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Abstract
A meta-analysis of 141 PET and SPECT studies that have investigated striatal presynaptic dopamine function in Parkinson’s disease (PD) was performed. Subregional estimates of striatal dopamine metabolism are presented. The aromatic L-amino-acid decarboxylase (AADC) defect appears to be consistently smaller than the dopamine transporter (DAT) and vesicular monoamine transporter 2 (VMAT2) defects, suggesting up-regulation of AADC function in PD. The correlation between disease severity and dopamine loss appears linear but the majority of longitudinal studies point to a negative exponential progression pattern of dopamine loss in PD. 

Introduction
At the neurotransmitter level, Parkinson’s disease (PD) is characterized by a dopamine deficiency in the striatum. The loss of striatal dopamine can be visualized and quantified in vivo using functional neuroimaging with PET or SPECT, and these methods have been widely used in PD research since the first human study was published in 19831. However, the interpretation of individual studies has not always been straightforward. Small sample sizes in combination with differences in patient clinical characteristics, scanners, tracers, analysis methods and reporting, have made it difficult to estimate precise levels of dopaminergic degeneration over the course of PD or the clinical correlates of such degeneration. Another important issue is the pattern of the progressive dopaminergic decline in PD. A linear decline of dopamine function has been suggested by some imaging studies2-5, whereas an alternative model, also supported by neuropathological work6, assumes exponential neuronal decay in which a relatively short-term event leads to a rapid destruction that later decelerates. 

Dopaminergic neurotransmission is, in itself, a complex sequence of events. Dopamine is synthesized in the cytosol of catecholaminergic neurons in a two-step process. First, L-tyrosine is hydroxylated to L-dopa by tyrosine hydroxylase, followed by the decarboxylation of L-dopa to dopamine.7 6-[18F]fluoro-L-dopa (FDOPA), a commonly used tracer for PET, enters in the second phase of the biosynthesis when it is converted to [18F]fluorodopamine by aromatic L-amino-acid decarboxylase (AADC, also known as dopa decarboxylase). Similar to endogenous dopamine, [18F]fluorodopamine is then transported to intraneuronal storage vesicles by vesicular monoamine transporter 2 (VMAT2).8 As a result of the excitation of dopaminergic neurons, the vesicles are finally emptied into the synaptic cleft, and the synaptic dopamine then interacts with postsynaptic dopamine receptors. Both AADC and VMAT2 are important targets in dopaminergic neuroimaging reflecting two different aspects of the process (dopamine synthesis or AADC activity vs. dopamine storage). The third important synaptic mechanism comes into play after dopamine has been released to the synaptic cleft. In order for signalling to stop, extracellular dopamine has to be removed from the synapse; dopamine transporter (DAT) is the most important component in terminating dopamine neurotransmission.9 There are a number of DAT tracers for PET and SPECT, but the most commonly used tracers are the 123I-, 18F- or 11C-linked tropane-derivatives -CIT (2-carbomethoxy-3(4-iodophenyl)tropane) and FP-CIT (N--fluoropropyl-2-carbomethoxy-3-(4-iodophenyl)nortropane).

Although dopaminergic striatal presynaptic PET and SPECT with AADC, DAT and VMAT2 tracers have been popular in PD clinical research for over three decades, no previous comprehensive meta-analyses have been performed. The objective of this meta-analysis was to estimate the degree of the dopaminergic loss in PD as measured with tracers for AADC, DAT and VMAT2. An additional aim was to study whether the decline of presynaptic dopaminergic function in PD is linear or non-linear. 



Methods

The Preferred Reporting Items for Systematic Reviews and Meta-Analyses  (PRISMA) statement was followed10. There was no funding source for this study. The corresponding author had full access to all the data in the study and had final responsibility for the decision to submit it for publication.

Search strategy
PubMed was searched with specific headings alone and in combination with key words for longitudinal progression studies from database inception until January 2, 2017 (Figure 1). The references of retrieved articles and review articles were also manually searched for missed studies. All AADC tracer studies and VMAT2 tracer studies were included, but given the large number of DAT tracers and possible differences in their sensitivity11, we selected the two most common DAT tracers, namely, the structurally related compounds [123I]-CIT and [123I]FP-CIT, and their 11C and 18F versions, as DAT ligands for the meta-analysis. Also atypical parkinsonisms were included in the database search terms. The results for atypical parkinsonisms will be published separately but all search terms are reported here for reproducibility.

Specific aims for meta-analysis

This meta-analysis aimed to systematically investigate the level of presynaptic dopaminergic deficits in PD patients compared with healthy controls as measured with AADC, DAT and VMAT2 tracers. The primary outcome was the mean difference in striatal subregions in relation to potential effect size moderators such as age, disease duration and motor symptom severity measures. A secondary aim was to investigate the pattern of the decline (linear or non-linear) with meta-regression analyses and longitudinal studies.

Selection criteria
All titles and abstracts from searches were reviewed by one investigator (V.K.). Studies were excluded if the title and/or abstract were not appropriate for the aim of the review. Full texts were obtained for eligible studies or when the relevance of an article was uncertain. The inclusion criteria for the selected studies were as follows: 1. A human PET or SPECT study, 2. An AADC, VMAT2 or DAT (-CIT/FP-CIT) tracer, 3. Idiopathic PD patients compared with healthy controls, and 4. Binding reported as the means (SDs) for both PD and healthy controls groups in at least one striatal region. If more than one PD population was reported in a study (e.g., early and advanced PD patients), those populations were included as separate samples with the same control sample. For the analysis of longitudinal studies (analysis of decline pattern), all DAT tracers were included. Studies that reported age-standardized uptake values for PD patients (no separate PD and healthy control values) were excluded from the effect size –analysis, but they were included in the longitudinal analysis (e.g., 12).  

