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Abstract

Many theories of cognitive aging are based on exadehat dopamine (DA) declines with age.
Here we performed a systematic meta-analysis alsesectional PET and SPECT studies on the
average effects of age on distinct DA targets (s, transporters, or relevant enzymes) in hgalth
adults (N=95 studies including 2,611 subjects).uResevealed significant moderate to large, negati
effects of age on DA transporters and receptorse. #ayl a significantly larger effect on D1- than D2-
like receptors. In contrast, there was no significgffect of age on DA synthesis capacity. The ager
age reductions across the DA system were 3.7-1gdi%ecade. A meta-regression found only DA
target as a significant moderator of the age effltis study precisely quantifies prior claims efluced
DA functionality with age. It also identifies pragptic mechanisms (spared synthesis capacity and
reduced DA transporters) that may partially accdanpreviously unexplained phenomena whereby
older adults appear to use dopaminergic resouftedieely. Recommendations for future studies

including minimum required samples sizes are predid
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1. Introduction

Positron emission tomography (PET) and single-phetoission computed tomography
(SPECT) have been used for over 30 years to aadaisage differences in the dopamine (DA) system
(Jagust and D’Esposito, 2009; Kessler, 2003). Sekesummaries of the literature estimate thatDihe
system declines at around 5-10% per decade aatakb@od (Backman et al., 2010; Backman and
Farde, 2001; Eppinger et al., 2011; Kaasinen anddii2002; Li et al., 2009). These qualitative
estimates are approximately consistent with nondruamimal and human post-mortem studies
(Hoekzema et al., 2010; Ingram et al., 2001; Kishl.g 1995; Madras et al., 1998; Morris et al.99p
However, there are often overlooked inconsistenaidise size of the age effects across different
components of the DA system (e.g., receptor sultypansporters, synthesis capacity) and brain
regions.

The majority of empirical studies estimate agectffi@s a linear correlation between age and DA
targets (receptors, transporters, or relevant ergyin the two main destinations of DA pathways, th
striatum and frontal cortex. The few studies exangm1-like receptors report large, negative age
effects in striatal (Backman et al., 2011; Suhara.e1992) and frontal regions (Ouchi et al., 99T he
majority of studies have focused on D2-like receptnd have reported wide ranging estimates of the
age effect from slightly negative to strongly négaeffects (Ichise et al., 1998; Inoue et al., 200
Laulumaa et al., 1993; Maziére et al., 1985; Nadsgal., 1995). Age effects on striatal DA transers
are also variable ranging from small to large negatffects (Seibyl et al., 1996; Tiihonen et 4097).
The largest inconsistencies are apparent in stinliestigating synthesis capacity. A similar numbker
studies report positive effects of age (Braskial e2008; Dreher et al., 2008) and negative effett

age (Kumakura et al., 2010; Ota et al., 2006).



Variation in decline between brain regions (Kumakert al., 2010), gender (Wong et al., 2012),
and tracer differences (Wong et al., 1997) have Iseggested as potential sources of the
inconsistencies in the published literature, besthmoderators have not been systematically tested
across studies. In the broader literature on siratbrain changes some have suggested that tteere a
larger age-related volume declines (Hedden andi€gt2004) and steeper rates of decline for frbnta
regions compared to striatal regions (Backman.egf@l1; Kumakura et al., 2010; Ota et al., 2006).
However, other studies find similar rates of dezlim frontal and striatal regions (Raz et al., 2(Raz
and Rodrigue, 2006). Another explanation for thealmlity of previously reported age effects arevlo
sample sizes and hence, low statistical power. iSHikely due to the high monetary cost of molecul
imaging and the desire to limit radiation exposarbealthy volunteers for research purposes. Meta-
analysis is the ideal tool to comprehensively asadsilt age effects across these low-powered
individual studies over the past few decades.

In the present study, we conducted a systematia-arelysis of all previous cross-sectional
PET and SPECT studies of adult age effects onrdiitadopaminergic targets i) D1- and D2-like
receptors (hereafter referred to as D1 and D2 tec®pii) DA transporters (DAT), and iii) DA
synthesis capacity. Additionally, we used metasgion to examine potential moderators of the
observed inconsistencies between studies (e.gettdorain region, sex, age range, radionuclide,
imaging method). We expected to observe moderdtede negative effects of age on D1 and D2
receptors and DA transporters (Li et al., 2009).[PA synthesis capacity, we hypothesized a non-
significant effect of age, since previous findilga/e been inconsistent, ranging from negative to
positive. Given the mixed results in the literataredifferential age effects across brain regiors a

targets, we did not make directional predictionsdioy of the potential moderators.



