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Abstract

Objective—Previous imaging studies with positron emission tomography (PET) have reliably
demonstrated an age-associated decline in the dopamine system. Most of these studies have
focused on the densities of dopamine receptor subtypes D3R (D2R family) in the striatum using
antagonist radiotracers that are largely nonselective for D,R vs. D3R subtypes. Therefore, less is
known about any possible age effects in D3-rich extrastriatal areas such as the substantia nigra/
ventral tegmental area (SN/VTA) and hypothalamus. This study sought to investigate whether the
receptor availability measured with [11C](+)PHNO, a D3R-preferring agonist radiotracer, also
declines with age.

Methods—Forty-two healthy control subjects (9 females, 33 males; age range 19-55 years) were
scanned with [11C](+)PHNO using a High Resolution Research Tomograph (HRRT). Parametric
images were computed using the simplified reference tissue model (SRTM2) with cerebellum as
the reference region. Binding potentials (BPyp) were calculated for the amygdala, caudate,
hypothalamus, pallidum, putamen, SN/VTA, thalamus, and ventral striatum and then confirmed at
the voxel level with whole-brain parametric images.

Results—Regional [11C](+)PHNO BPyp displayed a negative correlation between receptor
availability and age in the caudate (r=—0.56, corrected p = 0.0008) and putamen (r=—0.45,
corrected p = 0.02) in healthy subjects (respectively 8% and 5% lower per decade). No significant
correlations with age were found between age and other regions (including the hypothalamus and
SN/VTA). Secondary whole-brain voxel-wise analysis confirmed these ROI findings of negative
associations and further identified a positive correlation in midbrain (SN/VTA) regions.

Corresponding Author: David Matuskey, M.D., Yale School of Medicine, 801 Howard Ave, New Haven, CT, 06520, 203-737-6316
(phone); 203-785-2994 (fax); david.matuskey@yale.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our

customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of

the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Matuskey et al. Page 2

Conclusion—In accordance with previous studies, the striatum (an area rich in D2R) is
associated with age-related declines of the dopamine system. We did not initially find evidence of
changes with age in the SN/VTA and hypothalamus, areas previously found to have a
predominantly D3R signal as measured with [11C](+)PHNO. A secondary analysis did find a
significant positive correlation in midbrain (SN/VTA) regions, indicating that there may be
differential effects of aging, whereby D4R receptor availability decreases with age while D3R
availability stays unchanged or is increased.
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1. Introduction

Previous imaging studies with positron emission tomography (PET) have reliably
demonstrated an age-associated decline in the dopamine system of the brain (Ishibashi et al.,
2009; Kim et al., 2011; Volkow et al., 2000; VVolkow et al., 1998b). Dopamine Dy/3
receptors (Dys3 R) in the striatum have been the most extensively studied with reductions of
6%—-10% per decade typically reported (Alakurtti et al., 2013; Antonini et al., 1993; Rinne et
al., 1993; Seeman et al., 1987; VVolkow et al., 1998b). These decreases have also been found
to have clinical significance as deficits in cognitive and motor function correlate with striatal
D3 R in normal aging (Volkow et al., 1998a).

Age-related Do3R findings have also been observed in extrastriatal areas in studies using
high-affinity tracers [18F]fallypride and [1LC]FLB 457 (Inoue et al., 2001; Kaasinen et al.,
2000; Kegeles et al., 2010; Mukherjee et al., 2002). Specifically, D,/3R decreased 9-14%
per decade of life in cortical areas (Inoue et al., 2001; Kaasinen et al., 2000) with [11C]JFLB
457 and 5-10% in extrastriatal brain regions including the hippocampus, thalamus, amygdala
and substantia nigra with [18F]fallypride and [*1C]FLB 457 (Inoue et al., 2001; Kaasinen et
al., 2000; Kegeles et al., 2010; Mukherjee et al., 2002).

To date, studies have largely employed antagonist radiotracers (e.g., raclopride) that cannot
differentiate D, vs. D3 subtypes in either striatal or extrastriatal areas, with the exception of
a preliminary study with [18F]N-methylbenperidol ([18F]NMB), a tracer with higher
specificity for DoR. This work found decreases in striatal but not extrastriatal areas, although
the latter regions had low BPyp that made accurate comparisons difficult (Eisenstein et al.,
2012). Nonetheless, this study was the first to suggest age-related differences might be more
specific in regards to D;R.

