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Abstract

Dopamine D2 receptors (D2-R) in extrastriatal brain regions are of high interest for research
in a wide range of psychiatric and neurologic disorders. Pharmacological competition studies
and test-retest experiments have shown high validity and reliability of the positron emission
tomography (PET) radioligand [12C]FLB 457 for D2-R quantification in extrastriatal brain
regions. However, this radioligand is not available at most research centres. Instead, the
medium affinity radioligand [11C]raclopride, which has been extensively validated for
quantification of D2-R in the high-density region striatum, has been applied also in studies on
extrastriatal D2-R. Recently, the validity of this approach has been questioned by
observations of low occupancy of [11C]raclopride in extrastriatal regions in a pharmacological
competition study. Here, we utilise a data set of 16 healthy control subjects examined with
both [12C]raclopride and [11C]FLB 457 to assess the correlation in binding potential (BPnp) in
extrastriatal brain regions. BPno was quantified using the simplified reference tissue model
with cerebellum as reference region. The rank order of mean regional BPnp values were
similar for both radioligands, and corresponded to previously reported data, both post-mortem
and using PET. Nevertheless, weak to moderate within-subject correlations were observed
between [11C]raclopride and [11C]FLB 457 BPnp extrastriatally (Pearson’s R: 0.30 - 0.56), in
contrast to very strong correlations between repeated [11C]FLB 457 measurements (Pearson’s
R: 0.82 - 0.98). These results are likely related to low signal to noise ratio of [12C]raclopride
in extrastriatal brain regions, and further strengthen the recommendation that extrastriatal D2-

R measures obtained with [11C]raclopride should be interpreted with caution.

Keywords: PET, dopamine, D2-receptor, extrastriatal, raclopride, validation

Introduction

Of the dopamine receptor subtypes, the dopamine D2-receptor (D2-R) has been of central
interest in research on many neurological and psychiatric disorders. For instance, early
positron emission tomography (PET) studies on striatal brain regions using the medium
affinity D2-R radioligand [11C]raclopride (Kd = 1.2 nM) has provided crucial knowledge on
the pharmacological properties of antipsychotic drugs (Farde, Hall, Ehrin, & Sedvall, 1986;
Farde et al., 1992; Kapur, Remington, Zipursky, Wilson, & Houle, 1995; Nord & Farde,
2011; Nordstrém et al., 1993), in addition to demonstrating slightly higher striatal D2-R in
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patients with schizophrenia compared to healthy controls (Howes et al., 2012). More recently,
an involvement in the pathophysiology of neurologic and psychiatric disorders has been
suggested also for D2-R in extrastriatal brain regions. However, quantification of extrastriatal
D2-R is challenging due to the much lower D2-R density, ranging from 1-30% to that of
striatum (Hall et al., 1996).

To quantify D2-R binding in low-density extrastriatal regions, a series of radioligands with
high affinity have been developed for both autoradiography and molecular imaging use (de
Paulis, 2003). One of those is [11C]FLB 457 with the very high affinity of Ka = 0.02 nM
(Halldin et al., 1995) . Occupancy and test-retest PET experiments have shown high validity
and reliability, respectively, and the radioligand is therefore well suited for extrastriatal D2-R
measurements (Farde et al., 1997; Halldin et al., 1995; Narendran, Himes, & Mason, 2013;
Narendran, Mason, Chen, et al., 2011; Narendran, Mason, May, et al., 2011; Sudo et al., 2001;
Suhara et al., 1999; Vilkman et al., 2000). The synthesis of [1:C]FLB 457 is, however,
technically demanding since high specific radioactivity is required (Halldin et al., 1995;
Olsson, Halldin, & Farde, 2004). Additionally, a limitation of high affinity radioligands such
as [11C]FLB 457 and [1sF]fallypride (Kd = 0.2 nM) (Slifstein et al., 2004) is that accurate
quantification of D2-R in the high-density region striatum is rendered either impossible or
very impractical: [11C]FLB does not reach equilibrium within feasible scanning durations for
carbon-11, and [1sF]fallypride requires 3-4 hours of measurement. (Christian, Narayanan, Shi,
& Mukherjee, 2000; Mukherjee et al., 2002; Slifstein et al., 2004).