2. Methods
2.1 Literature search

The literature search profited from a pre-existogous of 45 PET and SPECT imaging papers
of aging and DA function (from the personal librafyGRSL). We used this corpus to identify database
search terms that would return these studies iitiaddo other relevant studies in the literatunée
restricted our search to PubMed, the largest biccagdnd life science database of journal artieled
books. In the PubMed database each paper is assbaidh several U.S. National Library of Medicine
Medical Subject Heading (MeSH) terms to descrilpeets of a paper including methods, subjects,
main effect, and other important characteristica gonsistent and uniform way (Lipscomp, 2000). The
most frequent MeSH terms associated with the papehe initial study corpus were combined to
design a systematic search for additional papersdpmeta-analysis. It was determined that theser

”

“aging OR aged,” “tomography, emission-computead dhumans,” as well as the individual DA
targets (i.e., D1 receptors, D2 receptors, DAT{lsgsis capacity), best described the desired festir
the studies we wished to include. Since an inggrch with the MeSH term “synthesis capacity”
yielded no results, we modified the search terntsrgpdifferent, specific compounds assessing DA
synthesis capacity. Additionally, we checked tHenences of the included studies for further retgéva
studies. See Supplementary Methods for full semeh list and results of literature search
(Supplementary Fig. 1). This exhaustive literatgarch returned a total of 686 single papers phdiis
before 01/03/2017, the date on which we perforrhedull search. During peer review, a reviewer
identified two papers (Cumming et al., 2013; Dagteal., 2001) that were missed by our search and
matched the inclusion criteria that we also inctlde

Of the papers identified in this keyword search,metuded all German or English studies (1)

reporting original results, published in a jouraatessible through Yale University’s library systég)
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reporting data from a cross-sectional sample oltimgehuman adults (> 18 years) with a minimum age
range of 25 years (in order to obtain age effetitnades from an at least moderate segment of
adulthood), and (3) reporting either a linear datien between age and a DA-relevant tracer kinetic
measure from emission computed tomography duriegting condition or containing sufficient
information to calculate this linear correlationg(e from data comparing DA-relevant kinetic measur
in separate age groups). We excluded studieghieatadiotracer used was not specifically seledtive
DA or only selective to one subtype of a recepémnify (e.g. PHNO), or b) the sample was a subsample
of another included study, or ¢) primarily congisté smokers or relatives of Parkinson’s patients.
Changes in the DA system have been linked with botbking nicotine (Adermark et al., 2016;
Subramaniyan and Dani, 2015) and genes associatethe DA system in Parkinson’s patients
(Warner and Schapira, 2003).
2.2 Data extraction

For each of the eligible studies, we extractedate effect for each tracer kinetic measure. The
termtracer kinetic measuris used to reference different quantitative measof system functioning
like binding potential, distribution volume ratim(is et al., 2007), standardized uptake value ati
uptake rate constant (Dreher et al., 2008), aretefe distribution volume (Sossi et al., 2001). &l
these measures provide relevant information albeutdcation and distribution of the radioligandass
the brain (Innis et al., 2007; Kaasinen and Ri20®2; Kumakura et al., 2005) as estimates of the
availability of DA receptors, DA transporters, ahe activity of enzymes contributing to DA syntteesi

Pearson’s correlation coefficients between age and the PET or SPECT kinetic measeackto
assess neurotransmission were obtained (1) dirieotty a report of in the study, (2) estimated from
the age and kinetic measure for each subject pedviid a table or from the extracted data of a idigit

graph using Source Forge’s Plot Digitizer (HuwaifiQ1), or (3) converted from reported group values
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of young and old adults, which were first transfechinto Cohen’sl. In each paper, we extracted the
correlation between age and the kinetic measure fhoee regions of interest: midbrain, striatum
(consisting of caudate, putamen, and ventral atriadr nucleus accumbens), and frontal cortex
(consisting of frontal gyri, anterior cingulate daanterior insula). If the correlation coefficiemas
provided separately for males and females or amgtdibregions instead of the whole region, these
values were averaged equally in weight using Fistzetransform. This has been shown to introduce
less estimation bias than a direct averaging aetation coefficients (Silver and Dunlap, 1987)alf
study reported for several different kinetic measures, we exedd¢he measure which was
recommended as the most accurate by the authtine anost commonly used one across studies. In
addition, we extracted the following variables asgble moderators of the age effect: i) DA targgt,
brain region, iii) age range in sample, iv) femaéecentage in sample, v) imaging method, vi) yéar o
introduction of scanner model, vii) effective ragadn of the imaging data, viii) radionuclide, ax)l
reference region of the kinetic measure.

Among the total of 688 papers, a final pool of 8%dges with 2,611 individual subjects were
considered in the current meta-analyses to asdefisage differences in the DA system (cf.
Supplementary Methods for a full reference listtl@@ 95 included studies, 64 studies used PET3and
studies used SPECT imaging. The average samplestamhsf 27 subjects with 38% women on
average. The average age range was 25 to 75 ypéasspplementary Table 1 for further charactesssti
of the included studies).

2.3 Data analysis

Statistical analyses were carried out in R ver8i@?2 with RStudio (R Core Team, 2013; R

Studio Team, 2015) using the metafor package (\eaker, 2010). Because the correlation coefficient

r is bound and non-normally distributed, we Fisheftsansformed before running the meta-analysis
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models to stabilize the variances of the estim@leschtbauer, 2010). We applied separate random-
effects (RE) meta-analyses for each target to nistammary correlation coefficients over the incldide
estimates weighted by their sample sizes. In centoefixed-effect (FE) models, which assume theg o
true effect underlies all effect sizes and diffeesin the effect sizes are only due to random Bagp
variance (Borenstein et al., 2009), we expectedri®Hels to be more appropriate for our data: The
underlying true effect varies between the studiesesthey are not comparable in many variables,(e.g
age range, female percentage, or method used)vahadion is assumed to be random, so that the
summary effect size can be estimated (Borensteah,e2009). Nevertheless, we checked for
consistency of the results of both models.