Differentiation of DoR vs. D3R has become more important amid evidence suggesting that,
despite similar homology, DR and D3R have discrete anatomic and physiologic roles (Le
Foll et al., 2005). This is true even though D2R and D3R are both in the D,-like subfamily
and have a net inhibitory effect upon surrounding neurons by inhibiting adenylyl cyclase,
production of cCAMP and activation of protein kinase A (Bonci and Hopf, 2005). DoR
(which has been more extensively studied) is a pre- and post-synaptic receptor with high
concentrations in the striatum, among other areas, and has been implicated in a wide-range
of clinical neuropsychiatric disorders (Bonci and Hopf, 2005). D3R has some unique
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properties that make it particularly valuable for investigating. First, D3R has a more limited
anatomic distribution then D,R with dense concentrations in integral reward processing
areas such as the ventral striatum and substantia nigra/ventral tegmental area (SN/VTA).
Second, while D3R can exist as presynaptic or postsynaptic, its presynaptic autoreceptor has
gathered the most attention as it is a controller of dopamine release (Fiorentini et al., 2010;
Sokoloff et al., 2006). This quality may allow it work in opposing ways to DoR, and the D3-
preferring agonist radiotracer [11C](+)PHNO has in fact found such opposing relationships
in addiction and the reward system (Boileau et al., 2012; Erritzoe et al., 2014; Matuskey et
al., 2014b; Matuskey et al., 2015;Payer et al., 2014) For recent reviews of PET imaging and
D3 (including extrapyramidal motor disorders, psychoses and cognitive function) please see
(Le Foll et al., 2014; Slifstein et al., 2013).

Given characteristic roles that are emerging it is important to know if DoR and D3R also
have differences with regards to the aging process. A recent paper focused on the
relationship of [*1C](+)PHNO and [11C]raclopride (Nakajima et al., 2015) with aging,
finding decreases in DR, but not D3R rich regions such as the SN/VTA. The current work
extends upon those findings by investigating whether receptor availability measured with
[Y1C](+)PHNO is associated with age-related decreases in subcortical brain regions of
interest (ROI) and whole-brain voxel-wise analyses in a completely independent cohort.

2. Material and methods

Forty-two healthy controls (9 females, 33 males; age range 19-55 years) were studied. All
subjects had a comprehensive screening assessment that included a clinical interview,
complete physical examination with medical history, routine blood tests, electrocardiogram,
urine toxicology and pregnancy test (if female). Individuals were excluded if they self-
reported or evaluation revealed a diagnosis of a current and/or lifetime psychiatric disorder;
current or past serious medical or neurological illness (including a history of head injury
with loss of consciousness); pregnancy (tested at screening and day of study) and/or breast
feeding; metal in their body which would result in MRI exclusion; a history of substance
abuse or dependence; and illicit drug use in the past 3 months. All subjects except one (with
an average daily use of 5 cigarettes) were nonsmokers.

The study was performed under protocols approved by the Yale Human Investigation
Committee, the Yale University Radiation Safety Committee, the Yale-New Haven Hospital
Radioactive Drug Research Committee, and the Yale MRI Safety Committee. Subjects were
recruited from Connecticut and surrounding states by paper and web advertisements, as well
as personal referrals. Written informed consent was obtained from all participants at the
beginning of screening after a full explanation of study procedures was performed.

Structural MR imaging was performed on a Siemens 3-T Trio system (Siemens Medical
Solutions, Malvern, Pennsylvania) with a circularly polarized head coil for purposes of
excluding individuals with anatomical abnormalities and anatomically coregistering with
PET scans. The dimension and voxel size of MR images were 256 x 256 x 176 voxels and
0.98 x 0.98 x 1.0 mm3, respectively.
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[11C](+)PHNO was prepared as previously reported (Gallezot et al., 2014; Wilson et al.,
2005). All scans used a high-resolution research tomograph (HRRT) (Siemens/CTI,
Knoxville, TN, USA), which acquires 207 slices (1.2mm slice separation) with a
reconstructed image resolution of ~3mm. A transmission scan with a 137Cs point source was
obtained before the emission scan. PET scans were acquired for 120min at rest with an
average radioactivity dose of 417 £ 174 MBq and injected mass of 2.3+0.76 ug.

Dynamic PET scan data were reconstructed with all corrections (attenuation; normalization;
scatter; randoms; deadtime and mation), using the MOLAR algorithm (Carson et al., 2003)
with the following frame timing: 6 x 30 sec; 3 x 1 min; 2 X 2 min; 22 x 5 min. Motion
correction was based on an optical detector (Vicra, NDI Systems, Waterloo, Ontario,
Canada).