Given the drawbacks of very high-affinity D2-R radioligands, some research centres have
explored the possibility of using [11C]raclopride for measuring D2-R also outside of striatum.
To date, several such studies have been conducted in patients with Huntington’s disease
(Pavese et al., 2003), schizophrenia (Talvik et al., 2006) and major depression (Jussi Hirvonen
et al., 2008) as well as in response to methylphenidate in cocaine addiction (Volkow et al.,
1997). Additionally, several studies on extrastriatal D2-R have been conducted in healthy
individuals in relation to tetrahydrocannabinol effects (Stokes et al., 2010), physical activity
and memory (Kohncke et al., 2018; Salami et al., 2019). Studies showing high test-retest
reliability have been purported to support this extended use of [11C]raclopride (Alakurtti et al.,
2015; J. Hirvonen et al., 2003; Karalija et al., 2019a), although conflicting data exists
(Mawlawi et al., 2001; Svensson et al., 2019).
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83  However, in addition to reliability, another necessary step for evaluating the suitability of a
84  radioligand is to assess the validity of obtained outcome measures, i.e. if it measures what we
85  expect it to be measuring. This is commonly tested by assessing specific binding in

86  pharmacological competition (occupancy) studies. For [11C]FLB 457 such studies using

87 aripiprazole and haloperidol showed significant displacement in all cortical ROIs (Narendran,
88  Mason, Chen, et al., 2011) as well as in thalamus and temporal cortex (Farde et al., 1997).

89  High specific binding of [11C]FLB 457 extrastriatally was also demonstrated in one study

90  where the amount of specific [12.C]FLB 457 radioactivity was systematically varied (Suhara et
91 al., 1999). With regard to [12C]raclopride, a recent study showed no competition for binding
92 in frontal cortex, and the effect in thalamus and temporal cortex was significantly lower than
93 instriatum (Svensson et al., 2019). These findings correspond with a previous occupancy

94  study examining the thalamus, showing low [11C]raclopride displacement (Mawlawi et al.,

95  2001). Together, these results suggest that the amount of specific binding of [11C]raclopride is

96 very low in some extrastriatal regions, and not quantifiable at all in others.

97  Another approach to assess the validity of a radioligand is to compare outcome measures with

98 that of already established radioligands (convergent validity). Recently, studies comparing

99  binding values in extrastriatal ROIs from separate cohorts examined with [11C]raclopride and
100  [1sF]Fallypride respectively, showed high correspondence between regional average binding
101  levels (Karalija et al., 2019b; Papenberg et al., 2019). This is in contrast to data from a study
102  showing weak correlations between extrastriatal average [11C]raclopride and [11.C]FLB 457
103  binding (Egerton et al., 2009). Importantly, between-individual comparisons do not account
104  for individual variability in binding and are therefore not suited for assessing measurement
105 precision. We are not aware of any studies to date reporting between-radioligand correlations

106  for individual ROIs, within the same subjects.

107  Here, we aimed to evaluate the convergent validity of extrastriatal [11C]raclopride, by

108  assessing within-individual correlations between [11C]raclopride and [11C]FLB 457 binding in
109 sixteen healthy control subjects examined with both radioligands. For reference, results were
110  compared to test-retest correlations for each radioligand, as well as published post-mortem

111  autoradiography data on regional D2-R distribution.
112 Materials and methods

113 Subjects
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114  PET data from sixteen subjects (8 males, 8 females, 56 + 8 years old) who participated as

115  healthy controls in a previously published PET study (Cervenka et al., 2006) were re-

116  analysed. The subjects had no history of physical or mental illness as assessed by clinical

117  interview, blood and urine tests, brain MRI and ECG. None of the subjects used nicotine and
118  all were naive to dopaminergic drugs. The subjects abstained from caffeine during the days of
119 the PET examinations. All subjects gave written informed consent before participation

120  according to the Helsinki declaration. The study was approved by the Ethics and Radiation
121  Safety committees of the Karolinska Institute.

122 Study design

123 All participants underwent PET examinations with both [11C]raclopride and [1:C]FLB 457 in
124 random order. All sixteen subjects were examined in the evening (6-8 p.m.) on two separate
125  days with each radioligand. Additionally, eight participants performed an additional PET

126  examination with [12C]raclopride in the morning (10-12 p.m.) on the same day as the evening
127  examination, whereas the other eight performed two PET examinations with [11C]FLB 457 in
128  the same manner. All participants thus underwent three PET examinations each. The PET
129  examinations for each individual were performed at a median of 7 days apart (range: 1- 27
130  days).