To specify the regional age effects, we calculdbedsummary for each target split into regions
of interest. If two or more correlation coefficisritom the same sample were included in one arsalysi
(e.g.,r for several brain regions in the same target)usesl a multivariate RE model to allow for
correlated sampling errors and/or true effectsdhtioned statistical models were fitted by Rettd
Maximum Likelihood estimation.

Although the correlation coefficient provides anstardized measure of the size of the age effect,
we also wanted to assess age differences in theaf&ts across years or decades of life. This
corresponds to an unstandardized regression sidpeh) was much less often reported in the studies.
To quantify differences per decade, we calculatsdraple-size weighted average for each target. For
this we used reported percent differences per geeomputed a consistent measure (unstandardized
regression slope of age on kinetic measure diviyetthe range of kinetic measure) for each study.

We supplemented our analyses by examining the meenlity of age effects in different DA
targets. For this, we used the ages and kineticuonea that were available for individual subjects

provided either in a table or from the extractethdd a digitized graph. Due to different scales,zaw

8



standardized the kinetic measure within each stodgake them comparable between studies. We then
merged the standardized raw data for each of tineD@\ targets over frontal and striatal regionsi¢si

the age effect did not significantly differ betweegions in our previous analyses; see Results). We
fitted linear, quadratic, and exponential modeld ealculated the corresponding slopes, the coeffici

of determinationR?, as well as the adjust&d for each DA target separately.

Q-statistics andf are widely used measures of the amount of hetaaityein the effect sizes
(Borenstein et al., 2009). To identify moderatdrat tmight account for potential heterogeneity fief
sizes between studies, we integrated potential natatevariables in a multivariate mixed-effects aet
regression across all effect sizes, while contiglfior the fact that some effect sizes stemmed fiten
same sample. Continuous variables were centeredebentering them in the model for easier
interpretation and the other variables were categdr(see Supplementary Methods and Supplementary
Table 2). Note that the continuous variable “effectesolution of imaging data” had to be categsiiz
into three groups, since the study corpus did nmtige more detailed information.

2.4 Publicly available data and code

The data file and analysis code are publicly abé&l@n OSF (https://osf.io/6uf82/).

3. Results
3.1 Meta-analysis models

Funnel plots were created to examine potentialipatibn biases. Funnel plots depicting the
distribution of effect sizes and corresponding géad error (SE) for each target across all studi¢ise
four examined DA targets are displayed in Suppldgargrfig. 2. Studies with small sample size -
corresponding to a large standard error - and factedize close to zero were rare, whereas studibs

large sample size were spread approximately synuakyraround the mean effect size. The applied
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rank correlation tests for funnel plot asymmetny dot indicate any publication bias in the study
selection Pp; = 0.80;pp2 = 0.27;ppat = 0.49;psc= 0.94).
The RE meta-analysis models revealed significarderate to large, negative mean correlations

between age and striatal and frontal cortical Deeptors \p1 = —0.77;rp2 = —0.56) and striatal DA

transportersr(= —0.68) (Fig. 1-3 and Table 1). In contrast, thveas a non-significant effect of age on
DA synthesis capacity € —0.06) across the striatum, frontal cortex, andhmdin (Fig. 4 and Table 1).
Figure 5 illustrates differences in summary effazes across the DA system comparing their @3%6
The negative age effect was significantly largerda than for D2 receptors. The age effect on
synthesis capacity was significantly smaller tHandge effects on the other targets. Univariate RE
models as well as FE models yielded comparabldtsesiargely overlappin@ls suggested that the age
effects within each DA target were comparable acroslbrain, striatal, and frontal regions (Table 1)
Likewise, an analysis of striatal subregions didfimal any differences in age effects between the
putamen and caudate (Supplementary Table 3).

The majority of the studigdN = 83) contained enough data to quantify the peaggndifferences
in kinetic measure per decade, which was also sasipé weighted. The observed decline in the kineti
measure over all DA targets was 8.3% per decadgmaifirom 3.7% in synthesis capacity to 14.0% in
D1 receptors (Table 2).

3.2 Non-linear analysis of individual subject data

In exploratory analyses, we fit linear, quadragiegd exponential models to the individual subject
data from 75 studies (Fig. 6; Supplementary TahldHe linear model of age explained a significant
amount of variance in D1 (AdR ? = 46.0%,p < 0.001) and D2 receptors (At = 24.9%,p < 0.001)
and DA transporters (AdR % = 38.6%,p < 0.001). In these three DA targets, the quadeatit
exponential effects of age explained approximagetylar amounts of variance as the linear fits
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according to adjusted2which accounts for model complexity. Although alig not account for much
variance in DA synthesis capacity in any of the elsdthe quadratic function (AdR? = 5.4%)
explained more variance than the linear (&j= 1.8%) and the exponential function (ABf.= 1.0%).
3.3 Meta-regression model

We used Q-statistics to test the null-hypothesas @i studies are based on the same true effect
by comparing the observed between-study variabdhe variance within the single studies (Boremstei
et al., 2009). Significant Q-statistics in the matelysis of D2 receptor®(= 117.6;p < 0.0001), DA
transporters@ = 73.4;p < 0.001), and synthesis capaciy£ 88.9;p < 0.0001) suggested that the
studies do not share a common true effect size.aédewy the non-significant Q-statistics in D1 recept
(Q =7.8;p=0.352) are not valid evidence for a common &ffiect within the studies, since this could
be also due to the low number of D1 studs 8). Thel2 measure also takes into account the expected
heterogeneity of the studies (random sampling wagaf the effect sizes) and hence, provides the
proportion of true heterogeneity in the observetvben-studies variance (Borenstein et al., 2008 T
proportion was 10.1% in D1 receptors, 56.4% in Daksporters, 56.6% in D2 receptors, and 80.9% in
DA synthesis capacity.

