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Abstract

Many theories of cognitive aging are based on evidence that dopamine (DA) declines with age. 

Here we performed a systematic meta-analysis of cross-sectional PET and SPECT studies on the 

average effects of age on distinct DA targets (receptors, transporters, or relevant enzymes) in 

healthy adults (N=95 studies including 2,611 subjects). Results revealed significant moderate to 

large, negative effects of age on DA transporters and receptors. Age had a significantly larger 

effect on D1- than D2-like receptors. In contrast, there was no significant effect of age on DA 

synthesis capacity. The average age reductions across the DA system were 3.7–14.0% per decade. 

A meta-regression found only DA target as a significant moderator of the age effect. This study 

precisely quantifies prior claims of reduced DA functionality with age. It also identifies 

presynaptic mechanisms (spared synthesis capacity and reduced DA transporters) that may 

partially account for previously unexplained phenomena whereby older adults appear to use 
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dopaminergic resources effectively. Recommendations for future studies including minimum 

required samples sizes are provided.
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1. Introduction

Positron emission tomography (PET) and single-photon emission computed tomography 

(SPECT) have been used for over 30 years to assess adult age differences in the dopamine 

(DA) system (Jagust and D’Esposito, 2009; Kessler, 2003). Selective summaries of the 

literature estimate that the DA system declines at around 5–10% per decade across 

adulthood (Bäckman et al., 2010; Bäckman and Farde, 2001; Eppinger et al., 2011; 

Kaasinen and Rinne, 2002; Li et al., 2009). These qualitative estimates are approximately 

consistent with non-human animal and human post-mortem studies (Hoekzema et al., 2010; 

Ingram et al., 2001; Kish et al., 1995; Madras et al., 1998; Morris et al., 1999). However, 

there are often overlooked inconsistencies in the size of the age effects across different 

components of the DA system (e.g., receptor subtypes, transporters, synthesis capacity) and 

brain regions.

The majority of empirical studies estimate age effects as a linear correlation between age 

and DA targets (receptors, transporters, or relevant enzymes) in the two main destinations of 

DA pathways, the striatum and frontal cortex. The few studies examining D1-like receptors 

report large, negative age effects in striatal (Bäckman et al., 2011; Suhara et al., 1992) and 

frontal regions (Ouchi et al., 1999). The majority of studies have focused on D2-like 

receptors and have reported wide ranging estimates of the age effect from slightly negative 

to strongly negative effects (Ichise et al., 1998; Inoue et al., 2001; Laulumaa et al., 1993; 

Maziére et al., 1985; Nadeau et al., 1995). Age effects on striatal DA transporters are also 

variable ranging from small to large negative effects (Seibyl et al., 1996; Tiihonen et al., 

1997). The largest inconsistencies are apparent in studies investigating synthesis capacity. A 

similar number of studies report positive effects of age (Braskie et al., 2008; Dreher et al., 

2008) and negative effects of age (Kumakura et al., 2010; Ota et al., 2006).

Variation in decline between brain regions (Kumakura et al., 2010), gender (Wong et al., 

2012), and tracer differences (Wong et al., 1997) have been suggested as potential sources of 

the inconsistencies in the published literature, but these moderators have not been 

systematically tested across studies. In the broader literature on structural brain changes 

some have suggested that there are larger age-related volume declines (Hedden and Gabrieli, 

2004) and steeper rates of decline for frontal regions compared to striatal regions (Bäckman 

et al., 2011; Kumakura et al., 2010; Ota et al., 2006). However, other studies find similar 

rates of decline in frontal and striatal regions (Raz et al., 2005; Raz and Rodrigue, 2006). 

Another explanation for the variability of previously reported age effects are low sample 

sizes and hence, low statistical power. This is likely due to the high monetary cost of 

molecular imaging and the desire to limit radiation exposure in healthy volunteers for 
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research purposes. Meta-analysis is the ideal tool to comprehensively assess adult age effects 

across these low-powered individual studies over the past few decades.

In the present study, we conducted a systematic meta-analysis of all previous cross-sectional 

PET and SPECT studies of adult age effects on different dopaminergic targets i) D1- and 

D2-like receptors (hereafter referred to as D1 and D2 receptors), ii) DA transporters (DAT), 

and iii) DA synthesis capacity. Additionally, we used meta-regression to examine potential 

moderators of the observed inconsistencies between studies (e.g., target, brain region, sex, 

age range, radionuclide, imaging method). We expected to observe moderate to large 

negative effects of age on D1 and D2 receptors and DA transporters (Li et al., 2009). For DA 

synthesis capacity, we hypothesized a non-significant effect of age, since previous findings 

have been inconsistent, ranging from negative to positive. Given the mixed results in the 

literature on differential age effects across brain regions and targets, we did not make 

directional predictions for any of the potential moderators.