A summed image (0-10 min after injection) was created from the motion-corrected PET
data and registered to the subject’s MR image, which in turn was nonlinearly registered to a
MR template (MNI; Montreal Neurological Institute space) with Bioimagesuite (version 2.5;
http://www.bioimagesuite.com). The cerebellum was defined by a Anatomical Automatic
Labeling (AAL) template (Tzourio-Mazoyer et al., 2002) delineated on MR. This region has
minimal Dy/3R binding and was used as the reference region, as in previous studies (Boileau
etal., 2012; Ginovart et al., 2007; Matuskey et al., 2014b; Mizrahi et al., 2011; Searle et al.,
2010). Parametric images of BPyp, which is linearly proportional to the density of available
D3R, were computed using a simplified reference tissue model (2-parameter version:
SRTM2). This method has been previously validated for [1C](+)PHNO (Gallezot et al.,
2012; Gallezot et al., 2014; Wu and Carson, 2002) and reduces noise in the functional
images (Matuskey et al., 2014b).

For this investigation, ROI included the amygdala, caudate, hypothalamus, pallidum
(consisting of the globus pallidus and ventral pallidum), putamen, SN/VTA, thalamus, and
ventral striatum (VST), and were based on the AAL template delineated on MR (Tzourio-
Mazoyer et al., 2002) with the exception of hand-drawn SN and VST templates (that are not
available in AAL). The SN/VTA was manually delineated as previously described on BPyp
images in template space because of greater anatomic visibility (Gallezot et al., 2014) and
the VST template was based on guidelines from Mawlawi and colleagues (Mawlawi et al.,
2001). The volume of the ROIs were computed after transfer from the template MRI to each
individual PET image by computing the volume of the intersection of each PET voxel with
the transferred ROI, and then summing the contribution of all PET voxels.

To confirm differences in BPyp at the voxel level, whole-brain parametric BPyp maps were
registered to MNI space, smoothed with a 2mm FWHM Gaussian kernel, and statistically
investigated using a simple regression model to assess correlations with age at every voxel
(SPM12;Wellcome Trust Centre for Neuroimaging, London, United Kingdom). An initial
whole-brain voxel-level threshold of p<.001 identified multiple peak correlations within
ROls, and a less stringent threshold of p<0.005 with an extent threshold (k) of 25 voxels was
applied to examine spatial extent and contiguity of regional associations with age.
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All outcomes were summarized descriptively and assessed for normality prior to analysis
using normal probability plots and Kolmogorov test statistics. All outcomes were
approximately normal. A linear mixed model was used to model the independent and joint
effects of age (continuous) and brain region (within-subject factor) on BPyp values. Slopes
were estimated within each region post-hoc and decline per decade was calculated as a
percent of the fitted value at age 20. Within-subject correlations were accounted for by
fitting three variance-covariance structures to the data (unstructured, compound symmetry,
and heterogeneous compound symmetry) and then selecting the best-fitting structure
according to the Bayesian Information Criterion (BIC) (Matuskey et al., 2014a; Matuskey et
al., 2012). All tests were two-tailed and adjusted for multiple comparisons using the
Bonferroni adjustment. Adjusted p-values, presented here, were calculated by multiplying
the raw p-value by the number of regional tests, in this case, eight. Analyses were conducted
using SAS, version 9.3 (Cary, NC).

3. Results

The results of the primary mixed model showed an overall significant effect of ROIs (F7 250
78.2, p < 0.001) and an age-ROl interaction (F7 280 7.31, p < 0.001). Table 1 presents
average [L1C](+)PHNO BPyp levels (with standard deviations) for all ROIs along with the
correlations and slope with age and the unadjusted p value.

Significant negative associations between age and [11C](+)PHNO BPyp values were
observed in the caudate and putamen exclusively and averaged an 7.9+1.8% and 5.5+1.6%
decline per decade, respectively. Both regions remained significant after a Bonferroni
correction, with corrected p values of p = 0.0008 in the caudate and p = 0.02 in the putamen.

Individual data points, slope, intercept and R? values are shown in Figure 1 for the A.)
caudate and B.) putamen as well as the extrastriatial areas of the C.) SN/VTA and D.)
hypothalamus for comparison. The magnitude of change with age in SN/VTA (+5%) was
comparable to that in the caudate (=8%), however the SN/VTA correlation was not
significant, in part due to higher variability in this small region. The volume of the ROIs did
not correlate with age in any region studied (supplementary table and figure 1). Covarying
for the effects of injection parameters, body mass index (BMI), and race in the above models
did not affect the results (supplementary table 2 presents regional [*1C](+)PHNO BPyp
correlations with individual injection parameters and the unadjusted p value).