To determine the source of the observed heterogyeme? added potential moderators in a
multivariate mixed-effects meta-regression ovecaitelation coefficients. Supplementary Table 5
presents the results of the meta-regression inaudr of the original 112 correlation coefficiergsice
studies lacking sufficient moderator informationrevemitted from the moderator analysis. The model
estimated coefficients for centered continuousaldeis and single factor levels in contrast to their
reference level as well as their correspondingdstecherror and 95%1. To examine each factor as a
whole, we tested the null hypothesis that the edeffts of all factor levels are equal to zero

simultaneously. This revealed DA target as the sidpificant moderatomp(< 0.001) with increasingly
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negative age effects for DA synthesis capacityy@&2ptors, DA transporter, and then D1 receptors.
Post-hoc tests assessing differences between $aulte levels found a significantly smaller agéeef

for DA synthesis capacity compared to all othegets p < 0.001, significant on a Bonferroni corrected
level ofa = 0.017). The other tested variables did not grilte the age effect, but a significant test for
residual heterogeneity indicated that other unknowaderators might account for variability in theeag
effect. To increase the size of included studiestherefore power, we also calculated separate-meta
regressions for each individual moderator varigelgarately. Still, no measure significantly expdain

the variance in age effects besides DA target.

4. Discussion

We found significant moderate to large, negative @ffiects on striatal DA transporters and
striatal and frontal cortical DA receptors. HoweM@A synthesis capacity was not significantly
correlated with age. The observed age differenceél@eade in the kinetic measures over all targets
ranged between 3.7 and 14.0% and was approximagalistent with estimates of a dopaminergic
decline of 5-10% per decade in prior reviews (Kaasiand Rinne, 2002; Li et al., 2009). Critically,
here we provide the first differentiated and pregjsantification of age effects across distinct DA
targets and brain regions. The evidence for deglimeeceptors and transporters and potential
preservation of synthesis capacity challengesiagisheories based on global declines in DA funtctio
with age (Braver and Barch, 2002; Li et al., 208ieuwenhuis et al., 2002).

The large negative effects of age on D1 and D2ptece reveals limitations in the function of
the dopaminergic system with age, since transmmssiche dopaminergic signal is limited through a
smaller number of postsynaptic DA receptors. Howeilee combination of large losses in DA

transporters and the lack of age effects on DAMggis capacity might together partially compeng&ate
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fewer DA receptors at older ages. The observedctemtuof DA transporters should lead to a lower
reuptake rate of DA into the presynaptic neuromdée DA may remain active in the synaptic cleftdor
prolonged time interval and may be able to modwaeal transmission for a lengthier period of time
older age. In fact, others have suggested thaegplated DA synthesis capacity might act as
compensation mechanism for reduced DA receptossiée et al., 2008). If we can assume retained
DA synthesis capacity may also be associated Wwétpotential for at least partially spared DA rekga
this — together with reduced DA transporters — migiply a potentially retained dopaminergic
functionality with age. This combined mechanism Imigccount for previously unexplained phenomena
whereby older adults appear to use dopaminergauress effectively, especially in socio-emotional
and affective tasks (Samanez-Larkin and Knutsoh5P0A number of studies have shown that age
differences in cognitive function are minimizedetiminated when using stimuli that are more
personally salient (goal-relevant) and presumaldyenmotivating (e.g., Charles et al., 2003; Gorlick
and Maddox, 2015; Mather and Carstensen, 2003;|¥&teal., 2005). There is currently not a
neurobiologically-based theoretical account of gi@sdings in part because cognitive aging theories
assume global decline of DA functionality.

In highly motivating situations, older adults midig able to enhance DA function through these
compensatory mechanisms to achieve higher cogmgvi®rmance. However, studies have also
revealed that spared or even upregulated syntbagaity in older age can be associated with worse
cognition (Braskie et al., 2008), perhaps becahisenieasure is providing an indirect measure «fdss
elsewhere in the DA system.

It should be emphasized that there was great geReaity in age effects on synthesis capacity as
indicated in the large confidence interval of thensary effect (95%1 = [-0.33; 0.22]). Although the

point estimate suggests the lack of an effectefiget sizes ranged from negative to positive. Sofme
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this variance may be due to differences betweeatiegun tracers and the estimated kinetic measures
(Braskie et al, 2008; Kumakura and Cumming, 20B8}h studies using the tracer FMT reported
positive age effects, but the majority of the stsdised FDOPA and reported both positive and negati
effects. Some have argued that FMT provides a pueasure of DA synthesis since measurement of
FDOPA signal is more affected by postrelease méisabdBraskie et al 2008), so the true age effect
may in fact be positive. A limitation of this mesaalytic study is that we were underpowered to
precisely examine how different tracers or kinetigasures (e.g., BP, Ki, DVR, SUV) impacted the
results for an individual target (see SupplemenEasgussion).

