2-ARs

ubtypes ( Jakobsen et al., 2006 ). This represents a great opportunity
e 2021 
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owards the collection of missing data in the living human brain by di-

ect quantification of regional 𝛼2-ARs availability. Indeed, 𝛼2-ARs play a

ey role in regulating noradrenergic neurotransmission ( Szabadi, 2013 )

s altered noradrenergic transmission with specific loss of 𝛼2-ARs is

urrently theorized to play a critical role in both symptoms and pro-

ression of some neurodegenerative and mood disorders ( Marien et al.,

004 ; Ordway et al., 2003 ). Human in vivo imaging of 𝛼2-ARs is there-

ore essential. Previous work showed that [ 11 C]yohimbine PET tissue

ata can be described by a 1 tissue compartment (1-TCM), and 𝛼2-ARs

inding potential can be estimated using the corpus callosum (CC) as

eference tissue ( Nahimi et al., 2015 ). Simplified Reference tissue meth-

ds ( SRTM ) have been widely used to estimate neuroreceptor binding

otential because they eliminate the invasive arterial input function

AIF) step. However, reproducibility of non-displaceable binding poten-

ial (BP ND ) in healthy humans, as well as displaceability with an 𝛼2-

Rs agonist, were not evaluated. Yet, demonstration of a reproducible

 

11 C]yohimbine PET outcome measure is critical and preliminary to ac-

urately determine the clinical significance of pharmacologic or patho-

hysiologic 𝛼2-ARs changes. 

The objectives of the present study were therefore (1) to identify an

ptimal [ 11 C]yohimbine PET full kinetic modeling with AIF, (2) assess

he validity of non-invasive kinetic modeling, (3) identify the best ref-

rence region, (4) estimate the reproducibility of [ 11 C]yohimbine PET

easurements with test-retest scans and (5) examine the sensitivity of

 

11 C]yohimbine with a noradrenergic pharmacological competition us-

ng acute administration of clonidine, a drug known to decrease NA

elease through pre-synaptic 𝛼2-ARs activation. 

. Materials and methods 

All procedures performed in this study were in accordance with the

thical standards of the institutional and national research committee

nd with the principles of the 1964 Declaration of Helsinki and its later

mendments or comparable ethical standards. The study was approved

y the Ethics Committee of Sud Mediterranée III (EudraCT: 2018–

00380–82) and pre-registered before being conducted on the Clinical-

rials.gov database under the trial record number NCT03520543. The

ubjects gave written informed consent to participate in the study. 

.1. Participants 

Over sixteen healthy men included, two were discontinued, and four-

een completed the study. The mean age was 25 years old (standard de-

iation, SD, 3 years) and the mean weight was 74. 4 ± 7.2 kg (range,

3–87). All subjects were free of medical or neuropsychiatric illness and

one of them were smokers or under medication. Each subject under-

ent two [ 11 C]yohimbine PET scans separated by an interval of 7 to

1 days. For the first scan (test), an arterial catheter was inserted into

he radial artery after completion of the Allen test and infiltration of

he skin with 1% lidocaine. For the second scan, 7 subjects had a re-

eated baseline PET (retest), and 7 other subjects had a second PET

4 ± 11 min after administration of a 150 μg oral dose of clonidine (chal-

enge). For all subjects, this second scan was performed without blood

ampling. Subjects were also genotyped for the cytochrome P450 (CYP)

ystem with regard to the CYP2D6 isoform, as this latter is involved in

he metabolism of yohimbine in the liver, yielding two metabolites that

ay have some action at 𝛼2-ARs ( Le Corre et al., 1999 ). 

.2. PET procedures 

[ 11 C]yohimbine was synthesized as previously described

 Jakobsen et al., 2006 ). The radiochemical purities of syntheses
2 
sed for the study were greater than 95%, with corresponding molar

ctivities of 53.4 ± 16.4 GBq/μmol at the end of synthesis. 

All subjects received an intravenous bolus injection of 370 MBq ±
0% of [ 11 C]yohimbine ( Table 1 ). List-mode PET data were acquired,

uring 90 min from the injection of the tracer, simultaneously with 3T

RI data (Dixon T1, anatomic MPRAGE T1, veinous and arterial TOF),

n a Siemens mMR Biograph system. 

.3. Input function measurement 

AIF ( Ca ) and metabolite levels in the plasma were measured from

5 heparinized arterial blood samples manually collected with the fol-

owing timing: every 5 s for the first minute, every 10 s until second

inute, and at times 5, 10, 30, 45, 60, and 90 min post-injection. Eight

hole blood aliquots (100 μL), at times of 1, 2, 5, 10, 30, 45, 60, and

0 min post injection, were counted in gamma counter (Perkin-Elmer)

o evaluate whole blood to plasma ratio ( f wb ). Twenty-five blood sam-

les were centrifuged for 3 min (4000 g) and plasma aliquots (100 μL)

ere counted in gamma counter to measure uncorrected plasma curve

 Cp ). For metabolite analysis, other plasma aliquots were filtrated us-

ng a 0.45 μm membrane filter. Two hundred micromilliliter plasma fil-

rates were injected in HPLC system with a C8 CAPCELL PAK MF column

Osaka Soda). Fractions were collected and counted for radioactivity in

amma counter. The activity of [ 11 C]yohimbine was divided by the total

ctivity recovered from the gamma counter to give the plasma parent

raction of unmetabolized [ 11 C]yohimbine (PPf). Plasma-free fraction

f [ 11 C]yohimbine freely diffusible to tissue ( fp ) was measured by ultra-

ltration at 1, 2, 5, 10, 30, 45, 60, and 90 min post-injection as previ-

usly described ( Moore et al., 2003 ). Arterial blood samples were cen-

rifuged, and 1 mL of plasma was placed in ultracentrifugation devices

Centrifree®, Millipore) and spun for 10 min at 2000 g. One hundred

icromilliliter aliquots of whole plasma and ultrafiltrate were counted

n gamma counter. After counting, all samples were weighed, and counts

ere corrected. The fp was determined from the ratio of concentrations

n the ultrafiltrate and whole plasma. AIF was the plasma curve cor-

ected from the plasma parent fraction curve AIF(t) = PPf(t).Cp(t). The

hole blood curve was determined by the mean f wb and the plasma

urve Cwb(t) = f wb .Cp(t). 