2. Methods

2.1 Literature search

The literature search profited from a pre-existing corpus of 45 PET and SPECT imaging 

papers of aging and DA function (from the personal library of GRSL). We used this corpus 

to identify database search terms that would return these studies in addition to other relevant 

studies in the literature. We restricted our search to PubMed, the largest biomedical and life 

science database of journal articles and books. In the PubMed database each paper is 

associated with several U.S. National Library of Medicine Medical Subject Heading 

(MeSH) terms to describe aspects of a paper including methods, subjects, main effect, and 

other important characteristics in a consistent and uniform way (Lipscomp, 2000). The most 

frequent MeSH terms associated with the papers in the initial study corpus were combined 

to design a systematic search for additional papers for our meta-analysis. It was determined 

that the terms “aging OR aged,” “tomography, emission-computed,” and “humans,” as well 

as the individual DA targets (i.e., D1 receptors, D2 receptors, DAT, synthesis capacity), best 

described the desired features of the studies we wished to include. Since an initial search 

with the MeSH term “synthesis capacity” yielded no results, we modified the search terms 

adding different, specific compounds assessing DA synthesis capacity. Additionally, we 

checked the references of the included studies for further relevant studies. See 

Supplementary Methods for full search term list and results of literature search 

(Supplementary Fig. 1). This exhaustive literature search returned a total of 686 single 

papers published before 01/03/2017, the date on which we performed the full search. During 

peer review, a reviewer identified two papers (Cumming et al., 2013; Dagher et al., 2001) 

that were missed by our search and matched the inclusion criteria that we also included.

Of the papers identified in this keyword search, we included all German or English studies 

(1) reporting original results, published in a journal accessible through Yale University’s 

library system, (2) reporting data from a cross-sectional sample of healthy, human adults (> 

18 years) with a minimum age range of 25 years (in order to obtain age effect estimates from 

an at least moderate segment of adulthood), and (3) reporting either a linear correlation 

between age and a DA-relevant tracer kinetic measure from emission computed tomography 
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during a resting condition or containing sufficient information to calculate this linear 

correlation (e.g., from data comparing DA-relevant kinetic measures in separate age groups). 

We excluded studies if a) the radiotracer used was not specifically selective to DA or only 

selective to one subtype of a receptor family (e.g. PHNO), or b) the sample was a subsample 

of another included study, or c) primarily consisted of smokers or relatives of Parkinson’s 

patients. Changes in the DA system have been linked with both smoking nicotine (Adermark 

et al., 2016; Subramaniyan and Dani, 2015) and genes associated with the DA system in 

Parkinson’s patients (Warner and Schapira, 2003).

2.2 Data extraction

For each of the eligible studies, we extracted the age effect for each tracer kinetic measure. 

The term tracer kinetic measure is used to reference different quantitative measures of 

system functioning like binding potential, distribution volume ratio (Innis et al., 2007), 

standardized uptake value ratio, uptake rate constant (Dreher et al., 2008), and effective 

distribution volume (Sossi et al., 2001). All of these measures provide relevant information 

about the location and distribution of the radioligand across the brain (Innis et al., 2007; 

Kaasinen and Rinne, 2002; Kumakura et al., 2005) as estimates of the availability of DA 

receptors, DA transporters, and the activity of enzymes contributing to DA synthesis.

Pearson’s correlation coefficients, r, between age and the PET or SPECT kinetic measure 

used to assess neurotransmission were obtained (1) directly from a report of r in the study, 