Importantly, the synthesis capacity tracers onlyasuee aspects of conversion of DOPA to DA.
Downstream DA release depends on packaging intclessand trafficking (Walker and Rodda, 2011).
Very few studies provide information about age @fen vesicular storage (Bohnen et al., 2006; Frey
et al., 1996; Lin et al., 2013) and there is nodrao measure trafficking, per se. Some of thesecular
processes may decline with age even if synthess dot (Kumakura et al., 2005, 2010). Potential age
differences in these mechanisms and the lack af @atige differences in DA release (e.g., using:dua
scan protocols with administration of methylphetedar amphetamine) are important qualifiers to the
view raised above that spared synthesis may fa&lgpared DA release in some contexts in old age.
Further studies are needed to examine if spare@ydhesis capacity is associated with spared DA
release and if spared DA release in combinatioh veitluced DA transporters acts as a compensatory
mechanism for cognition in older age. These paaéatje-related compensatory mechanisms may
require qualification of claims of global declinesthe DA system, which are the foundation of many
theories of cognitive aging (Braver and Barch, 2002t al., 2001; Nieuwenhuis et al., 2002).

The mean correlation with age differed significgitétween D1 and D2 receptors in striatum

and frontal cortex. These findings may imply astrer age-related decline in the maintenance
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compared to the updating function of working mem@gamans and Yang, 2004). However, Braver
and Barch (2002) have proposed the opposite edfdatugh their theory is based more on phasic and
tonic DA changes than specific receptor subtypesmtider possibility is that this differential de@in
explains age differences across different formsemory. The findings are consistent with evidence
that working memory and cognitive control might lilee faster with age than episodic memory
(Erixon-Lindroth et al., 2005), which have beencassted with D1-receptor-mediated processes
(Liggins, 2009) and D2-receptor-mediated procefdgberg et al., 2016), respectively. Future studies
should examine the cognitive consequences of difiteal decline across receptor subtypes. A weakness
of the present meta-analysis is that we did ndudecognitive measures given the lack of conststen
in use of measures across studies. Only 10 oub sf@lies reported associations with measures of
cognitive functions and they spanned several dosraiuch as cognitive control (Lappin et al., 2009),
episodic memory (Backman et al., 2000), or workmgmory (Backman et al., 2011)).

The meta-regression analysis revealed DA targdteasnly significant moderator of the age
effect. This supports the results from separat@raralysis models in each target. Yet, we werahlat
to explain the observed heterogeneity with otheéemtital moderators (e.g., brain regions, gendes, ag
range, or nuclear imaging characteristics). Thes@bles did not significantly moderate the agedf
which is inconsistent with prior evidence from mdual studies showing less steep decline in women
(Pohjalainen et al., 1998; Wong et al., 1984) aedper declines in frontal than in striatal regions
(Backman et al., 2011; Kumakura et al., 2010; @t.e2006). However, the results of the meta-
regression should be interpreted with caution.i€ity, comparisons between targets and regions are
somewhat confounded given differential receptotygudnand transporter expression between frontal
cortex and striatum. We also used some categarioderators (like imaging method, reference region

of the tracer kinetic measure, or resolution grofithe scanner), which may have lacked sensitivity.
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Additionally, several studies were lacking moderatéormation, so the meta-regressions likely
suffered from a lack of power (cf. Supplementargddssion for additional limitations and suggestions
for variables and methodological details to includéture studies to facilitate meta-analyses).

A limitation of the current results is that they drased exclusively on cross-sectional data.
Although the term “age-related decline” is frequnised in this literature, few studies have predd
limited longitudinal data from healthy control gpsu(e.g., Colloby et al., 2005; Jakobson Mo et al.,
2013). The estimates of age differences per yedecade reported in the literature and here aredbas
on the assumption that age effects in cross-sedtgindies are representative of developmentaérath
than cohort effects, which has not yet been veriigth longitudinal data. This is a major limitatiof
the current study as well as nearly all of the fmes molecular imaging literature. In fact, studiés
brain volume find some evidence that longitudirge affects are even stronger than would be pretlicte
by cross-sectional data (Raz et al., 2003). Howeveglatively large longitudinal study is currgntl
being conducted which will provide more causal ewick for age-related effects (Nevalainen et al.,
2015).

Another limitation is that our regions of analysisre quite large (i.e., frontal cortex, striatum).
Given the previously reported differential age-tetbatrophy rates within subregions of frontal errt
and striatum (Raz et al., 2010, 2005), and diffeaénonnectivity and function (Alexander et al98b;
Alexander and Crutcher, 1990; Haber and Knutso@9p0f ventral versus dorsal frontostriatal regjons
a comprehensive subanalysis could have providee specific implications for age differences in DA-
mediated cognitive function. Some studies providath from subregions within frontal cortex or
striatum but these data were not reported consigtacross studies. We were able to separatelyaeal
age effects in the caudate and putamen withinttiegism (Supplementary Table 3), but there was no

evidence for differential effects of age betweessthstructures. Given the anatomical ascending
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connectivity of frontostriatal regions, it would kmkeal if future studies reported more functionally
relevant ventromedial to dorsolateral frontosttiatédbregions (Kish et al., 1992; Kumakura et 201@.