.4. Image processing 

Raw PET data were motion corrected ( Reilhac et al., 2018 ), then re-

inned into 24-time frames (variable length frames, 8 × 15 s, 3 × 60 s,

 × 120 s, 1 × 300 s, 7 × 600 s) sinograms for dynamic reconstruc-

ion. Images were reconstructed using 3D ordinary Poisson-ordered sub-

ets expectation maximization (OP-OSEM 3D), incorporating the sys-

em point spread function using 3 iterations of 21 subsets. Sinograms

ere corrected for scatter, randoms, normalization and attenuation

 Mérida et al., 2017 ). Reconstructions were performed with a zoom

f 2, yielding a voxel size of 2.03 × 2.03 × 2.08 mm 

3 in a matrix of

72 × 172 voxels with a 4 mm 3D post-reconstruction gaussian filter-

ng. The mean PET image of the session 2 was coregistered (rigid trans-

orm) onto the mean PET image of the session 1. Individual MRI T1

f the first session was normalized to the MNI space (Montreal Neu-

ological Institute template of the International Consortium for Brain

apping Project) with the Segment function of SPM 12 ( Ashburner and

riston, 2005 ). Labeling of the structural brain regions was performed

sing the multi-atlas propagation with enhanced registration (MAPER)

ethodology ( Heckemann et al., 2010 ), and the 83-region Hammers-

mith atlas ( Hammers et al., 2003 ). After projection of the atlas onto

he two sessions, regional time activity curves (TAC) were extracted for

 selection of brain regions including the amygdala, cerebellum, corpus
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Table 1 

Details of the CYP2D6 status for each subject and Injected Radioactivity Dose, Molecular Activity, Free fraction in plasma 

( fp ), Plasma to whole blood fraction ( f wb ). 

Subject Gaedigk Activity Score Scan 1 Test Scan 2 ReTest Scan 2 Challenge 

MBq GBq/ 𝜇mol fp (%) f wb (%) MBq GBq/ 𝜇mol MBq GBq/ 𝜇mol 

1 1.5 (E) 319 27 – 70.3 Not available 

2 1.5 (E) 351 24 7.8 66.3 355 21 

3 ∗ 1 (I) 376 22 6.8 66.3 366 30 

4 ∗ 2 (E) 376 12 10.5 71.3 355 22 

5 1 (I) 351 31 7.6 59.8 414 45 

6 ∗ 1.5 (E) 355 44 8.0 62.9 373 33 

7 ∗ 2 (E) 374 19 6.3 66.4 362 34 

8 1 (I) 362 36 – – 393 14 

9 ∗ 1 (I) 363 42 8.0 66.1 370 29 

10 1 (I) 367 25 7.4 66.5 367 24 

11 1.5 (E) 341 33 8.7 63.2 361 24 

12 1 (I) 384 31 – – 385 27 

13 ∗ 2 (E) 351 28 11.3 69.9 381 20 

14 ∗ 1.25 (E) 355 48 10.7 64.4 357 39 

Mean ± SD 359 ± 17 30 ± 10 8.5 ± 1.7 66.1 ± 3.3 375 ± 22 31 ± 9 370 ± 13 25 ± 7 

∗ subjects included in the kinetic modeling analysis. CYP2D6 activity score calculated according to Gaedigk’s method (2008) 

(I and E = Intermediate and Extensive metabolizers respectively). 
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allosum, frontal lobe, gyrus cinguli, insula, occipital lobe, parietal lobe,

triatum, temporal lobe, and thalamus. 

.5. Kinetic modeling 

Modeling of the PET TAC was performed with the AIF corrected

or metabolite and plasma free fraction using the Turku PET center

tilities library ( TPCCLIB , https://gitlab.utu.fi/vesoik/tpcclib ). Invasive

odels including the 1-TCM ( fitk2 ), the 2-TCM ( fitk4), and the Logan

raphical analysis (LGA) ( Logan, 2000 ) were used to estimate the vol-

me of distribution (V T , mL. g − 1 ) across regions. Fitting accuracy was

valuated with the Akaike information criteria (AIC) ( Akaike, 1974 ).

eference tissue modeling techniques were also evaluated using SRTM

 Lammertsma and Hume, 1996 ) and the non-invasive Logan reference

issue model ( LREF) ( Logan, 2000 ). The CC was chosen as reference

egion based on the recommendations of previous work ( Nahimi et al.,

015 ). In addition, the cerebellar white matter (CERWM) and the frontal

obe white matter (FLWM) were also tested as potential reference tissue

ecause white matter has previously been proposed to represent a region

f non-specific binding ( Landau et al., 2012 ). The distribution volume

atio (DVR) was the parameter of interest of the simplified modeling

echniques: DVR SRTM 

, DVR LREF , and DVR 1-TCM 

(DVR computed as the

atio of the V T of the target region to the V T in the reference region,

erived from the 1-TCM with AIF). 

Reference tissue modeling was also performed at the voxel level to

ompute intra-cerebral DVR parametric maps with SRTM ( Gunn et al.,

997 ) and with LREF ( Varga and Szabo, 2002 ). DVR parametric images

ere then transformed from the subject’s space to the MNI space using

he nonlinear deformation fields derived from the spatial normalization

f the individual’s MR image. Finally, normalized parametric images

ere smoothed using an 8 × 8 × 8-mm 

3 full width at half maximum

sotropic gaussian kernel to account for the interindividual anatomy

ariability, normalization uncertainties, and to improve the sensitivity

f the SPM analysis. Additionally, regional mean DVR values were com-

uted from the parametric maps in the subject’s space. 

.6. Test-retest reproducibility study 

.6.1. Bias and variability 

The test-retest bias was calculated as the difference between the test

nd retest DVRs, divided by the mean of the test and retest values, and

he variability as the SD of the bias. These parameters were expressed

s percentage. 
3 
.6.2. Reliability 

The reliability of the measurements was assessed by the

ntraclass correlation coefficient (ICC) calculated as (BSMSS-

SMSS)/(BSMSS + WSMSS) where BSMSS is the mean sum of square

etween subjects and WSMSS is the mean sum of square within subjects

 Shrout and Fleiss, 1979 ). This statistic estimates the relative contri-

utions of between- and within-subject variability and assumes values

rom − 1 (i.e., BSMSS = 0) to 1 (identity between test and retest, i.e.,

SMSS = 0). 