131 MRI and PET examinations

132  T1-weighted magnetic resonance tomography images (MRI) were obtained using a 1.5T GE
133 Signa system (Milwaukee, WI). Images were reconstructed into a 256 x 256 x 156 matrix
134 with a resolution of 1.02 x 1.02 x 1 mmz. PET examinations were conducted using an ECAT
135  Exact HR system (CTI/ Siemens, Knoxville, TN). To minimize head movement a plaster
136  helmet was customized for each subject and used during both PET and MRI examinations.
137  [11C]raclopride and [11C]FLB 457 were prepared as described elsewhere (Langer et al., 1999;
138  Sandell et al., 2000).The radioligands were administered as bolus into the antecubital vein.
139  Injected radioactivity and ligand mass was 196 + 4 MBq and 0.62 + 0.40 ug for

140  [u:C]raclopride and 201 + 37 MBq and 0.58 + 0.43 ug for [11C]FLB 457. Radioactivity was
141  measured in the brain during 51 minutes for [11C]raclopride and 87 minutes for [11.C]FLB
142 457. The reconstructed volume was displayed as 47 horizontal sections with a center-to-center
143  distance of 3.125 mm and a pixel size of 2.02 x 2.02 mm2.

144 Preprocessing and ROI definition
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145  PET images were corrected for head motion using a between-frame-correction realignment
146  procedure (Schain et al., 2012). MR images were reoriented to the AC-PC (anterior and

147  posterior commissure) plane. Freesurfer (version 6.0, http://surfer.nmr.mgh.harvard.edu/) was
148  used to delineate regions of interest (ROIs) on the MRIs. Eight ROIs were chosen: occipital
149  cortex, frontal cortex, temporal cortex, hippocampus, thalamus, amygdala, caudate and

150  putamen, based on relevance for psychiatric and neurologic disorders as well as for the

151  purpose of comparison with previous studies reporting on extrastriatal D2-receptors using
152 [uC]raclopride (Alakurtti et al., 2015; J. Hirvonen et al., 2003; Karalija et al., 2019; Svensson
153 etal., 2019). Cerebellar cortical grey matter was used as reference region. To avoid partial
154  volume effects and contamination from neighbouring regions in the reference region, the

155  cerebellum was trimmed in an automated process and included voxels behind and below the
156  posterior tip of the 4w ventricle, above the lowest plane of pons, laterally of the left- and

157  rightmost point of the 4w ventricle (as described by (Svensson et al., 2019)). Using SPM12
158  (Wellcome Department of Cognitive Neurology, University College, London, UK), the MR
159  image was coregistered to summed PET-images for each examination. The resulting

160  coregistration parameters were used to apply ROIs to the dynamic PET data, to generate time

161  activity curves (TACs) of mean radioactivity within each ROI for each frame.
162  Quantification of radioligand binding

163  Kinetic analysis was performed on TACs using the simplified reference tissue model (SRTM)
164  with cerebellar cortex as reference region. The outcome measure was non-displaceable

165  binding potential (BPnbp). BPnb is the ratio at equilibrium of specifically bound radioligand to
166  that of nondisplaceable radioligand in tissue and is hence theoretically proportional to the

167  amount of available D2-R (Innis et al., 2007). The SRTM has been validated for both

168  [11C]raclopride and [11C]FLB 457 (Lammertsma AA & Hume SP, 1996; Olsson, Halldin,

169  Swahn, & Farde, 1999).

170  Statistical analysis

171  Rank order of [11C]raclopride and [11C]FLB 457 regional average BPnp were compared to
172 post-mortem data from Hall et al (1996) data. For comparison to previously published reports
173 (Karalija et al., 2019; Papenberg et al., 2019), we calculated Pearson’s correlations between
174  average [11C]raclopride and [1:C]FLB 457 BPnp values for each ROI. Pearson’s correlations
175  were subsequently performed within subjects, using individual BPnp values in all ROls. For

176  comparative purposes, a within subject, within radioligand correlation of BPnp from repeated

6
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177  measurements was calculated for both radioligands. All analyses were performed using R
178  (version 3.5.3, Great Truth).