(2) estimated from the age and kinetic measure for each subject provided in a table or from 

the extracted data of a digitized graph using Source Forge’s Plot Digitizer (Huwaldt, 2001), 

or (3) converted from reported group values of young and old adults, which were first 

transformed into Cohen’s d. In each paper, we extracted the correlation between age and the 

kinetic measure from three regions of interest: midbrain, striatum (consisting of caudate, 

putamen, and ventral striatum or nucleus accumbens), and frontal cortex (consisting of 

frontal gyri, anterior cingulate, and anterior insula). If the correlation coefficient was 

provided separately for males and females or only for subregions instead of the whole 

region, these values were averaged equally in weight using Fisher’s z-transform. This has 

been shown to introduce less estimation bias than a direct averaging of correlation 

coefficients (Silver and Dunlap, 1987). If a study reported r for several different kinetic 

measures, we extracted the measure which was recommended as the most accurate by the 

authors or the most commonly used one across studies. In addition, we extracted the 

following variables as possible moderators of the age effect: i) DA target, ii) brain region, 

iii) age range in sample, iv) female percentage in sample, v) imaging method, vi) year of 

introduction of scanner model, vii) effective resolution of the imaging data, viii) 

radionuclide, and ix) reference region of the kinetic measure.

Among the total of 688 papers, a final pool of 95 studies with 2,611 individual subjects were 

considered in the current meta-analyses to assess adult age differences in the DA system (cf. 

Supplementary Methods for a full reference list). Of the 95 included studies, 64 studies used 

PET and 31 studies used SPECT imaging. The average sample consisted of 27 subjects with 

38% women on average. The average age range was 25 to 75 years (cf. Supplementary Table 

1 for further characteristics of the included studies).
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2.3 Data analysis

Statistical analyses were carried out in R version 3.2.2 with RStudio (R Core Team, 2013; R 

Studio Team, 2015) using the metafor package (Viechtbauer, 2010). Because the correlation 

coefficient r is bound and non-normally distributed, we Fisher’s z-transformed r before 

running the meta-analysis models to stabilize the variances of the estimates (Viechtbauer, 

2010). We applied separate random-effects (RE) meta-analyses for each target to obtain 

summary correlation coefficients over the included estimates weighted by their sample sizes. 

In contrast to fixed-effect (FE) models, which assume that one true effect underlies all effect 

sizes and differences in the effect sizes are only due to random sampling variance 

(Borenstein et al., 2009), we expected RE models to be more appropriate for our data: The 

underlying true effect varies between the studies since they are not comparable in many 

variables (e.g., age range, female percentage, or method used). This variation is assumed to 

be random, so that the summary effect size can be estimated (Borenstein et al., 2009). 

Nevertheless, we checked for consistency of the results of both models.

To specify the regional age effects, we calculated the summary r for each target split into 

regions of interest. If two or more correlation coefficients from the same sample were 

included in one analysis (e.g., r for several brain regions in the same target), we used a 

multivariate RE model to allow for correlated sampling errors and/or true effects. All 

mentioned statistical models were fitted by Restricted Maximum Likelihood estimation.

Although the correlation coefficient provides a standardized measure of the size of the age 

effect, we also wanted to assess age differences in the DA targets across years or decades of 

life. This corresponds to an unstandardized regression slope, which was much less often 

reported in the studies. To quantify differences per decade, we calculated a sample-size 

weighted average for each target. For this we used reported percent differences per year or 

computed a consistent measure (unstandardized regression slope of age on kinetic measure 

divided by the range of kinetic measure) for each study.

We supplemented our analyses by examining the nonlinearity of age effects in different DA 

targets. For this, we used the ages and kinetic measures that were available for individual 

subjects provided either in a table or from the extracted data of a digitized graph. Due to 

different scales, we z-standardized the kinetic measure within each study to make them 

comparable between studies. We then merged the standardized raw data for each of the four 

DA targets over frontal and striatal regions (since the age effect did not significantly differ 

between regions in our previous analyses; see Results). We fitted linear, quadratic, and 

exponential models and calculated the corresponding slopes, the coefficient of 

determination, R2, as well as the adjusted R2 for each DA target separately.

Q-statistics and I2 are widely used measures of the amount of heterogeneity in the effect 

sizes (Borenstein et al., 2009). To identify moderators that might account for potential 

heterogeneity in effect sizes between studies, we integrated potential moderator variables in 

a multivariate mixed-effects meta-regression across all effect sizes, while controlling for the 

fact that some effect sizes stemmed from the same sample. Continuous variables were 

centered before entering them in the model for easier interpretation and the other variables 

were categorized (see Supplementary Methods and Supplementary Table 2). Note that the 
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continuous variable “effective resolution of imaging data” had to be categorized into three 

groups, since the study corpus did not provide more detailed information.

2.4 Publicly available data and code

The data file and analysis code are publicly available on OSF (https://osf.io/6uf82/).