.7. Test-challenge study 

Clonidine is highly selective and exerts potent agonistic effects at

re-synaptic 𝛼2-ARs ( Delaville et al., 2011 ). Regional changes induced

y the challenge with clonidine were computed as the relative difference

f DVR between scans in selected ROIs, expressed as percentage. Binding

hanges were also observed at the voxel level. 

.8. Statistical analysis 

Statistical analysis was performed using Rstudio ( https://github.

om/rstudio/rstudio ). Paired Student’s t-tests were used to test for dif-

erences in the injected dose and molar activity of the [ 11 C]yohimbine

etween Scan 1 and Scan 2 and also applied to test whether DVRs

fter retest or clonidine challenge significantly differed from baseline

ondition. Results with p < 0.05 were considered statistically significant.

PM12 was used for voxel-wise comparison with spatially normalized

moothed DVR images. Statistical parametric maps of the t statistic were

omputed with a threshold of p < 0.05 uncorrected at the voxel level and

n extent voxels threshold the “Expected number of voxel per cluster ”.

ignificant clusters were selected at a corrected cluster level of p < 0.05

‘‘ False discovery rate ”) ( Poline et al., 1997 ). 

. Results 

.1. Subject demographics 

In total, over the fourteen subjects scanned, only thirteen completed

he study according to the protocol. One subject’s retest scan (subject

) was not evaluated because of PET camera malfunction during the

cquisition and was excluded from the test-retest analysis. Additionally,

ver the thirteen subjects, two subjects did not have arterial sampling

n scan 1 but completed the study. For three subjects, the metabolite

ata were non-exploitable. At the end, for the modeling study, seven

https://gitlab.utu.fi/vesoik/tpcclib
https://github.com/rstudio/rstudio
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Fig. 1. Plasma parent fraction (PPf) of un- 

metabolized [ 11 C]yohimbine calculated for the 

group of intermediate metabolizers and the 

group of extensive metabolizers (mean and SD 

across subjects in each group). 
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2  
atasets were available (PET scan, AIF, metabolite function and free

raction), for the test-retest, six datasets were available (six subjects,

wo PET scans), and for the test-challenge study, seven datasets were

vailable (seven subjects, two PET scans) ( Table 1 ). Mean age for both

roups was identical (25 ± 4 years old for the test-retest group and 25 ± 2

or the test-challenge group). 

.2. Modeling study 

Fig. 1 shows metabolization curve (mean and SD plasma parent frac-

ions across subjects) and its modeling depending on the CYP2D6 activ-

ty. The best modeling curve of the mean plasma parent fraction curve

as a 3-exponentials model: 

 𝑃 𝑓 ( 𝑡 ) = 𝐴 1 . 𝑒 
(
− 𝑡 

𝑇 1 

)
+ 𝐴 2 . 𝑒 

(
− 𝑡 

𝑇 2 

)
+ 𝐴 3 . 𝑒 

(
− 𝑡 

𝑇 3 

)

ith A1 = 0.16, T 1 = 0.41, A2 = 0.27, T 2 = 21.45, and A3 = 0.57,

 3 = 68.97 for the group of intermediate metabolizers, and with A1 =
.30, T 1 = 0.88, A2 = 0.09, T 2 = 11.49, and A3 = 0.61, T 3 = 65.77 for

he group of extensive metabolizers. 

Free plasma fraction was constant over time and had a mean value

f 8.5 ± 1.7%. Note that intermediate metabolizers presented mean

ower fp values compared to extensive metabolizers (7.4 ± 0.5% and

.1 ± 1.8%, respectively) not statistically significant ( W = 22, p = 0.16 ).

hole blood to plasma ratio was constant over time with a mean value

f 66.1 ± 3.3% ( Table 1 ) without significant differences between both

ypes of genotypes ( W = 21, p = 0.46 ). Fig. 2 shows an example of AIF

orrected for metabolites and whole blood concentration curve for one

ubject with intermediate CYP2D6 activity and one subject with exten-

ive profile. 

Overall, the Akaike information (AIC) showed slightly lower values

or the 2-TCM (225 ± 21) compared to the 1-TCM (244 ± 18) approach,

ndicating better fits for the 2-TCM. However, as previously highlighted

 Nahimi et al., 2015 ), the 1-TCM approach is much more robust and

roduced less non-physiological estimates of the kinetic parameters. Ac-

ordingly, the 1-TCM was judged as the most appropriate model for

nalysis of [ 11 C]yohimbine imaging data. Kinetic parameters and V T 

sing 1-TCM and LGA in the investigated brain regions are reported in

able 2 . The V T were higher in almost all the cortical regions ( > 0.4).

ower V T were observed in the cerebellum and the striatum ( < 0.35) as

ell as in the three potential reference tissues (CERWM, CC, FLWM).
4 
lthough, the regression between V T values computed by the 1-TCM

odel and V T values computed with LGA were extremely well corre-

ated (V T_LGA = 0.99 ∗ V T_1-TCM 

+ 0.04; r 2 = 0.98; p < 0.001), this latter

odel slightly but significantly overestimated V T in all regions com-

ared to 1-TCM ( p < 0.0002). 

.3. Model with tissue reference regions 

Regression of DVR LREF and DVR SRTM 

to DVR 1-TCM 

for the three tested

eference regions are shown in Table 3 . Regression coefficients were

ver 0.8 for all regressions, with the best fit obtained for SRTM CC 

0.94). Regression slopes were close to 1 for both methods (ranging from

.81 for SRTM CERWM 

to 1.13 for SRTM CC ). Intercepts ranged from 0.03

 SRTM CC ) to 0.24 ( SRTM CERWM 

). 