Secondary whole-brain voxel-wise analysis confirmed ROI findings of negative associations
between age and [11C](+)PHNO BPyp values in the caudate and putamen, and further
identified a positive correlation in midbrain regions (Table 2; Figure 2). The bilateral
midbrain clusters encompassed portions of the hand-drawn SN/VTA ROI (approximately
30% of cluster mass) and extended into posterior regions of the midbrain. The four striatal
clusters survived cluster-level family-wise error (FWE) correction at pgpywe<0.05 (k>83), and
peak voxels in all reported regions survived initial voxel-wise threshold of p<.001.

In an exploratory analysis, gender was examined (out of 42 subjects, 9 were females) and an
age-ROI-gender interaction was observed (F7 266 3.24, p < 0.003). While negative
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associations with age were observed in the caudate (male and female) and putamen (male
only), a significant age-related reduction was observed in VST BPyp for females (Slope=
-0.037+0.015, r = -0.78, p=0.012), but not males (Slope = 0.002+0.009, r = 0.03, p=0.86)
(supplementary table 3 and figure 2). These exploratory findings will require validation in a
sample with more female subjects.

4. Discussion

This study investigated the relationship between dopamine receptor availability and age with
[11C](+)PHNO and demonstrated an age-related reduction specific to the caudate and
putamen. These findings were confirmed in a whole-brain voxel-wise analysis and are
largely consistent with previous studies finding age-related differences in the striatum
(Nakajima et al., 2015). ROI analysis did not find age-related changes in in the high-binding
extrastriatial areas of the SN/VTA and hypothalamus; however, whole-brain analysis
identified regions of the midbrain where BPyp was positively associated with age. Overall,
our current results are likely due to tracer and receptor differences, as described below.

[11C](+)PHNO binding potentials have previously been interpreted to be relatively specific
for D2R or D3R depending upon the brain region (Graff-Guerrero et al., 2008; Searle et al.,
2010; Tziortzi et al., 2011). This, along with excellent signal-to-noise properties, allow the
delineation of region-specific D,R and D3R that was not possible with other dopamine
radiotracers. Specifically, when parsed by a D3R antagonist and/or modeling techniques,
upwards of 90% of the [11C](+)PHNO signal in the dorsal striatum (caudate and putamen)
has been attributed to D,R, in contrast with 100% of the SN/VTA and hypothalamus signal
credited to D3R binding (Gallezot et al., 2012; Searle et al., 2010; Tziortzi et al., 2011).

Our findings in the D,-rich areas of the caudate and putamen were not surprising
considering the wealth of existing literature on age-related declines in these regions with
nonselective D3 ligands (such as [11C]raclopride )(Antonini et al., 1993; Ichise et al., 1998;
Ishibashi et al., 2009; Kim et al., 2011; Rinne et al., 1993; Severson et al., 1982; Volkow et
al., 1998a; Volkow et al., 2000; Volkow et al., 1998b; Wong et al., 1997). It is interesting to
note, however, that dramatic reductions with the D,/ antagonist [11C]raclopride have not
been found with the D3 agonist [11C](+)PHNO in addictive disorders such as cocaine,
methamphetamine and alcohol dependence (Boileau et al., 2012; Erritzoe et al., 2014;
Matuskey et al., 2014b; Payer et al., 2014). In addition, prior studies in healthy humans
suggest differences in striatal Dy/3R availability as imaged by antagonist vs. agonist tracers
(Graff-Guerrero et al., 2008; Narendran et al., 2011; Payer et al., 2014). While it is currently
unknown why this may exist, possibilities include a preference for high-affinity state
receptors that are coupled to G-proteins (Danign) Or a greater sensitivity for endogenous
dopamine with [*1C](+)PHNO (Seeman, 2012; Shotbolt et al., 2012; Skinbjerg et al., 2012).
Despite these tracer dissimilarities, the current results of receptor availability decline with
age show no differences in the net measurement of age effects when compared to previously
studied ligands. This suggests a D2R specific mechanism in the dorsal striatum, similar to
previous findings with [18FJNMB and [11C](+)PHNO (Eisenstein et al., 2012; Nakajima et
al., 2015).
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The VST, an area important in reward processing, showed decreased binding with age only
in the female population. This was an exploratory analysis and because of the smaller
sample (N=9) in females, it is not clear if this due to a sampling bias. Recent work with high
resolution [11C](+)PHNO and [11C]raclopride has found age differences in the VST
(Nakajima et al., 2015), complementing earlier work with [1C]raclopride (Kim et al.,

2011) . However, in the previous study the posterior putamen had greater decreases in Dy;3R
binding with age then the VST, leading some speculation that aging may differentially affect
dopamine receptors in subregions of the striatum, with the sensorimotor areas of the dorsal
striatum particularly vulnerable to the effects of age (Alakurtti et al., 2013; Kim et al.,
2011).