3. Results

3.1 Meta-analysis models

Funnel plots were created to examine potential publication biases. Funnel plots depicting the 

distribution of effect sizes and corresponding standard error (SE) for each target across all 

studies in the four examined DA targets are displayed in Supplementary Fig. 2. Studies with 

small sample size -corresponding to a large standard error - and an effect size close to zero 

were rare, whereas studies with large sample size were spread approximately symmetrically 

around the mean effect size. The applied rank correlation tests for funnel plot asymmetry did 

not indicate any publication bias in the study selection (pD1 = 0.80; pD2 = 0.27; pDAT = 0.49; 

pSC = 0.94).

The RE meta-analysis models revealed significant moderate to large, negative mean 

correlations between age and striatal and frontal cortical DA receptors (rD1 = −0.77; rD2 = 

−0.56) and striatal DA transporters (r = −0.68) (Fig. 1–3 and Table 1). In contrast, there was 

a non-significant effect of age on DA synthesis capacity (r = −0.06) across the striatum, 

frontal cortex, and midbrain (Fig. 4 and Table 1). Figure 5 illustrates differences in summary 

effect sizes across the DA system comparing their 95% CIs. The negative age effect was 

significantly larger for D1 than for D2 receptors. The age effect on synthesis capacity was 

significantly smaller than the age effects on the other targets. Univariate RE models as well 

as FE models yielded comparable results. Largely overlapping CIs suggested that the age 

effects within each DA target were comparable across midbrain, striatal, and frontal regions 

(Table 1). Likewise, an analysis of striatal subregions did not find any differences in age 

effects between the putamen and caudate (Supplementary Table 3).

The majority of the studies (N = 83) contained enough data to quantify the percentage 

differences in kinetic measure per decade, which was also sample-size weighted. The 

observed decline in the kinetic measure over all DA targets was 8.3% per decade ranging 

from 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, quadratic, and exponential models to the individual 

subject data from 75 studies (Fig. 6; Supplementary Table 4). The linear model of age 

explained a significant amount of variance in D1 (Adj. R2 = 46.0%, p < 0.001) and D2 

receptors (Adj. R2 = 24.9%, p < 0.001) and DA transporters (Adj. R2 = 38.6%, p < 0.001). 

In these three DA targets, the quadratic and exponential effects of age explained 

approximately similar amounts of variance as the linear fits according to adjusted R2 which 

accounts for model complexity. Although age did not account for much variance in DA 

synthesis capacity in any of the models, the quadratic function (Adj. R2 = 5.4%) explained 
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more variance than the linear (Adj. R2 = 1.8%) and the exponential function (Adj. R2 = 

1.0%).

3.3 Meta-regression model

We used Q-statistics to test the null-hypothesis that all studies are based on the same true 

effect by comparing the observed between-study variation to the variance within the single 

studies (Borenstein et al., 2009). Significant Q-statistics in the meta-analysis of D2 receptors 

(Q = 117.6; p < 0.0001), DA transporters (Q = 73.4; p < 0.001), and synthesis capacity (Q = 

88.9; p < 0.0001) suggested that the studies do not share a common true effect size. 

However, the non-significant Q-statistics in D1 receptors (Q = 7.8; p = 0.352) are not valid 

evidence for a common true effect within the studies, since this could be also due to the low 

number of D1 studies (N = 8). The I2 measure also takes into account the expected 

heterogeneity of the studies (random sampling variance of the effect sizes) and hence, 

provides the proportion of true heterogeneity in the observed between-studies variance 

(Borenstein et al., 2009). This proportion was 10.1% in D1 receptors, 56.4% in DA 

transporters, 56.6% in D2 receptors, and 80.9% in DA synthesis capacity.

To determine the source of the observed heterogeneity, we added potential moderators in a 

multivariate mixed-effects meta-regression over all correlation coefficients. Supplementary 

Table 5 presents the results of the meta-regression including 77 of the original 112 

correlation coefficients, since studies lacking sufficient moderator information were omitted 

from the moderator analysis. The model estimated coefficients for centered continuous 

variables and single factor levels in contrast to their reference level as well as their 

corresponding standard error and 95% CI. To examine each factor as a whole, we tested the 

null hypothesis that the coefficients of all factor levels are equal to zero simultaneously. This 

revealed DA target as the only significant moderator (p < 0.001) with increasingly negative 

age effects for DA synthesis capacity, D2 receptors, DA transporter, and then D1 receptors. 