.4. Test-retest study 

There were no significant differences between test and retest scans

n neither the amount of radioactivity injected (MBq mean ± SD: Scan

: 361.8 ± 12.6; Scan 2: 374.7 ± 22.1; Student_t = − 1.3; p = 0.26) nor

he molar activity of [ 11 C]yohimbine (GBq/ 𝜇mol mean ± SD: Scan 1:

3.5 ± 9.5; Scan 2: 30.8 ± 9.2; Student_t = 0.71; p = 0.51). The biases,

ariabilities and ICC values of the [ 11 C]yohimbine binding parameters

re presented in Table 3 (right part) for both compartmental models

ith the three potential reference tissues. Reliability was very good ( >

.74) for both models using either the CC or the CERWM as reference

egion, while it was acceptable when using the FLWM (around 0.5).

he mean values of bias were low ( < 2%) for all models, and the av-

rage variability ranged from 3.8% for the SRTM CERWM 

to 6.3% for the

REF CC model. Test and retest DVR values were highly correlated (R 

2 >

.98). Test-retest performance based on averaged values across subjects

re presented in detail, region by region, in Table 4 for the most repro-

ucible methods, namely the LREF and the SRTM with CC and CERWM

s reference regions. Using the CC, the test-retest DVR reliability was

oderate to high, ranging from 0.67 (gyrus cinguli) to 0.93 (cerebel-

um) with the LREF and from 0.52 (striatum) to 0.98 (cerebellum) with

he SRTM . Using the CERWM, the test-retest DVR reliability was also

oderate to high, ranging from 0.59 (frontal lobe) to 0.92 (amygdala)

ith the LREF and from 0.70 (cerebellum) to 0.92 (amygdala) with

he SRTM . The test-retest DVR variability was excellent ranging from

.6% (cerebellum) to 7.1% (insula) using the SRTM with CC, while this
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Fig. 2. Illustration of arterial input function 

(AIF), whole blood plasma (C wb ), uncorrected 

plasma ( Cp ) curves for one intermediate metab- 

olizer subject (Part A) and one extensive me- 

tabolizer (part B). f wb : plasma to whole blood 

fraction. 

Table 2 

Kinetic parameters and V T estimated with 1-TCM and LGA in 7 healthy volunteers. 

1-TCM LGA 

Regions V b (%) K 1 (mL/cm 

3 /min) k 2 (min − 1 ) V T (mL/cm 

3 ) V T (mL/cm 

3 ) 

Amygdala 2.3 ± 0.8 0.007 ± 0.002 0.019 ± 0.004 0.39 ± 0.08 0.41 ± 0.08 

Cerebellum 2.3 ± 0.9 0.010 ± 0.003 0.029 ± 0.004 0.34 ± 0.07 0.39 ± 0.07 

Frontal Lobe 1.7 ± 0.8 0.011 ± 0.003 0.025 ± 0.004 0.42 ± 0.10 0.45 ± 0.10 

Gyrus Cinguli 2.3 ± 0.8 0.011 ± 0.003 0.023 ± 0.005 0.45 ± 0.10 0.49 ± 0.10 

Insula 2.4 ± 0.8 0.009 ± 0.003 0.022 ± 0.004 0.41 ± 0.10 0.45 ± 0.09 

Occipital Lobe 2.0 ± 0.9 0.011 ± 0.003 0.025 ± 0.004 0.42 ± 0.10 0.46 ± 0.10 

Parietal Lobe 2.0 ± 0.8 0.011 ± 0.003 0.025 ± 0.004 0.42 ± 0.10 0.46 ± 0.10 

Striatum 1.6 ± 0.7 0.010 ± 0.003 0.029 ± 0.004 0.34 ± 0.09 0.37 ± 0.08 

Temporal Lobe 1.9 ± 0.8 0.009 ± 0.003 0.023 ± 0.004 0.41 ± 0.10 0.45 ± 0.10 

Thalamus 2.3 ± 0.9 0.010 ± 0.003 0.024 ± 0.005 0.42 ± 0.09 0.46 ± 0.09 

Cerebellum White Matter (CERWM) 1.5 ± 0.6 0.008 ± 0.002 0.025 ± 0.004 0.31 ± 0.06 0.35 ± 0.06 

Corpus Callosum (CC) 1.5 ± 0.6 0.005 ± 0.001 0.015 ± 0.002 0.32 ± 0.07 0.36 ± 0.07 

Frontal Lobe White Matter (FLWM) 1.1 ± 0.5 0.007 ± 0.002 0.019 ± 0.003 0.34 ± 0.08 0.36 ± 0.08 

Data are presented as mean values ( ± SD). 

5 
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Table 3 

Validation and reproducibility of the distribution volume ratio (DVR) computed with models with reference region, against gold 

standard 1-TCM model with AIF. 

Mean Regression parameters over DVR 1-TCM Mean Test-Retest reproducibility parameters 

Slope Intercept R 2 ICC Bias (%) VAR (%) Slope Intercept R 2 

DVR LREF CC 1.07 ± 0.13 0.16 ± 0.16 0.84 ± 0.06 0.75 ± 0.08 − 1.2 6.3 0.96 0.05 0.99 

CERWM 0.94 ± 0.14 0.06 ± 0.15 0.81 ± 0.07 0.75 ± 0.10 0.8 4.1 0.97 0.05 0.99 

FLWM 0.98 ± 0.12 0.14 ± 0.14 0.82 ± 0.07 0.56 ± 0.22 0.7 4.3 0.97 0.05 0.99 

DVR SRTM CC 1.13 ± 0.05 0.03 ± 0.08 0.94 ± 0.04 0.74 ± 0.12 − 1.8 4.9 0.94 0.06 0.98 

CERWM 0.81 ± 0.09 0.24 ± 0.10 0.85 ± 0.07 0.82 ± 0.07 − 0.1 3.8 0.93 0.09 0.98 

FLWM 0.94 ± 0.08 0.14 ± 0.10 0.92 ± 0.05 0.45 ± 0.31 − 0.1 4.2 0.95 0.06 0.98 

Data are presented as mean values ( ± SD). 

Table 4 

Mean regional DVR test-retest reproducibility and test-challenge variations. 