While ROI analysis found no relationship between age and BPyp in the D3R rich brain
regions of the SN/VTA and hypothalamus, whole-brain voxel-wise analysis identified a
positive relationship in midbrain regions, with no significant results in the hypothalamus.
This differential finding in the SN/VTA was somewhat surprising, given the consistency in
ROI and voxel-based results in other regions. One possible factor in these results could be
the higher variability in BPyp, differentially affecting this small ROI. This influence could
be partially mitigated by the whole-brain analysis, as identified regions in the midbrain
extended beyond the SN/VTA ROI, bringing significance (albeit non-corrected) to where
ROI analysis indicated a non-significant increase (Table 1 and Figure 1C). The whole-brain
analysis results also differ from the previous study with [11C](+)PHNO (Nakajima et al.,
2015) where no correlations were seen with age in the SN/VTA. BPyp means and volumes
were similar in that study to our ROI values, suggesting that SN/VTA placement was
comparable. In addition, Other groups have found that [11C](+)PHNO studies may not meet
tracer conditions (Lee et al., 2013; Rabiner and Laruelle, 2010), particularly at D3R sites,
possibly obscuring relationships in the SN/VTA due to its higher binding affinity to the
tracer. In fact, we had a total of six subjects that had a physiological response to [11C]
(+)PHNO with mild-to-moderate nausea. Removing those subjects from the analysis had no
significant effect upon our primary results in the caudate (R=—-0.512, p value 0.001, N=36)
or putamen (R=-0.391, p value 0.018, N=36), but in the SN/VTA, correlations became
significant (R=0.336, p value 0.045, N=36).

Evidence from preclinical work in the SN/VTA highlights that DR and D3R might be
differentially regulated with aging. In contrast to the well documented D4R age-related
decreases in the striatum (Kaasinen et al., 2000; Rinne et al., 1993; Seeman et al., 1987),
aged rats have shown no alteration of D3R mRNA in the SN and D3R binding has been
found to be upregulated in the striatum when compared to younger rats (Valerio et al., 1994;
Wallace and Booze, 1996). Thus, the current work provides some evidence that a similar
process might be present in humans. Another possible rationale focuses on endogenous
dopamine, which has a higher affinity for D3R (compared to D,R) (Narendran et al., 2006;
Shotbolt et al., 2012). This preference, along with endogenous dopamine possibly
decreasing with age (Nakano and Mizuno, 1996), has led to the suggestion that D3R
availability may be disproportionately affected with aging (Nakajima et al., 2015). This
could create a scenario where normal aging is decreasing both receptor density and
endogenous dopamine. This would work in opposing directions on receptor availability
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(BPND), essentially creating no net differences (or even increases) in BPyp in D3R rich sites
such as the SN/VTA. Available evidence for this is lacking however, as the only published
study with [11C](+)PHNO (Caravaggio et al., 2014) using a dopamine depletion paradigm to
determine the influence of endogenous dopamine found no significant change in BPyp in
the SN, suggesting extrasynaptic dopamine levels may not have an influential role with this
tracer (please see the (Caravaggio et al., 2014) supplementary text for a full discussion of
intra vs. extrasynaptic dopamine detection with [11C](+)PHNO).

Clinical and functional implications of these findings are beyond the scope of this study and
largely speculative. However, wide-spread motor deficits are involved in aging and have
been linked to the dopamine system, including striatal D,/3R (Seidler et al., 2010). Cognitive
difficulties in older adults can also show decreases in reward-based acquisition of behavior,
flexible adaptation and punishment sensitivity (Eppinger et al., 2011), and reward system
differences have recently been found in aging and midbrain dopamine function and the
dorsolateral prefrontal cortex (Dreher et al., 2008). Thus, both motor and cognitive age-
related decreases could be at least partially mediated by DoR specific decreases in the
striatum and SN/VTA (the latter not detectible in the current study because of [*1C]
(+)PHNO’s D3R preference in that region).