Post-hoc tests assessing differences between single factor levels found a significantly 

smaller age effect for DA synthesis capacity compared to all other targets (p < 0.001, 

significant on a Bonferroni corrected level of α = 0.017). The other tested variables did not 

influence the age effect, but a significant test for residual heterogeneity indicated that other 

unknown moderators might account for variability in the age effect. To increase the size of 

included studies and therefore power, we also calculated separate meta-regressions for each 

individual moderator variable separately. Still, no measure significantly explained the 

variance in age effects besides DA target.

4. Discussion

We found significant moderate to large, negative age effects on striatal DA transporters and 

striatal and frontal cortical DA receptors. However, DA synthesis capacity was not 

significantly correlated with age. The observed age difference per decade in the kinetic 

measures over all targets ranged between 3.7 and 14.0% and was approximately consistent 

with estimates of a dopaminergic decline of 5–10% per decade in prior reviews (Kaasinen 

and Rinne, 2002; Li et al., 2009). Critically, here we provide the first differentiated and 

precise quantification of age effects across distinct DA targets and brain regions. The 
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evidence for declines in receptors and transporters and potential preservation of synthesis 

capacity challenges existing theories based on global declines in DA function with age 

(Braver and Barch, 2002; Li et al., 2001; Nieuwenhuis et al., 2002).

The large negative effects of age on D1 and D2 receptors reveals limitations in the function 

of the dopaminergic system with age, since transmission of the dopaminergic signal is 

limited through a smaller number of postsynaptic DA receptors. However, the combination 

of large losses in DA transporters and the lack of age effects on DA synthesis capacity might 

together partially compensate for fewer DA receptors at older ages. The observed reduction 

of DA transporters should lead to a lower reuptake rate of DA into the presynaptic neuron. 

Hence, DA may remain active in the synaptic cleft for a prolonged time interval and may be 

able to modulate signal transmission for a lengthier period of time in older age. In fact, 

others have suggested that up-regulated DA synthesis capacity might act as compensation 

mechanism for reduced DA receptors (Braskie et al., 2008). If we can assume retained DA 

synthesis capacity may also be associated with the potential for at least partially spared DA 

release, this – together with reduced DA transporters – might imply a potentially retained 

dopaminergic functionality with age. This combined mechanism might account for 

previously unexplained phenomena whereby older adults appear to use dopaminergic 

resources effectively, especially in socio-emotional and affective tasks (Samanez-Larkin and 

Knutson, 2015). A number of studies have shown that age differences in cognitive function 

are minimized or eliminated when using stimuli that are more personally salient (goal-

relevant) and presumably more motivating (e.g., Charles et al., 2003; Gorlick and Maddox, 

2015; Mather and Carstensen, 2003; Mikels et al., 2005). There is currently not a 

neurobiologically-based theoretical account of these findings in part because cognitive aging 

theories assume global decline of DA functionality.

In highly motivating situations, older adults might be able to enhance DA function through 

these compensatory mechanisms to achieve higher cognitive performance. However, studies 

have also revealed that spared or even upregulated synthesis capacity in older age can be 

associated with worse cognition (Braskie et al., 2008), perhaps because this measure is 

providing an indirect measure of losses elsewhere in the DA system.

It should be emphasized that there was great heterogeneity in age effects on synthesis 

capacity as indicated in the large confidence interval of the summary effect (95% CI = 

[−0.33; 0.22]). Although the point estimate suggests the lack of an effect, age effect sizes 

ranged from negative to positive. Some of this variance may be due to differences between 

studies in tracers and the estimated kinetic measures (Braskie et al, 2008; Kumakura and 

Cumming, 2009). Both studies using the tracer FMT reported positive age effects, but the 

majority of the studies used FDOPA and reported both positive and negative effects. Some 

have argued that FMT provides a purer measure of DA synthesis since measurement of 

FDOPA signal is more affected by postrelease metabolism (Braskie et al 2008), so the true 

age effect may in fact be positive. A limitation of this meta-analytic study is that we were 

underpowered to precisely examine how different tracers or kinetic measures (e.g., BP, Ki, 

DVR, SUV) impacted the results for an individual target (see Supplementary Discussion).
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Importantly, the synthesis capacity tracers only measure aspects of conversion of DOPA to 