Test-Retest Study Challenge Study 

Model Structures DVR Test DVR Retest ICC Bias (%) VAR (%) DVR Test DVR Challenge Change (%) 

LREF CC Amygdala 1.23 ± 0.08 1.23 ± 0.08 0.71 − 0.14 4.82 1.30 ± 0.16 1.36 ± 0.13 5.2 ± 5.9 

Cerebellum 1.30 ± 0.15 1.28 ± 0.20 0.93 − 1.88 4.74 1.36 ± 0.19 1.39 ± 0.13 2.5 ± 8.3 

Frontal Lobe 1.49 ± 0.13 1.47 ± 0.17 0.70 − 1.57 7.94 1.61 ± 0.14 1.56 ± 0.15 − 2.5 ± 5.1 

Gyrus Cinguli 1.56 ± 0.13 1.54 ± 0.16 0.67 − 1.58 7.80 1.64 ± 0.15 1.63 ± 0.15 − 0.7 ± 3.0 

Insula 1.41 ± 0.14 1.39 ± 0.13 0.73 − 1.55 6.97 1.47 ± 0.13 1.48 ± 0.13 0.5 ± 4.5 

Occipital Lobe 1.47 ± 0.10 1.44 ± 0.14 0.78 − 2.23 5.44 1.53 ± 0.18 1.55 ± 0.15 1.7 ± 6.7 

Parietal Lobe 1.49 ± 0.11 1.48 ± 0.16 0.68 − 0.90 7.21 1.58 ± 0.14 1.56 ± 0.15 − 1.1 ± 3.4 

Striatum 1.27 ± 0.11 1.26 ± 0.11 0.68 − 0.57 7.10 1.31 ± 0.10 1.32 ± 0.11 1.0 ± 3.6 

Temporal Lobe 1.40 ± 0.12 1.37 ± 0.14 0.80 − 1.80 5.76 1.46 ± 0.15 1.48 ± 0.14 1.4 ± 4.6 

Thalamus 1.43 ± 0.13 1.43 ± 0.14 0.83 0.01 5.32 1.55 ± 0.19 1.55 ± 0.17 0.6 ± 3.2 

SRTM CC Amygdala 1.23 ± 0.06 1.21 ± 0.06 0.82 − 1.38 2.72 1.28 ± 0.16 1.36 ± 0.12 6.3 ± 7.9 

Cerebellum 1.14 ± 0.14 1.13 ± 0.15 0.98 − 1.56 2.60 1.19 ± 0.16 1.23 ± 0.13 4.5 ± 9.7 

Frontal Lobe 1.48 ± 0.11 1.45 ± 0.11 0.79 − 1.90 5.10 1.58 ± 0.14 1.57 ± 0.14 − 0.9 ± 6.1 

Gyrus Cinguli 1.54 ± 0.11 1.51 ± 0.12 0.73 − 2.37 5.89 1.61 ± 0.15 1.62 ± 0.14 0.4 ± 4.4 

Insula 1.38 ± 0.13 1.33 ± 0.10 0.64 − 3.37 7.13 1.43 ± 0.12 1.44 ± 0.11 0.8 ± 5.2 

Occipital Lobe 1.44 ± 0.08 1.39 ± 0.09 0.79 − 3.64 4.02 1.48 ± 0.17 1.51 ± 0.14 2.7 ± 8.7 

Parietal Lobe 1.45 ± 0.09 1.44 ± 0.11 0.68 − 0.85 5.35 1.53 ± 0.12 1.53 ± 0.14 0.4 ± 6.4 

Striatum 1.19 ± 0.08 1.19 ± 0.08 0.52 − 0.33 6.21 1.20 ± 0.08 1.25 ± 0.11 4.4 ± 6.5 

Temporal Lobe 1.39 ± 0.10 1.35 ± 0.11 0.81 − 3.16 4.45 1.44 ± 0.14 1.48 ± 0.14 2.4 ± 6.0 

Thalamus 1.36 ± 0.10 1.37 ± 0.10 0.67 0.23 5.32 1.45 ± 0.18 1.49 ± 0.14 3.0 ± 5.4 

LREF CERWM Amygdala 1.13 ± 0.10 1.15 ± 0.10 0.92 1.94 3.20 1.13 ± 0.10 1.16 ± 0.07 2.7 ± 6.8 

Cerebellum 1.18 ± 0.03 1.18 ± 0.06 0.71 0.01 2.85 1.18 ± 0.02 1.17 ± 0.04 − 0.3 ± 2.0 

Frontal Lobe 1.36 ± 0.07 1.36 ± 0.07 0.59 0.51 4.49 1.41 ± 0.25 1.33 ± 0.08 − 4.5 ± 11.1 

Gyrus Cinguli 1.42 ± 0.10 1.43 ± 0.09 0.77 0.48 4.52 1.44 ± 0.16 1.39 ± 0.07 − 2.9 ± 8.3 

Insula 1.29 ± 0.09 1.29 ± 0.08 0.66 0.46 5.30 1.29 ± 0.11 1.26 ± 0.06 − 2.1 ± 5.9 

Occipital Lobe 1.34 ± 0.08 1.34 ± 0.07 0.76 − 0.29 3.59 1.33 ± 0.07 1.32 ± 0.06 − 1.1 ± 3.8 

Parietal Lobe 1.36 ± 0.07 1.37 ± 0.07 0.65 1.14 4.35 1.38 ± 0.14 1.32 ± 0.06 − 3.3 ± 8.2 

Striatum 1.15 ± 0.11 1.17 ± 0.09 0.88 1.55 4.00 1.14 ± 0.12 1.12 ± 0.07 − 1.4 ± 6.6 

Temporal Lobe 1.27 ± 0.09 1.28 ± 0.08 0.79 0.18 4.50 1.28 ± 0.10 1.26 ± 0.08 − 1.2 ± 6.6 

Thalamus 1.30 ± 0.08 1.33 ± 0.08 0.73 2.09 4.06 1.35 ± 0.06 1.32 ± 0.06 − 1.9 ± 6.1 

SRTM CERWM Amygdala 1.14 ± 0.08 1.16 ± 0.09 0.92 2.13 2.82 1.14 ± 0.10 1.17 ± 0.09 3.0 ± 8.6 

Cerebellum 1.16 ± 0.03 1.15 ± 0.05 0.70 − 0.63 2.62 1.15 ± 0.02 1.15 ± 0.04 − 0.1 ± 2.1 

Frontal Lobe 1.39 ± 0.07 1.38 ± 0.10 0.79 − 0.90 3.82 1.44 ± 0.25 1.35 ± 0.08 − 4.9 ± 10.9 

Gyrus Cinguli 1.45 ± 0.11 1.44 ± 0.12 0.87 − 0.58 3.93 1.46 ± 0.16 1.40 ± 0.07 − 3.6 ± 8.0 

Insula 1.30 ± 0.09 1.30 ± 0.09 0.74 − 0.50 5.02 1.31 ± 0.11 1.27 ± 0.06 − 2.6 ± 6.2 

Occipital Lobe 1.36 ± 0.08 1.34 ± 0.09 0.81 − 1.63 3.83 1.34 ± 0.07 1.33 ± 0.07 − 1.4 ± 3.8 