One of the current study’s advantage over previous work (Nakajima et al., 2015) was the
120 minute acquisition time, which provides lower variance quantification in regions with
slow kinetics, such as D3R-rich regions. (Girgis et al., 2011) Limitations of the current work
include a gender imbalance (79% male) and a relatively narrow age distribution (36 years
with a maximum age of 55) for an age-specific study. Further studies could expand upon
these findings and include a more balanced distribution of gender, a wider age range of older
adults and potentially investigate clinical measures. In addition, this study did not correct for
partial-volume effects (PVE). While PVE could affect the current results, the lack of a ROI
volume-age correlation argues against any significant PVE effects. In addition, all scans
were performed with high-resolution scanning (HRRT) and others have found minimal PVE
in subcortical areas (Alakurtti et al., 2013; Kim et al., 2011; Leroy et al., 2007; Varrone et
al., 2009) or that PVE corrections were not necessary when aging in a healthy population is
examined with similar methods (Uchida et al., 2011). It should also be mentioned that
extrastriatal areas (including D3R specific areas) have poorer test-retest variation which
could contribute to our lack of findings in those regions (Gallezot et al., 2014; Ginovart et
al., 2007; Lee et al., 2013; Willeit et al., 2008). In addition, BPyp was calculated with the
cerebellum as a reference region. There is some evidence of [11C](+)PHNO specific binding
in this region (Searle et al., 2010; Searle et al., 2013; Tziortzi et al., 2011) and this could
potentially lead to underestimation of D3R specific binding (Salinas et al., 2015; Searle et
al., 2013) as well as confound results if there are age-dependent changes in cerebellum. It
cannot be ruled out that this may have affected our D3R and age results. Lastly, BPyp
measures available receptors and as such does not take into account receptors currently
occupied by endogenous dopamine or the injected mass from the tracer. However, removing
those subjects with nausea or controlling for injection parameters (supplementary section)
had no significant effect upon our primary results. It is not currently clear, though, if
endogenous dopamine would differentially affect our results through age-dependent changes
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in dopamine. For example, PET studies of [18F]FDOPA have not consistently shown
declines in the capacity for dopamine synthesis with aging (Kumakura et al., 2010). Further
studies (such as dopamine depletion) are necessary to fully understand any possible
influence of endogenous dopamine in age-related effects.

5. Conclusion

Age-related declines of the striatum (an area rich in D2R), but not in the SN/VTA and
hypothalamus (areas rich in D3R) were found with the agonist radiotracer [11C](+)PHNO.
This indicates that there may be differential effects of aging, whereby D2R binding
decreases with age while D3R binding remains relatively unchanged or increased.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 2.
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Whole-brain voxel-wise analysis of age-related [11C](+)PHNO BPyp displayed on MNI

template at p<.005, k>25. Scatter plots of smoothed parametric BPyp values averaged

across bilateral clusters identified in the A) caudate, B) putamen, and C) midbrain region
that includes the SN/VTA ROL.
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Table 1
ﬁ]et%ir%rslt‘)f BPnp Mean Slope Pearson p valu_e % change
(ROI) (SD) (unadjusted)  per decade
Amygdala 0.29(0.09)  0.0008 010 054 3%
Caudate 1.95 (0.34) -0.0177 —-0.56 <0.0001 -8%
Hypothalamus ~ 1.23 (0.31) -0.0041 -0.14 0.37 -3%
Pallidum 3.56 (0.49) -0.0027 -0.06 0.72 -1%
Putamen 2.62 (0.36) -0.0157 -0.45 0.003 -5%
SN/VTA 1.99 (0.39) 0.0088 0.24 0.13 5%
Thalamus 0.36 (0.09) 0.0012 0.15 0.35 4%
VST 3.71 (0.53) -0.0067 -0.14 0.39 -2%

Slope has units of change in BPND per year

p values were unadjusted for multiple comparisons
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Region k X y z tyo
R Caudate 218 18 8 18 -4.45
L Caudate 141 -14 20 4 =377
R Putamen 241 24 8 -10 -371
L Putamen 294  -26 10 -8 -4.38
R Midbrain (SN/VTA) 36 12 -24 -12 4.04
L Midbrain (SN/VTA) 35 -6 -20 -14 3.66

Page 17

Details of age-related clusters identified by whole-brain voxel-wise analysis: spatial extent (k) in voxels, MNI coordinates (X, y, z) and t-score (t) of

peak value.
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