DA. Downstream DA release depends on packaging into vesicles and trafficking (Walker 

and Rodda, 2011). Very few studies provide information about age effects on vesicular 

storage (Bohnen et al., 2006; Frey et al., 1996; Lin et al., 2013) and there is no tracer to 

measure trafficking, per se. Some of these vesicular processes may decline with age even if 

synthesis does not (Kumakura et al., 2005, 2010). Potential age differences in these 

mechanisms and the lack of data on age differences in DA release (e.g., using dual-scan 

protocols with administration of methylphenidate or amphetamine) are important qualifiers 

to the view raised above that spared synthesis may facilitate spared DA release in some 

contexts in old age. Further studies are needed to examine if spared DA synthesis capacity is 

associated with spared DA release and if spared DA release in combination with reduced DA 

transporters acts as a compensatory mechanism for cognition in older age. These potential 

age-related compensatory mechanisms may require qualification of claims of global declines 

in the DA system, which are the foundation of many theories of cognitive aging (Braver and 

Barch, 2002; Li et al., 2001; Nieuwenhuis et al., 2002).

The mean correlation with age differed significantly between D1 and D2 receptors in 

striatum and frontal cortex. These findings may imply a stronger age-related decline in the 

maintenance compared to the updating function of working memory (Seamans and Yang, 

2004). However, Braver and Barch (2002) have proposed the opposite effect although their 

theory is based more on phasic and tonic DA changes than specific receptor subtypes. 

Another possibility is that this differential decline explains age differences across different 

forms of memory. The findings are consistent with evidence that working memory and 

cognitive control might decline faster with age than episodic memory (Erixon-Lindroth et 

al., 2005), which have been associated with D1-receptor-mediated processes (Liggins, 2009) 

and D2-receptor-mediated processes (Nyberg et al., 2016), respectively. Future studies 

should examine the cognitive consequences of differential decline across receptor subtypes. 

A weakness of the present meta-analysis is that we did not include cognitive measures given 

the lack of consistency in use of measures across studies. Only 10 out of 95 studies reported 

associations with measures of cognitive functions and they spanned several domains such as 

cognitive control (Lappin et al., 2009), episodic memory (Bäckman et al., 2000), or working 

memory (Bäckman et al., 2011)).

The meta-regression analysis revealed DA target as the only significant moderator of the age 

effect. This supports the results from separate meta-analysis models in each target. Yet, we 

were not able to explain the observed heterogeneity with other potential moderators (e.g., 

brain regions, gender, age range, or nuclear imaging characteristics). These variables did not 

significantly moderate the age effects which is inconsistent with prior evidence from 

individual studies showing less steep decline in women (Pohjalainen et al., 1998; Wong et 

al., 1984) and steeper declines in frontal than in striatal regions (Bäckman et al., 2011; 

Kumakura et al., 2010; Ota et al., 2006). However, the results of the meta-regression should 

be interpreted with caution. Critically, comparisons between targets and regions are 

somewhat confounded given differential receptor subtype and transporter expression 

between frontal cortex and striatum. We also used some categorical moderators (like 

imaging method, reference region of the tracer kinetic measure, or resolution group of the 

scanner), which may have lacked sensitivity. Additionally, several studies were lacking 
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moderator information, so the meta-regressions likely suffered from a lack of power (cf. 

Supplementary Discussion for additional limitations and suggestions for variables and 

methodological details to include in future studies to facilitate meta-analyses).

A limitation of the current results is that they are based exclusively on cross-sectional data. 

Although the term “age-related decline” is frequently used in this literature, few studies have 

provided limited longitudinal data from healthy control groups (e.g., Colloby et al., 2005; 

Jakobson Mo et al., 2013). The estimates of age differences per year or decade reported in 

the literature and here are based on the assumption that age effects in cross-sectional studies 

are representative of developmental rather than cohort effects, which has not yet been 

verified with longitudinal data. This is a major limitation of the current study as well as 

nearly all of the previous molecular imaging literature. In fact, studies of brain volume find 

some evidence that longitudinal age effects are even stronger than would be predicted by 

cross-sectional data (Raz et al., 2003). However, a relatively large longitudinal study is 

currently being conducted which will provide more causal evidence for age-related effects 

(Nevalainen et al., 2015).