Parietal Lobe 1.38 ± 0.08 1.38 ± 0.10 0.78 − 0.02 4.03 1.40 ± 0.15 1.34 ± 0.07 − 3.7 ± 8.1 

Striatum 1.17 ± 0.10 1.18 ± 0.09 0.87 0.92 4.19 1.17 ± 0.10 1.14 ± 0.06 − 1.7 ± 6.5 

Temporal Lobe 1.30 ± 0.10 1.29 ± 0.11 0.87 − 1.23 4.15 1.30 ± 0.10 1.28 ± 0.08 − 1.6 ± 6.4 

Thalamus 1.30 ± 0.08 1.32 ± 0.10 0.80 1.22 4.03 1.34 ± 0.06 1.32 ± 0.06 − 1.9 ± 5.7 

Data are presented as mean values ( ± SD). Data in bold indicate significant differences between sessions ( p < 0.05). 
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ariability was slightly higher, ranging from 4.7% (cerebellum) to 7.9%

frontal lobe) with the LREF . Using the CERWM as reference region, the

est-retest DVR variability ranged from 2.8% (cerebellum) to 5.3% (in-

ula) with the LREF and from 2.6% (cerebellum) to 5% (insula) with the

RTM . The mean bias across all ROIs was trivial ( < 4%). Of note, using

RTM method, the R1 parameter in any ROI was not significantly dif-

erent between test and retest using the CC or the CERWM as reference

issue ( p = 1 and p = 0.97 respectively). 

.5. Challenge study 

There were no significant differences between test and challenge

cans in neither the amount of injected radioactivity (Scan 1: 362 ± 14
6 
Bq; Scan 2: 370 ± 13 MBq; Student_t 6 = − 0.98; p = 0.367) nor the

olecular activity of [ 11 C]yohimbine (Scan 1: 27.7 ± 10.9 GBq/ 𝜇mol;

can 2: 25.3 ± 7.4 GBq/ 𝜇mol; Student_t 6 = 0.47; p = 0.652). The mean

ystolic and diastolic arterial blood pressures were 120 and 76 mmHg,

espectively at the time of administration. Ninety minutes after admin-

stration, clonidine produced a transient 24% decrease only in the mean

iastolic blood pressure ( 𝜒2 (6) = 17.81, p = 0.007). This effect of cloni-

ine on the cardiovascular system is in good agreement with the litera-

ure ( Talke et al., 2001 ). At the anatomical regional level, results of the

hallenge study are given in Table 4 (right part). Significant increase

f DVR in the challenge compared to the baseline condition was only

bserved in the amygdala ( + 6%) and striatum ( + 4%) with SRTM . Im-
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Fig. 3. MRI overlaid with t-statistic maps comparing DVR values with CC as reference region and SRTM method (a), LREF method (b), and with CERWM as reference 

region and SRTM method (c), LREF method (d) and obtained from SPM comparing test and challenge minus test and retest studies using height threshold of P < 0.05 

uncorrected at the voxel level and an extent voxels threshold the “Expected number of voxel per cluster ” (246, 427, 260 and 294 voxels respectively for (a), (b) (c) and 

(d) maps). 
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ortantly, using SRTM method, the R1 parameter in any ROI was not

ignificantly different between test and challenge using the CC or the

ERWM as reference tissue ( p = 0.99 and p = 0.91 respectively. 

.5.1. Statistical parametric mapping 

Statistical parametric maps present the results of the comparison

etween challenge and test conditions, for the challenge group, with

espect to the same comparison in test-retest control group ( t contrast

f condition effect: (DVR 2 -DVR 1 ) Challenge – (DVR 2 -DVR 1 ) control ). Fig. 3

hows the thresholded maps for the SRTM CC (3a), the LREF CC (3b), and

he SRTM CERWM 

(3c), and the LREF CERWM 

(3d). 

Table 5 gives the cluster parameters that elicited differences accord-

ng to the parametric imaging method ( SRTM or LREF) and the ref-

rence region (CC or CERWM). Using SRTM and the CC, two clusters

howed significant activities including bilaterally the temporal and oc-

ipital fusiform gyrus, the cerebellum, the lateral part of the occipital

ortex, the middle temporal gyrus, as well as the right occipital pole, in-

erior temporal gyrus and angular gyrus. Same contrast with SRTM and

he CERWM reference region or with the LREF model did not show any

ignificant cluster. Yet, these contrasts showed activities mainly located

n the posterior part of the brain encompassing the temporal and occip-

tal cortex as well as the cerebellum, as observed significantly using the

RTM CC imaging method. 

. Discussion 

The regional distribution of [ 11 C]yohimbine binding corresponds

ith the known distribution of 𝛼2-ARs in post mortem human brain

tudies ( Ordway et al., 1993 ; Vos et al., 1992 ). The most prominent up-

ake of the tracer was seen in cortical brain regions, especially in the

ingulum, frontal, parietal and occipital cortices whereas uptake was

ess prominent in the striatum and the cerebellum ( Fig. 4 ). 

.1. The kinetic modeling study 

In order to evaluate a reliable and suitable method for 𝛼2-ARs quan-

ification, we compared various invasive and non-invasive models, often

sed for brain receptor quantification. 

Using invasive models and direct fitting of the PET kinetics with tis-

ue compartmental model and AIF, the 1-TCM was found to be sufficient

or describing the tracer kinetics of [ 11 C]yohimbine in the healthy hu-

an brain ( Nahimi et al., 2015 ). Testing the LGA alternative to 1-TCM

s a simpler resolution method from an algorithmic point of view led to
7 
esults quite similar despite a very limited higher V T values found with

GA (around 12%). This might be attributed to the fact that blood vol-

me, Vb, is not taken into account in LGA model. However, since Vb is

airly stable over the regions, this overestimation does not exclude the

se of LGA as an alternative method to 1-TCM for a reliable estimate of

he volume of distribution. 