179 Results

180  Descriptive data for [11C]raclopride and [11C]FLB 457 BPnb in extrastriatal ROls are shown
181 in Table 1. The regional average BPnp values of the evening PET examinations for each

182  radioligand showed good rank-order agreement to published post-mortem autoradiography
183  data using epidepride (Hall et al., 1996), indicating occipital cortex as the region with the

184  lowest level of binding and the putamen as the region with the highest. The correlation in

185  regional average [11C]raclopride and [11C]FLB 457 BPnp showed a similar pattern as for

186  previous studies using [1sF]fallypride (Karalija et al., 2019; Papenberg et al., 2019) (Pearson’s
187 R =0.97) (Supplementary figure 1).

Post-mortem data: binding BPwp [M1C]raclopride BPyp [11C]FLB-457
ROI relative to putamen (%) mean (sd) mean (sd)
ocC 0.07 0.17 (0.06) 0.43 (0.22)
FC 0.17 0.12 (0.05) 0.48 (0.18)
TC 1.48 0.22 (0.06) 1.10 (0.32)
HIP 2.58 0.24 (0.08) 0.95 (0.24)
THA 3.40 0.35 (0.08) 2.57 (0.54)
AMG 13.80 0.36 (0.09) 2.50 (0.58)
CAU 87.30 2.01(0.23) NA
PUT 100.00 2.79 (0.26) NA

188  Table 1. Rank-order of D2-receptor density from post-mortem autoradiography, and in vivo [11C]raclopride and
189 [11C]FLB 457 binding values. The data in the second column is retrieved from Hall et al., (Hall et al., 1996) and
190  describes the level of binding in each ROI relative to the level of binding in the putamen. ROI = Region of
191 interest, OC = occipital cortex, FC = frontal cortex, TC = temporal cortex, HIP = hippocampus, THA =

192  thalamus, AMG = amygdala, CAU = caudate, PUT = putamen, BPnp = non-displaceable binding potential, sd =

193  standard deviation.

194  Subsequently, we directly compared [11C]raclopride and [12C]FLB 457 BPnp in individual
195 extrastriatal ROIs, within subjects. Weak to moderate correlations were observed in all

196  extrastriatal ROIs (Figure 1). The R-values ranged from 0.30 to 0.56 (Table 2). The highest
197  correlations were obtained in the amygdala (Pearson’s R: 0.56), the thalamus (Pearson’s R:
198  0.50) and temporal cortex (Pearson’s R: 0.46). Hence, the explained variance R2 for these

199  regions ranged from 9 to 31%.
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Correlation between [11C]Raclopride and [11C]FLB-457 BPND
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Figure 1. Scatter plots of the relationship between [1:C]raclopride and [12C]FLB 457 BPnp in individual

extrastriatal ROIs. OC = occipital cortex, FC = frontal cortex, TC = temporal cortex, HIP = hippocampus, THA

= thalamus, AMG = amygdala.
ROI [12C]raclopride — [121C]FLB 457 repeated [12C]raclopride repeated
[121C]FLB 457 measurements measurements
Pearson’s R (95% CI) Pearson’s R (95% CI) Pearson’s R (95% CI)

oC 0.30 (-0.23 - 0.69) 0.94 (0.71-0.99) 0.04 (-0.68 - 0.72)
FC 0.31 (-0.22 - 0.70) 0.97 (0.82 - 0.99) 0.51 (-0.30 - 0.89)
TC 0.46 (-0.05 - 0.78) 0.96 (0.78 — 0.99) 0.28 (-0.53 - 0.82)
HIP 0.39 (-0.13-0.74) 0.82 (0.27 - 0.97) 0.35(-0.48 - 0.85)
THA 0.50 (0.00 - 0.80) 0.98 (0.89 - 1.00) 0.46 (-0.37 - 0.88)
AMG | 0.56 (0.09 - 0.83) 0.89 (0.51 - 0.98) 0.75 (0.10 - 0.95)

Table 2. Table with correlation coefficients and confidence intervals: [11C]raclopride to [11C]FLB 457 (evening

PET-examinations); [11C]FLB 457 to [12.C]FLB 457(repeated measurements); [12C]raclopride to [11C]raclopride

(repeated measurements). 95% CI = confidence interval. ROI = region of interest. OC = occipital cortex, FC =

frontal cortex, TC = temporal cortex, HIP = hippocampus, THA = thalamus, AMG = amygdala.

Within-radioligand correlations for both [11C]raclopride and [11C]FLB-457 are presented in

Figure 2 as well as Table 2. For [11C]FLB 457 the average Pearson’s R was 0.93, whereas for
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[12C]raclopride the corresponding average was 0.40. For additional test-retest metrics for

[11C]raclopride and [11C]FLB 457 see supplementary material (Supplementary Table 1 and 2).