All meta-analytic effects reported here are basetinear effects of age. Most studies assume
age effects to be linear, but some studies havategpquadratic or exponential effects (Kim et al.,
2011; van Dyck et al., 2002) in line with the ewvide that decline in many biological systems is more
exponential than linear (Crevecoeur, 2001). Preyxgiudies of age-related change in brain volune als
reveal many non-linear age effects (Fjell et 102 Raz et al., 2010, 2005). Our exploratory asegy
yielded some suggestive evidence for quadraticeapdnential age effects in D1 and D2 receptors and
DA transporters with steeper declines in earliedthdod. We found that DA synthesis capacity is fit
best by a quadratic rather than a linear funcfldmns could partially account for inconsistenciesneen
prior studies that only compare younger and oldeits, although it should be noted that even trst be
fitting exponential function revealed that verylétvariance in synthesis capacity is explainecds.
Although these assessments of the nonlinearityfe€ts is potentially interesting, the combinatmn
individual subject data across studies — even afterdardization within study — should be interpaet
with caution. As scientists become more open abat# sharing of single-subject data, future analyse
will be able to better characterize these nonliméfacts of age.

The scatterplots also suggest that between-sugeieince relative to the mean may slightly
increase with age. This has implications for theigle of future PET/SPECT studies suggesting that
statistical power may be lower in older adult greupo address this issue in the functional
neuroimaging literature, others have suggestedsthdies comparing younger and older groups should
include a larger number of older adults (Samanekihand D’Esposito, 2008). This may be necessary
for PET/SPECT studies as well. Additional recomnagiwhs for future studies are provided in the

Supplementary Materials.
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General limitations of meta-analyses include thgedelency on the quality of included studies as
well as potential bias due to lower publicatioresabf non-significant results. Examination of funne
plots (Supplementary Figure 2) did not reveal obsipublication bias. Despite these general
limitations, it should be noted that meta-analysia particularly useful tool for PET/SPECT imaging
studies of the DA system, which typically contagrywfew subjects per study. The low sample sizes
(median N = 21) of the studies analysed here -Mi&kther due to monetary costs of nuclear imaging
methods or the fact that the majority of the stadiiel not focus on a healthy sample but rather itsesi
a control group — led to widespread low statistpmalier within most of the included studies. Many
studies had fewer than 15 subjects and the vasirityapf studies had fewer than 30 subjects. Thaym
not be surprising given that radiochemistry, imagisnd medical personnel costs are typically about
$3000-4000 per subject per scan. The average pmveerall included studies was only 65.4%, with
53.6% of the studies with statistical power belbe tisually recommended 80% minimum. An
additional benefit of meta-analysis is that thegh&ed summarized effects can be used for sampe siz
calculations for adequately powered future studies.

Using the point estimates from our significant rretalytic results, the minimum sample sizes
required to detect a linear effect of age areiradtsmall (D1 N =8, D2 N =19, DAT N=12). K
important to note that the average age effectstunhmthese estimates are based may be overestimated
given that very few studies controlled for partialume effects (see Supplementary Discussion).
Almost none of the studies in the literature colietbfor age-related atrophy, so the reported digets
are a combination of specific DA differences and-specific age differences in brain volume (Morris
et al 1999). Thus, if the true effect sizes arellnthan estimated here, more subjects may beauktxd

detect simple effects of age for specific DA tasget
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After over 30 years of research and 95 publishediss, it seems unlikely that a researcher
would only be interested in testing the age effect specific target. Future studies will be faadis
more likely on correlations between DA targets aognitive performance (for which we unfortunately
were not able to provide average effects sizes)teractions between age and other variables @ge.,
by target, age by brain region). For a linear regjien model with three predictors (age main effect,
other main effect, interaction term), the minimuegquired sample size is much larger to detect a
medium-sized effect (e.g., fot £ .15, N = 76 which would likely cost well over®®000 for data
collection alone). Making comparisons across targets relatively simple with meta-analysis, buain
single study (e.g., interaction analysis of différal age slopes) many subjects would be exposed to
higher levels of radiation. This highlights the béhof quantitative meta-analysis to enhance stiatl
power and minimize human subject risk. Given th@mm@mn small sample sizes in human PET imaging
studies, meta-analysis will remain an essentidlftroverifying and quantifying age effects acrolss
adult life span.

At a time when many are raising concerns aboutelability and reproducibility of individual
neuroimaging studies (Poldrack et al., 2017), tlesgnt results provide an example of how signitican
advances can be made from the systematic aggregdtiocremental findings. The evidence for
differential age effects across the human DA systemld require extremely high monetary costs and
increased radiation exposure in human researcitiparits to comprehensively and reliably assess in
single study. Although it has been well establistieed DA receptors and transporters decline with ag
the evidence for the lack of an age effect on ssgithcapacity is highly novel, a significant adwairc

neuroscience, and would have been difficult to abwathout meta-analysis.
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Figure Captions

Figure 1.Forest plot for studies describing adult age déiferes in D1-like receptors (multivariate REM
with 5 studies and 106 individual subjects). Thsifian of the diamond on the x-axis indicates the
effect size (Pearson’s correlation coefficientmstn age and kinetic measure for each study and its
size corresponds to the weight each study hackimmialysis. The grey bars indicate the 95% Clef th
effect size. The polygons summarize the samplevagighted effect (also for subregions) with its thid

representing the 95% CI.