With non-invasive models, our findings show, for the first time,

he feasibility of using a simple acquisition protocol for kinetic mod-

ling avoiding arterial blood sampling. In particular, DVR estimated us-

ng non-invasive kinetic models ( LREF and SRTM ) showed an excellent

orrelation to the invasive 1-TCM whatever the reference region (CC,

ERWM or FLWM) with the best fit obtained for SRTM CC (R 

2 = 0.94). Of

ote, the results indicated a slight tendency toward an overestimation

ith CC (slope equal to 1.07 using LREF and 1.13 with SRTM). How-

ver, since the correlation with the 1-TCM is excellent and stable across

rain regions, the induced bias can be predicted and should not have an

mpact on comparative studies. In parallel, tendency toward a slight un-

erestimation was reported with CERWM and FLWM, which was more

ronounced with SRTM (slope equal to 0.81 and 0.94 respectively) than

REF (slope equal to 0.94 and 0.98 respectively). Using reference tissue

ethods with cerebral regions, underestimation of DVR values can be

xplained by a possible specific binding within the reference region as

ell as spill-over effect ( Salinas et al., 2015 ). Nonetheless, CERWM or

LWM are valuable reference regions in the event of the impossibility

f using the CC due to lesion of this zone in a patient, for instance. 

.2. Test-Retest reproducibility 

In addition to the accuracy of the reference tissue methods, we eval-

ated their test-retest performance. Using FLWM as reference region,

ur results showed poor test-retest reliability of DVR measurements

ith both parametric imaging methods. However, the SRTM with the

ERWM as reference region showed excellent test-retest reproducibility

f DVR measurements, with variability ranging from 2.6% to 5.0% and

 small negative bias ( − 0.1%). Using the SRTM with the CC, test-retest

eproducibility of DVR measurements were a bit more spread, with a

lightly higher variability ranging from 2.6% to 7.0% and a slightly

igher negative bias (2%). Of importance, whatever the reference re-

ion, R 1 values, also computed with SRTM, did not differ between test

nd retest across all ROIs. In addition, the LREF method showed compa-

able very good test-retest reliability of DVR measurements (ICC = 0.75)

or both reference region with a slightly lower variability when using

he CERWM (~ 4%) compared to the CC (~ 6%). This demonstration of
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Table 5 

Increase of [ 11 C]yohimbine induced by clonidine administration compared to baseline (SPM analysis). 

MNI coordinates 

Areas BA Side x y z T value P corr cluster Cluster size 

SRTM 

CC 

Posterior Temporal Fusiform Cortex 20 R 42 − 34 − 26 6.28 0.001 6944 

Cerebellum_VI – R 26 − 48 − 30 5.93 

Occipital Pole 18 R 20 − 92 − 16 5.14 

Angular Gyrus 40 R 38 − 50 42 5.01 

Inferior Temporal Gyrus 20 R 64 − 40 − 20 4.91 

Occipital Fusiform Gyrus 19 R 30 − 64 − 16 4.67 

Cerebellum_Crus 1 – R 56 − 68 − 32 4.64 

Lateral Occipital Cortex 19 R 28 − 74 26 3.99 

Middle Temporal Gyrus 20 R 68 − 24 − 24 3.91 

Middle Temporal Gyrus 37 L − 60 − 56 − 12 6.15 0.001 7327 

Temporal Occipital Fusiform Cortex 37 L − 32 − 46 − 12 5.84 

Lateral Occipital Cortex 19 L − 46 − 84 12 5.55 

Cerebellum_VI – L − 28 − 40 − 30 4.51 

Cerebellum_V – L − 22 − 36 − 30 4.43 

Lateral Occipital Cortex 19 L − 52 − 76 − 2 4.24 

Cerebellum_Crus 1 – L − 38 − 66 − 28 4.19 

Cerebellum_VIIb L − 20 − 76 − 52 4.17 

Occipital Fusiform Gyrus 19 L − 38 − 66 − 18 3.99 

Amygdala – R 26 − 4 − 20 3.46 0.970 271 

Parahippocampal Gyrus 36 R 26 − 16 − 22 3.03 

LREF CC 

Inferior Temporal Gyrus 20 R 64 − 40 − 20 4.71 0.979 710 

Middle Temporal Gyrus 21 R 60 − 10 − 20 2.61 

Lateral Occipital Cortex 19 L − 50 − 76 − 4 4.44 0.979 1197 

Lateral Occipital Cortex 19 L − 48 − 82 10 4.31 

Middle Temporal Gyrus 37 L − 60 − 58 − 10 3.93 

Cerebellum_Crus 1 – L − 40 − 66 − 26 3.83 

Occipital Fusiform Gyrus 37 L − 38 − 64 − 18 3.13 

Cerebellum_Crus 1 – R 44 − 62 − 26 3.32 0.979 556 

Lateral Occipital Cortex 19 R 26 − 66 − 16 2.67 

Cerebellum_VI – R 34 − 64 − 20 2.49 

Cerebellum_Crus 1 – R 34 − 74 − 26 2.34 

SRTM 

CERWM 

Middle Temporal Gyrus 37 L − 60 − 58 − 12 4.72 0.714 1718 

Lateral Occipital Cortex 19 L − 46 − 84 12 4.46 

Cerebellum_VIIb – L − 22 − 70 − 52 3.44 

Lateral Occipital Cortex 19 L − 52 − 72 − 2 3.44 

Cerebellum_Crus 1 – L − 40 − 62 − 24 3.24 

Occipital Pole 18 R 18 − 90 − 14 4.59 0.971 1084 

Cerebellum_Crus 1 – R 44 − 60 − 28 4.55 

Cerebellum_Crus 1 – R 32 − 72 − 28 3.19 

Lateral Occipital Cortex 19 R 26 − 64 − 12 3.07 

Posterior Temporal Fusiform Cortex 20 R 42 − 34 − 26 4.59 0.971 284 

Fusiform Gyrus 20 R 32 − 30 − 26 3.60 

LREF 
CERWM 

Cerebellum Crus 1 – L − 52 − 66 − 34 3.38 0.973 320 

Cerebellum Crus 1 – L − 40 − 66 − 26 3.08 

Temporal Occipital Fusiform Cortex 37 L − 36 − 62 − 16 2.52 

Cerebellum_Crus 1 – R 42 − 62 − 26 3.18 0.973 332 

Lateral Occipital Cortex 19 R 26 − 66 − 14 2.96 

Cerebellum_VI – R 34 − 64 − 24 2.50 

Fig. 4. Average parametric images of BP ND values estimated with CC as reference region and SRTM method overlaid on the mean MRI images of the 14 participants 

during the first scan. Color bar gives estimates of BP ND in units of mL.cm 

− 3 . 
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 reproducible [ 11 C]yohimbine PET outcome measure using CERWM or

C is critical for further clinical investigations in larger studies. 