Another limitation is that our regions of analysis were quite large (i.e., frontal cortex, 

striatum). Given the previously reported differential age-related atrophy rates within 

subregions of frontal cortex and striatum (Raz et al., 2010, 2005), and differential 

connectivity and function (Alexander et al., 1986; Alexander and Crutcher, 1990; Haber and 

Knutson, 2009) of ventral versus dorsal frontostriatal regions, a comprehensive subanalysis 

could have provided more specific implications for age differences in DA-mediated 

cognitive function. Some studies provided data from subregions within frontal cortex or 

striatum but these data were not reported consistently across studies. We were able to 

separately analyze age effects in the caudate and putamen within the striatum 

(Supplementary Table 3), but there was no evidence for differential effects of age between 

these structures. Given the anatomical ascending connectivity of frontostriatal regions, it 

would be ideal if future studies reported more functionally relevant ventromedial to 

dorsolateral frontostriatal subregions (Kish et al., 1992; Kumakura et al., 2010).

All meta-analytic effects reported here are based on linear effects of age. Most studies 

assume age effects to be linear, but some studies have reported quadratic or exponential 

effects (Kim et al., 2011; van Dyck et al., 2002) in line with the evidence that decline in 

many biological systems is more exponential than linear (Crevecoeur, 2001). Previous 

studies of age-related change in brain volume also reveal many non-linear age effects (Fjell 

et al., 2009; Raz et al., 2010, 2005). Our exploratory analyses yielded some suggestive 

evidence for quadratic and exponential age effects in D1 and D2 receptors and DA 

transporters with steeper declines in earlier adulthood. We found that DA synthesis capacity 

is fit best by a quadratic rather than a linear function. This could partially account for 

inconsistencies between prior studies that only compare younger and older adults, although 

it should be noted that even the best fitting exponential function revealed that very little 

variance in synthesis capacity is explained by age. Although these assessments of the 

nonlinearity of effects is potentially interesting, the combination of individual subject data 

across studies – even after standardization within study – should be interpreted with caution. 
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As scientists become more open about data sharing of single-subject data, future analyses 

will be able to better characterize these nonlinear effects of age.

The scatterplots also suggest that between-subject variance relative to the mean may slightly 

increase with age. This has implications for the design of future PET/SPECT studies 

suggesting that statistical power may be lower in older adult groups. To address this issue in 

the functional neuroimaging literature, others have suggested that studies comparing 

younger and older groups should include a larger number of older adults (Samanez-Larkin 

and D’Esposito, 2008). This may be necessary for PET/SPECT studies as well. Additional 

recommendations for future studies are provided in the Supplementary Materials.

General limitations of meta-analyses include the dependency on the quality of included 

studies as well as potential bias due to lower publication rates of non-significant results. 

Examination of funnel plots (Supplementary Figure 2) did not reveal obvious publication 

bias. Despite these general limitations, it should be noted that meta-analysis is a particularly 

useful tool for PET/SPECT imaging studies of the DA system, which typically contain very 

few subjects per study. The low sample sizes (median N = 21) of the studies analysed here – 

likely either due to monetary costs of nuclear imaging methods or the fact that the majority 

of the studies did not focus on a healthy sample but rather used it as a control group – led to 

widespread low statistical power within most of the included studies. Many studies had 

fewer than 15 subjects and the vast majority of studies had fewer than 30 subjects. This may 

not be surprising given that radiochemistry, imaging, and medical personnel costs are 

typically about $3000–4000 per subject per scan. The average power over all included 

studies was only 65.4%, with 53.6% of the studies with statistical power below the usually 

recommended 80% minimum. An additional benefit of meta-analysis is that the weighted 

summarized effects can be used for sample size calculations for adequately powered future 

studies.

Using the point estimates from our significant meta-analytic results, the minimum sample 

sizes required to detect a linear effect of age are relatively small (D1 N = 8, D2 N = 19, DAT 

N = 12). It is important to note that the average age effects on which these estimates are 

based may be overestimated given that very few studies controlled for partial volume effects 

(see Supplementary Discussion). Almost none of the studies in the literature controlled for 

age-related atrophy, so the reported age effects are a combination of specific DA differences 

and non-specific age differences in brain volume (Morris et al 1999). Thus, if the true effect 

sizes are smaller than estimated here, more subjects may be needed to detect simple effects 

of age for specific DA targets.

After over 30 years of research and 95 published studies, it seems unlikely that a researcher 

would only be interested in testing the age effect for a specific target. Future studies will be 

focused more likely on correlations between DA targets and cognitive performance (for 

which we unfortunately were not able to provide average effects sizes) or interactions 

between age and other variables (e.g., age by target, age by brain region). For a linear 

regression model with three predictors (age main effect, other main effect, interaction term), 

the minimum required sample size is much larger to detect a medium-sized effect (e.g., for 

f2 = .15, N = 76 which would likely cost well over $250,000 for data collection alone). 