Correlation between [11C]FLB-457 PET 1 and PET 2
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Figure 2. Scatter plot of test-retest reliability for [1:C]FLB 457 and [12C]raclopride BPno in individual
extrastriatal ROIs. OC = occipital cortex, FC = frontal cortex, TC = temporal cortex, HIP = hippocampus, THA

= thalamus, AMG = amygdala.

Discussion
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219  To our knowledge this is the first study to report on within-subject correlations of binding in
220  extrastriatal ROIs between [11C]raclopride and a very high affinity D2-R radioligand. Overall,
221  the agreement to [11C]FLB 457 BPnp was found to be low, indicating low convergent validity
222 of [uC]raclopride for measurements in extrastriatal brain regions. Given that multiple

223  competition and test-retest studies have demonstrated that [11C]FLB 457 is a well suited

224 radioligand to index extrastriatal D2-R binding (Farde et al., 1997; Halldin et al., 1995;

225  Narendran et al., 2013; Narendran, Mason, Chen, et al., 2011; Narendran, Mason, May, et al.,
226  2011; Sudo et al., 2001; Suhara et al., 1999; Vilkman et al., 2000), the results imply that the
227  low correlation to [11C]raclopride binding is due to low precision of [11C]raclopride for

228  extrastriatal D2-R quantification.

229  Reports of associations in regional average BPnp between [11C]raclopride and post-mortem
230  data, as well as between [11C]raclopride and the very high affinity radioligand [1sF]fallypride,
231  have been purported to support the use of [11C]raclopride extrastriatally (Karalija et al., 2019;
232  Papenberg et al., 2019), although conflicting data have also been presented (Egerton et al.,
233 2009). In the present study we could confirm a rank order association between regional

234  average [11C]raclopride and [12C]FLB 457 BPnp as well as with post-mortem data. These
235 results may be interpreted as support for some degree of accuracy (i.e. closeness to the “true”
236  underlying values) of [11C]raclopride extrastriatally, but only on a group level. It should be
237  noted that all these analyses include ROIs with markedly different levels of D2-R density,
238  thus forming subgroups which can lead to spurious correlations (Makin & De Xivry, 2019).
239  Importantly, our results clearly show that associations between regional averages do not

240  predict the strength of within-subject correlations. In the present study, the correlation

241  coefficient for extrastriatal regions ranged between 0.30 - 0.56, corresponding to a median Rz
242  0of 0.18, which means that only about 18% of the variation in [12C]raclopride BPnD is

243  explained by variation in [11C]FLB 457 BPnb. For two methods purported to measure the
244 same thing, this agreement is very poor. For comparison, the correlation coefficient for

245  repeated [11C]FLB 457 measurements was 0.82 - 0.98, corresponding to a median explained
246  variance of 90%. In summary, even if some specific binding may be detectable in

247  extrastriatal regions, such that some degree of accuracy can be claimed based on group data,
248  this does not necessarily indicate adequate precision, and thereby validity, of extrastriatal

249  [u1Cl]raclopride measurements of D2-R at the individual level.

250 A likely factor explaining the observed low precision of [11C]raclopride in extrastriatal

251  regions is the very low level of specific binding, leading to a low signal-to-noise ratio.
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252  Importantly, an in vitro study with the radioligand [sH]raclopride, with the same affinity as
253  [uCl]raclopride (Hall, Koéhler, Gawell, Farde, & Sedvall, 1988), showed no specific binding in
254  amygdala, hippocampus or cerebellum, whereas specific binding in frontal and temporal

255  cortex was much lower compared to putamen and caudate (Hall, Farde, & Sedvall, 1988).

256  Low specific in relation to non-specific binding in extrastriatal regions has also been

257  confirmed in in vivo occupancy studies. In two small occupancy studies using haloperidol, in
258  4/5 subjects only roughly 50% of [12C]raclopride BPnp in thalamus corresponded to specific
259  binding (Hirvonen et al., 2003; Mawlawi et al., 2001). More recently, lower occupancy of
260  [11C]raclopride was shown by Svensson et al. in a larger competition study (n=9) using

261  quetiapine. Lower occupancy in thalamus compared to striatum was observed in both high
262  and low dose regimens (20% of thalamic BPnp was displaced with doses displacing 50% of
263  BPnp in striatum) (Svensson et al., 2019). Additionally, only 18 % of raclopride binding was
264  occupied in the temporal cortex, whereas in frontal cortical regions and the anterior cingulate
265  no clear reduction was seen in BPnp after administration of quetiapine, suggesting no specific
266  binding in these regions. The corresponding pattern between this competition study and the
267  present results, with numerically lower correlations in frontal cortical regions compared to
268  thalamus and temporal cortex, suggest decreasing validity of [11C]raclopride measurements as

269  afunction of lower D2-R density.