Figure 2 Forest plot for studies describing adult ageedé@hces in D2 receptors (multivariate REM with
47 studies and 1213 single subjects). The positidhe diamond on the x-axis indicates the effex s
(Pearson’s correlation coefficient) between agelanetic measure for each study and its size
corresponds to the weight each study had in thiysieaThe grey bars indicate the 9%%%of the effect
size. The polygons summarize the sample size werlgiffect (also for subregions) with its width

representing the 95%l.

Figure 3 Forest plot for studies describing adult ageedéhces in DA transporter (univariate REM
with 33 studies and 1046 single subjects). Thetjposof the diamond on the x-axis indicates thedff
size (Pearson’s correlation coefficient) betwees agd kinetic measure for each study and its size
corresponds to the weight each study had in thiysinaThe grey bars indicate the 9%8kof the effect
size. The polygons summarize the sample size wasigtffect (also for subregions) with its width

representing the 95%l.
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Figure 4.Forest plot for studies describing adult age défifiees in DA synthesis capacity (multivariate
REM with 13 studies and 278 single subjects). Tostipn of the diamond on the x-axis indicates the
effect size (Pearson’s correlation coefficientmsn age and kinetic measure for each study and its
size corresponds to the weight each study hackimtialysis. The grey bars indicate the 95P6f the
effect size. The polygons summarize the samplevagighted effect (also for subregions) with its thid

representing the 95%l.

Figure 5.Comparison of average correlations with age (loortial line within polygon) as well as 95%
Cls (polygon heightfor DA D1-like receptors, transporters (DAT), DRdireceptors, and synthesis
capacity (SC). Dotted line indicates age effectarb. * significant differences at p < .01 (Cumming

2009).

Figure 6.Scatterplots depicting the relationship betweenayl kinetic measure (z-standardized within
study) for D1- and D2-like receptors, DA transpstéDAT), and DA synthesis capacity (SC). A linear,

a quadratic, and an exponential function wereofthe data.
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Tables

Table 1.Results of meta-analyses for age effects on DAiKE feceptors, D2-like receptors,

transporters (DAT), and synthesis capacity (SC).

Target r 95% CI # studies # subjects
D1 -0.77 [-0.85, —0.66] 5 106
Frontal Cortex -0.76 [-0.85, —0.64] 4 70
Striatum -0.77 [-0.85, —0.62] 5 106
D2 -0.56 [-0.63, —0.49] 47 1213
Frontal Cortex -0.66 [-0.79, —0.48] 7 193
Striatum -0.54 [-0.63, —0.49] 44 1125
DAT
Striatum —-0.68 [-0.73, -0.61] 33 1046
DA SC -0.06 [-0.33, 0.22] 13 278
Midbrain -0.20 [-0.48, 0.13] 3 70
Frontal Cortex -0.57 [-0.73, -0.34] 3 64
Striatum -0.06 [-0.36, 0.24] 12 257
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Table 2.Percentage differences in DA D1-like receptors,liR2+eceptors, transporters (DAT), and

synthesis capacity (SC) per decade of adulthood.

Target Differences per decade in % # studies # subjects
D1 -14.0 5 106
Frontal Cortex -14.1 3 70
Striatum -12.9 5 106
D2 -8.2 42 1067
Frontal Cortex -9.3 7 193
Striatum -8.0 39 979
DAT
Striatum -8.9 29 897
DA SC -3.7 10 222
Midbrain -9.3 1 28
Frontal Cortex -10.8 2 49
Striatum -14 10 222
DA overall -8.3 83 2236
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Correlation with age
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D1 receptors

Author, year N r
Frontal cortex

Ouchi, 1999 . 9 -0.71
Backman, 2011 ¢ 40 -0.74
Suhara, 1992 * 21 -0.82
RE model <4 -0.76
Striatum

Dagher, 2001 L 4 18 -0.57
Backman, 2011 L 2 40 -0.69
Ouchi, 1999 - 9 -0.73
Wang, 1998 . 18 -0.87
Suhara, 1992 2 21 -0.88
RE Model 4 -0.77
RE model <o -0.77

I I I I I I I I I I I
-10 -0.8 -0.6 -04 -02 0.0 02 04 06 08 1.0

Correlation coefficient



D2 receptors

Author, year N r
Frontal cortex 5

Wang, 1996 2 2 ; 42 -0.39
Maziere, 1985 * ; 13 -0.41
Wong, 1984 < : 44 -0.54
Kaasinen, 2002 . : 37 -0.70
Kaasinen, 2000 2 ' 24 -0.73
Mukherjee, 2002 . : 6 -0.84
Inoue, 2001 * 27 -0.88
RE model i : -0.66
Striatum 5