.3. Challenge study 

So far, very limited evidence has been presented to support PET

maging of noradrenaline neurotransmission in humans. The brain up-

ake and receptor binding of [ 11 C]yohimbine was found to be re-

uced by unlabeled yohimbine challenge, amphetamine administration

r by acute vagus nerve stimulation in rats and/or Landrace pig brain

 Jakobsen et al., 2006 ; Landau et al., 2015 , 2012 ; Phan et al., 2017 ,

015 ). 

In our study, regional analyses showed significant regional change

nduced by the challenge with clonidine within the amygdala and the

triatum, only when using the SRTM with the CC as reference region.

n parallel, we conducted a voxel-based analysis as this latter has sev-

ral advantages over the ROI-based approach, including the use of

PM to identify alterations in receptor binding in all brain areas with-

ut anatomical a priori . Interestingly, the voxel-based analysis showed

hanges that were not discernable with the ROIs analysis, where delin-

ation of regions is determinist and based on anatomo-functional con-

iderations. In particular, statistical parametric maps of [ 11 C]yohimbine

inding under clonidine administration showed significant specific in-

reases in the posterior part of the brain including the temporal and

ccipital lobes, as well as the cerebellum. However, this increase was

gain reported only when using SRTM with the CC as reference region.

verall, the pattern of increased [ 11 C]yohimbine uptake observed with

his voxel-based analysis is consistent with previous studies demonstrat-

ng that 𝛼2-ARs agonists changed regional cerebral blood flow (CBF) in

osterior cortical regions including the cerebellum, the temporal cortex

nd the angular gyrus ( Bonhomme et al., 2008 ; Fu et al., 2001 ). This in-

rease in [ 11 C]yohimbine binding is likely the consequence of clonidine

cting at presynaptic 𝛼2-ARs sites resulting in reduced noradrenergic

eurotransmission ( Dennis et al., 1987 ; Starke, 1981 ) and leading to a

tate of low tonic arousal. Indeed, all of our volunteers reported that

ime spent in the scanner during the challenge condition had seemed

horter than during the first baseline scan. Considering the known ef-

ect of clonidine on vigilance ( Coull et al., 2004 ; Hall et al., 2001 ), we

an reasonably assume that our participants had a low level of con-

ciousness during the challenge scan. Interestingly, many studies have

reviously highlighted the role of a posterior network in the deleterious

ffect of clonidine on attention and arousal ( Bonhomme et al., 2008 ;

oull et al., 2004 ; Fu et al., 2001 ). In particular, the results of the present

tudy reinforce the nonmotor role of the cerebellum ( Strick et al., 2009 )

hrough 𝛼2-ARs modulation ( Schambra et al., 2005 ) as well as the role

f the fusiform gyrus and lateral occipital cortex in attention ( Tallon-

audry et al., 2005 ). 

.4. Limitations of the study 

There are some limitations in this study that has to be mentioned.

irst, the experimental design did not provide for arterial blood sam-

ling during the second scan session. In fact, the first objective of the

resent study was to validate the use of a simplified reference tissue

odel, and the second objective was to assess both the reproducibil-

ty and the sensitivity of [ 11 C]yohimbine PET measurements estimated

ith this simplified modeling method. To this end, we limited the use

f the invasive sampling of arterial blood only to the first scan in or-

er not to lose volunteers for the second scan who might not want to

epeat this unpleasant experience. Yet, it would have made sense to

ave arterial input in the clonidine challenge to evaluate the impact of

he challenge on peripheral metabolism, if any, as well as to quantify

he true volume of non-displaceable volume of distribution in the po-

ential reference regions. This point would merit further investigations.

hen, another shortcoming is the proportion of clonidine that bounds
9 
o plasma protein. Indeed, free plasma fraction can change upon phar-

acological challenge due to displacement of ligand binding to plasma

roteins. For instance, Phan et al. (2017) have shown an elevation of fp

n response to challenge with unlabeled yohimbine. However, it has to

e highlighted that the bound fraction of yohimbine to plasma proteins

s around 80% (Berlan et al., 1993) while this bound fraction for cloni-

ine is register to be of 20% ( Khan et al., 1999 ). Although we cannot

ompletely rule out the possibility of a change of fp upon clonidine chal-

enge, we believe this is very unlikely since the reported protein bind-

ng is relatively low. Indeed, within the same range (around 20%, ( de la

orre et al., 2004 ) no change of fp has been observed with amphetamine

hallenge ( Phan et al., 2015 ). In the same vein, the potential effects of

lonidine on CBF should also be considered. Since [ 11 C]yohimbine was

dministered as a systemic bolus, potential changes in CBF might affect

he kinetics of the tracer in the brain and influence its binding. In hu-

ans, clonidine is known to decrease blood pressure and reduce CBF

 James et al., 1970 ; Lee et al., 1997 ). In our study, administration of

lonidine produced a transient 26% decrease in mean diastolic arterial

lood pressure. A clonidine-induced decrease in CBF could decrease the

elivery of the tracer, which would induce a smaller Vt, therefore an

nderestimation of the clonidine-induced increase in 𝛼2-ARs binding.

n other terms, the effect of clonidine in the present study, might have

een underestimated. Finally, the results of the present study cannot

ompletely rule out a possible effect of genotype (see supplementary

aterials). Further studies are needed to confirm this observation. In

he meantime, the authors recommend to genotype volunteers for the

ytochrome P450 system with regard to the CYP2D6 isoform if between

roups comparisons have to be performed. 

onclusion 

Our results support the use of [ 11 C]yohimbine PET in the in vivo as-

essment of human brain 𝛼2-ARs. Rapid tracer uptake associated with

ow test-retest variability and good reproducibility was demonstrated in

he regions with the highest densities of the 𝛼2-ARs. In particular, the

uthors recommend the use of [ 11 C]yohimbine parametric imaging of

VR by non-invasive SRTM using the CC as reference tissue for imaging

2-ARs. This method was able to evidence moderate occupancy with

oncurrent drug on 𝛼2-ARs. Alternatively, CERWM might be considered

hen measurements in the CC would not be reliable for structural or le-

ional reason. In other terms, simplified imaging protocols can be used

or reliable [ 11 C]yohimbine PET quantification which opens the pos-

ibility to investigate, in large human samples, the role of 𝛼2-ARs in

arious neuropsychiatric disorders including schizophrenia, depression,

arkinson’s disease and Alzheimer’s disease. 
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