270  In addition to validity, reliability provides additional information about a method that can
271  guide its use (Matheson, 2019). Test-retest studies of [11C]FLB 457 using SRTM have shown
272  high reliability in cortical brain regions and thalamus (Sudo et al., 2001; Vilkman et al.,

273 2000), a result later replicated in additional extrastriatal brain regions (Narendran et al., 2013;
274 Narendran, Mason, May, et al., 2011). In the present study we confirmed high test-retest

275  reliability of [11C]FLB 457. For [12C]raclopride, some test-retest studies in extrastriatal

276  regions have shown high reliability (Alakurtti et al., 2015; J. Hirvonen et al., 2003; Karalija et
277  al., 2019a). In contrast, our observations of low to moderate test-retest reliability are in line
278  with results by Mawlawi et al and Svensson et al (Mawlawi et al., 2001; Svensson et al.,

279  2019). The question regarding the reliability of [12C]raclopride extrastriatally remains to be
280  resolved. However it should be noted that this is of secondary importance if the validity of
281  measurements is inadequate. l.e. it is of little use to assess the reliability or consistency of
282  extrastriatal D2-R measurements, when we cannot ascertain that BPnp is a suitable index of
283  D2-R availability.
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284  One potential explanation that has been proposed for the putative combination of low validity
285  and high reliability of extrastriatal [11C]raclopride measurements is that BPnp in these regions
286  may be inflated by a contribution of non-displaceable distribution volume (Vnp) due to lower
287  non-specific binding in the reference region compared to target regions. Since Vb is assumed
288  to be stable over time, such a contamination effect would lead to over-estimated reliability
289  measures (Mawlawi et al., 2001; Svensson et al., 2019, 2020).

290  Our results have implications for the evidential value of previous studies reporting on

291  extrastriatal binding measures using [11C]raclopride. Even for the thalamus, where we found
292  numerically higher correlations and aforementioned occupancy studies support some degree
293  of specific [11C]raclopride binding (Hirvonen et al., 2003; Mawlawi et al., 2001; Svensson et
294  al., 2019), most PET studies have insufficient power to detect anything less than large effect
295  sizes (Svensson et al., 2019, 2020). With low power comes an elevated risk for type I1, and
296  potentially also type I errors (Button et al., 2013; Loken & Gelman, 2017). A previous

297  [uCl]raclopride study from our lab reported lower D2-R BPnb in the right thalamus in 18
298  drug-naive patients with schizophrenia compared to 17 control subjects (Talvik et al., 2006).
299  Even though this result is broadly in line with studies using high affinity D2-R radioligands
300 (Graff-Guerrero et al., 2009; Kessler et al., 2009; Lehrer et al., 2010; Suhara et al., 2002;
301  Talvik, Nordstrém, Olsson, Halldin, & Farde, 2003; Tuppurainen et al., 2006), there is hence
302  reason to question the effect size and conclusion of the study. To avoid problems of both low
303  sensitivity and spurious findings we recommend that future research on extrastriatal D2-R is

304  conducted using high-affinity radioligands only.

305  There are limitations to this study. Cross-sectional studies have indicated that increasing age
306 s associated with a reduction in D2-R density, with estimates in extrastriatal regions ranging
307  from around 5 — 13 % per decade, as well as lower interindividual differences in BPnb (Inoue
308 etal., 2001; Kaasinen et al., 2000; Rinne et al., 1993). The mean age of the subjects in this
309  study was 56 years. It is conceivable that higher D2-R levels in a younger sample could

310 increase the signal-to-noise ratio for extrastriatal [11C]raclopride binding measures. Moreover,
311  the relatively high age of the participants may have contributed to lower ICC values in the
312  test-retest analysis. Furthermore, [11C]FLB 457 have a low but detectable level of specific
313  binding in the cerebellum (Narendran, Mason, Chen, et al., 2011; Olsson et al., 2004),

314  although the impact on BPnp in target regions has been shown to be small (Olsson et al.,

315  2004). Finally, the experiments for between-radioligand comparisons were further apart

316  compared to experiments for within-radioligand comparisons which may have contributed to
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317  the low correlations between [11C]raclopride and [11C]FLB 457, however it should be noted
318 that the within-radioligand correlations for [11C]raclopride were similarly low, whereas

319  corresponding correlations for [11C]FLB 457 were high.