Laulumaa, 1993 ' * 8 0.72
Nadeau, 1995 = g 12 0.05
Crawley, 1986 * 13 -0.02
Blin, 1989 ¢ 28 -0.05
Vernaleken, 2007 L 4 . 21 -0.17
Lappin, 2009 * : 10 -0.20
Pirker, 1997 * ; 14 -0.20
vanRoyen, 1993 * : 21 -0.22
Reeves, 2005 L 2 : 30 -0.23
Kim, 2011 . : 24 -0.31
Chen, 2005 * ' 62 -0.32
Cumming, 2013 * : 50 -0.33
Chabriat, 1992 * C 14 -0.38
Staedt, 1996 . ; 10 -0.41
Oyanagi, 2002 * v 8 -0.43
Nakajima, 2015 * ; 70 -0.45
Kuwabara, 2012 L 2 : 47 -0.46
Wong, 1997 . : 24 -0.50
Pohjalainen, 1998 L 2 : 54 -0.52
Hierholzer, 1992 . : 8 -0.52
Volkow, 2000 * : 37 -0.55
Wang, 1996 < ! 42 —0.55
Ichise, 1993 . ; 22 -0.58
Tomer, 2008 L 2 ' 19 -0.58
Antonini, 1993 2 . 32 -0.59
Rinne, 1993 2 . 21 -0.62
Volkow, 1996 (PR)* . ; 20 -0.62
Maziere, 1985 * ' 13 -0.65
Dang, 2016 4 : 130 -0.66
Wong, 1984 < ; 44 -0.67
Asanuma, 2005 * ' 13 -0.69
Larisch, 1998 . : 18 -0.70
Volkow, 1996 (PR)* . : 24 -0.71
Kufferle, 1996 . ; 8 -0.73
Baron, 1986 * ' 17 -0.74
Wienhard, 1990 . : 6 -0.75
Brucke, 1995 L 4 . 21 -0.77
Ichise, 1998 * . 40 -0.78
Eisensehr, 2003 . : 7 -0.79
Ishibashi, 2009 A 2 ' 16 -0.79
Eisenstein, 2012 * . 14 -0.80
Backman, 2000 * ) 11 -0.82
Leenders, 1993 . 5 -0.84
Mukherijee, 2002 . ' 6 -0.90
lyo, 1993 . : 11 -0.94
RE model <o ; -0.54
RE model > -0.56

-10 -0.8 -06 -04 -02 00O 02 04 06 08 1.0
Correlation coefficient



DA synthesis capacity

Author, year N r
Midbrain :

Dreher, 2008 q *> 21 0.13
Ota, 2006 2 : 21 -0.24
Kumakura, 2010 L 2 : 28 -0.41
RE Model —————— -0.20
Frontal cortex :

Kumakura, 2005 2 ! 15 -0.25
Kumakura, 2010 ¢ : 28 -0.59
Ota, 2006 '3 : 21 -0.70
RE model —~— E -0.57
Striatum :

Braskie, 2008 . 37 0.64
Vingerhoets, 1994 . 10 0.52
Berry, 2016 : 36 0.49
Eidelberg, 1993 : . 19 0.28
Nagasawa, 1996 — 20 0.15
Sawle, 1990 . 26 -0.13
ltoh, 1994 . 11 -0.15
Kumakura, 2005 * 15 -0.24
Kumakura, 2010 ¢ : 28 -0.39
Cordes, 1994 . ' 24 -0.50
Ota, 2006 < ' 21 -0.61
Martin, 1989 - : 10 -0.80
RE model ——ee i — -0.06
RE model ——— -0.06

-1.0 -08 -06 -04 -02 00 02 04 06 0.8

Correlation coefficient

I
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DA transporters

Author, year N r
Striatum g

Wong, 1993 * 10 -0.10
Tiihonen, 1997 X' 2 28 -0.19
Koch, 2014 ¢ g 103 -0.44
Linke, 2004 * g 23 -0.49
Cham, 2007 ¢ ; 35 -0.50
Nobili, 2013 L 2 g 122 -0.51
Ouchi, 1999 * . 9 -0.52
Lavalye, 2000 L 4 g 45 -0.54
Ishikawa, 1996 * 15 -0.56
Haapaniemi, 2001 < 21 -0.59
vanDyck, 2002 ¢ g 126 -0.64
Volkow, 1994 * g 26 -0.65
Fischman, 1998 - 7 -0.65
Erixon-Lindroth, 2005 * 12 -0.68
Borasio, 1998 . 1 -0.69
Tissingh, 1998 * 14 -0.70
Kuikka, 1999 2 . 16 -0.72
Lynch, 2003 L 4 g 66 -0.72
Volkow, 1998 X 3 . 21 -0.72
Lee, 2014 < . 34 -0.72
vanDyck, 1995 < 28 -0.73
Pirker, 2000 < . 30 -0.74
Rinne, 1998 * 15 -0.74
Volkow, 1996 (JNM) < g 23 -0.77
Ishibashi, 2009 2 . 16 -0.80
Wong, 2012 < ; 85 -0.81
Seibyl, 1998 - . 5 -0.82
Troiano, 2010 < 33 -0.83
Seibyl, 1996 * . 7 -0.84
Shingai, 2014 Y3 g 36 -0.84
Tissingh, 1997 * 10 -0.91
Kazumata, 1998 . 7 -0.93
Eisensehr, 2003 . 7 -0.95
RE model > -0.68
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Highlights:

- Meta-analyses of correlations between age and dopeaomction using PET/SPECT
- Large negative effect of age on D1-like (r = —.@myl D2-like receptors (r = —.56)

- Significantly larger effects of age on D1-like coangd to D2-like receptors

- Large negative effects of age on transportersH168)

« No correlation between age and dopamine synthapisctty (r = —0.06)
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