Karrer et al. Page 11

Neurobiol Aging. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Making comparisons across targets was relatively simple with meta-analysis, but in a single 

study (e.g., interaction analysis of differential age slopes) many subjects would be exposed 

to higher levels of radiation. This highlights the benefit of quantitative meta-analysis to 

enhance statistical power and minimize human subject risk. Given the common small sample 

sizes in human PET imaging studies, meta-analysis will remain an essential tool for 

verifying and quantifying age effects across the adult life span.

At a time when many are raising concerns about the reliability and reproducibility of 

individual neuroimaging studies (Poldrack et al., 2017), the present results provide an 

example of how significant advances can be made from the systematic aggregation of 

incremental findings. The evidence for differential age effects across the human DA system 

would require extremely high monetary costs and increased radiation exposure in human 

research participants to comprehensively and reliably assess in a single study. Although it 

has been well established that DA receptors and transporters decline with age, the evidence 

for the lack of an age effect on synthesis capacity is highly novel, a significant advance in 

neuroscience, and would have been difficult to reveal without meta-analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Meta-analyses of correlations between age and dopamine function using PET/

SPECT

• Large negative effect of age on D1-like (r = −.77) and D2-like receptors (r = 

−.56)

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

• Large negative effects of age on transporters (r = −.68)

• No correlation between age and dopamine synthesis capacity (r = −0.06)
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Figure 1. 
Forest plot for studies describing adult age differences in D1-like receptors (multivariate 

REM with 5 studies and 106 individual subjects). The position of the diamond on the x-axis 

indicates the effect size (Pearson’s correlation coefficient) between age and kinetic measure 

for each study and its size corresponds to the weight each study had in the analysis. The grey 

bars indicate the 95% CI of the effect size. The polygons summarize the sample size 

weighted effect (also for subregions) with its width representing the 95% CI.

Karrer et al. Page 18

Neurobiol Aging. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Forest plot for studies describing adult age differences in D2 receptors (multivariate REM 

with 47 studies and 1213 single subjects). The position of the diamond on the x-axis 

indicates the effect size (Pearson’s correlation coefficient) between age and kinetic measure 

for each study and its size corresponds to the weight each study had in the analysis. The grey 

bars indicate the 95% CI of the effect size. The polygons summarize the sample size 

weighted effect (also for subregions) with its width representing the 95% CI.
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Figure 3. 
Forest plot for studies describing adult age differences in DA transporter (univariate REM 

with 33 studies and 1046 single subjects). The position of the diamond on the x-axis 

indicates the effect size (Pearson’s correlation coefficient) between age and kinetic measure 

for each study and its size corresponds to the weight each study had in the analysis. The grey 

bars indicate the 95% CI of the effect size. The polygons summarize the sample size 

weighted effect (also for subregions) with its width representing the 95% CI.
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Figure 4. 
Forest plot for studies describing adult age differences in DA synthesis capacity 

(multivariate REM with 13 studies and 278 single subjects). The position of the diamond on 

the x-axis indicates the effect size (Pearson’s correlation coefficient) between age and 

kinetic measure for each study and its size corresponds to the weight each study had in the 

analysis. The grey bars indicate the 95% CI of the effect size. The polygons summarize the 

sample size weighted effect (also for subregions) with its width representing the 95% CI.
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Figure 5. 
Comparison of average correlations with age (horizontal line within polygon) as well as 

95% CIs (polygon height) for DA D1-like receptors, transporters (DAT), D2-like receptors, 

and synthesis capacity (SC). Dotted line indicates age effect of zero. * significant differences 

at p < .01 (Cumming, 2009).
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Figure 6. 
Scatterplots depicting the relationship between age and kinetic measure (z-standardized 

within study) for D1- and D2-like receptors, DA transporters (DAT), and DA synthesis 

capacity (SC). A linear, a quadratic, and an exponential function were fit to the data.
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Table 1

Results of meta-analyses for age effects on DA D1-like receptors, 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 64

 Frontal Cortex −0.57 [−0.73, −0.34] 3 70

 Striatum −0.06 [−0.36, 0.24] 12 257
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Table 2

Percentage differences in DA D1-like receptors, D2-like receptors, 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 −1.4 10 222

DA overall −8.3 83 2236
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