320  Inconclusion, our study adds to recently published data indicating low validity of
321  [uCl]raclopride binding measures in extrastriatal brain regions. The results have important
322  implications for the interpretation of previously published data and should inform the design

323  of future PET studies of D2-R outside striatal regions, to save time and resources.
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Supplementary material:

[11CIFLB-457

Correlation between mean BPND for [11C]FLB-457 and [11C]Raclopride
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Figure 1. Correlation between regional average [11C]raclopride and [11C]FLB 457 BPno. Ci: confidence interval.

OC = occipital cortex, FC = frontal cortex, TC = temporal cortex, HIP = hippocampus, THA = thalamus, AMG

= amygdala. The 95% confidence intervals within each ROI are marked with vertical and horizontal lines.

PET 1 mean PET 2 mean
RO BPND (sd) BPND (sd) SEM Absvar | lcc (icc_l - icc_u) | Signvar (sd)
ocC 0.18 (0.05) 0.18 (0.04) 0.01] 027 0.10 (-0.60 - 0.72) | 0.04 (0.34)
FC 0.12 (0.05) 0.13 (0.04) 0.01] 026 [055 (-0.14-0.89) | 0.05(0.33)
TC 0.23 (0.05) 0.23 (0.04) 001 014 0.33(-0.40 - 0.81) | 0.00 (0.21)
HIP 0.23 (0.09) 0.25 (0.05) 0.02] 0.30 0.31(-0.42-0.81) | 0.15 (0.43)
THA 0.35 (0.07) 0.37 (0.06) 0.02] 013 0.47 (-0.24 - 0.86) | 0.06 (0.18)
AMG 0.35 (0.06) 0.38 (0.08) 0.02] 013 0.70 (0.13-0.93) | 0.07 (0.14)
CAU 1.97 (0.20) 2.02 (0.17) 006 0.07 0.55 (-0.14 - 0.89) | 0.03 (0.09)
PUT 2.77 (0.13) 2.79 (0.25) 0.07| 0.06 0.46 (-0.26 - 0.86) | 0.01 (0.08)

Table 1. Test-retest for [11C]raclopride. Average BPND within each ROI in morning and evening PET

experiments (PET 1 and PET 2) as well as standard deviations. SEM = standard error of measurement, absvar =

average absolute variability, icc = intraclass correlation coefficient, icc_| and icc_u are the upper and lower

bounds of the 95 percent confidence interval, signvar = signed variability (for detecting bias between

measurements) normalised to the grand mean.
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PET 1 mean PET 2 mean
ROI BPND (sd) BPND (sd) SEM Absvar | lcc (icc_I -icc_u) | Signvar (sd)
oC 0.45 (0.23) 0.45 (0.22) 0.05 0.17 | 0.95(0.79-0.99) | 0.00 (0.22)
FC 0.51 (0.23) 0.48 (0.21) 0.04 0.12 | 0.96 (0.80 - 0.99) | -0.08 (0.15)
TC 1.16 (0.39) 1.10 (0.37) 0.08 0.07 | 0.95(0.80-0.99) | -0.05 (0.09)
HIP 0.97 (0.30) 0.89 (0.27) 0.06 0.13 | 0.80(0.34-0.96) | -0.08 (0.15)
THA 2.68 (0.80) 2.52 (0.68) 0.13 0.07 | 0.95(0.66 - 0.99) | -0.06 (0.07)
AMG 2.35 (0.50) 2.50 (0.65) 0.15 0.10 | 0.85(0.46-0.97) | 0.05(0.12)
CAU NA NA NA NA NA NA
PUT NA NA NA NA NA NA

Table 2. Test-retest for [12C]FLB Average BPND within each ROI in morning and evening PET experiments

(PET 1 and PET 2) as well as standard deviations. SEM = standard error of measurement, absvar = average

absolute variability, icc = intraclass correlation coefficient, icc_I and icc_u are the upper and lower bounds of the

95 percent confidence interval, signvar = signed variability (for detecting bias between measurements)

normalised to the grand mean.
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