Risk of bias in included studies
The presence of publication bias was explored by funnel plots of putaminal binding (posterior putamen for VMAT2) and Egger’s tests for asymmetry, together with the trim and fill method with imputed data points. 

Data extraction 
The variables extracted were study year, first author’s family name, study site (city, state, country), method for binding uptake calculation, number of subjects (PD and healthy controls), mean age and SD (years), sex of participants, mean disease duration and SD (years), mean Unified Parkinson’s Disease Rating Scale (UPDRS) motor score and SD, mean Hoehn and Yahr stage score and SD, scanner, mean carbidopa dose before scan (mg) (AADC studies), mean injected dose (MBq), scan duration (min) and uptake data (mean and SD for each group and brain region).

Statistical analysis
Brain regional group-comparisons were conducted using Meta-Essentials (Version 1.0, Erasmus University Rotterdam, The Netherlands).13 The effect sizes were measured with Hedges’ g –values as standardized mean differences using a random effects model. Heterogeneity of the effects sizes were examined using I2 statistics. If substantial heterogeneity with I2>50% was observed, the influence of effect moderators, including age, disease duration, UPDRS motor score and HY scale, on tracer uptake were analysed using meta-regression analyses with SAS System for Windows, version 9.4. (SAS Institute Inc., Cary, NC, USA). The normality assumptions of the residuals were examined with histograms. The homoscedasticity was checked with scatter plots between predicted values and residuals. Both the normality and the homoscedasticity assumptions were met. The statistical significance was set at two-tailed p<0.05.


Results

Characteristics of included studies
The demographic and clinical characteristics of the included AADC, DAT and VMAT2 studies are presented in Supplementary Tables 1, 2 and 3, respectively. Clinical characteristics with sample-weighted mean values are presented in Table 1. 

Altogether, 67 AADC studies were included in the analysis (Supplementary Table 1). The most common AADC analysis method was graphical Patlak Ki with an occipital input function (Kiocc, 45 studies). The AADC studies were published between 1990 and 2014.  Sixty-four DAT studies were included in the analysis. Twenty-eight studies were performed with [123I]FP-CIT, 23 with [123I]-CIT, 10 with [18F]FP-CIT and three with [11C]-CIT. The most common DAT analysis method was a ratio analysis calculated as ((ROI-occipital cortex)/occipital, used in 32/64 studies) (Supplementary Table 2). The DAT studies were published between 1993 and 2016.  Eleven VMAT2-studies were included. Six studies were performed with [18F]AV-133 ([18F]-9-fluoropropyl-(+)-dihydrotetrabenazine, also known as [18F]DTBZ), and five studies with [11C]DTBZ ( (+)-[11C]dihydrotetrabenazine). The VMAT2 studies were published between 1996 and 2015 (Supplementary Table 3).

Regional differences between PD and HC
AADC, DAT and VMAT2 binding in all striatal regions was 13.2-77.0% lower in PD patients than in healthy controls (Table 2, Figure 2).  The posterior putamen showed the largest effect size, followed by the putamen as a whole, the anterior putamen and the caudate nucleus (Table 2). Forest plots for putaminal AADC, DAT and VMAT2 binding are presented in Supplementary Tables 4, 5 and 6, respectively. The smallest relative differences and effect sizes were detected in AADC function, followed by DAT and VMAT2 (Figure 2). Seven AADC14-20, one DAT21 and one VMAT222 study reported PD patients with mean disease durations of over 10 years. In these patients, the mean putamen AADC uptake was decreased by 60.2-69.9%, VMAT2 was decreased by 56.3%, and DAT was decreased by 87.0% (long mean disease duration of 20.6 years in the DAT study) compared with healthy controls. 

Tests for heterogeneity and effect of moderators
The heterogeneity index I2 in published studies was substantial (>50%) in all studied brain regions (Table 2). Meta-regression results are presented in Table 3 and Figure 3. Significant positive linear associations were observed between moderators and effect sizes, mostly with the caudate nucleus binding (Table 3). The quadratic model was non-significant in all associations with the mean putamen AADC (F<2.45, p>0.11), the mean putamen DAT (F<1.73, p>0.20) and the mean posterior putamen VMAT2 (F<0.49, p>0.52).  

Longitudinal studies
Longitudinal AADC and DAT studies are listed in Supplementary Tables 7 and 8, respectively. There were three AADC studies with more than two time points, and they all suggested a negative exponential decline of AADC function. A graphical representation of longitudinal AADC studies for mean putamen values is shown in Figure 4. Longitudinal DAT studies suggested a linear decline in five studies and an exponential negative decline or greater rate of decline ipsilateral to the predominant motor symptoms in 10 studies (Supplementary Table 8). None of the longitudinal studies reported a greater contralateral decline of binding. 

Effect of imaging sites and the possibility of reused subjects
Nine studies were excluded because of duplicate patients when the authors stated that the patients had been described in another study from the same group. To investigate the possibility of a bias induced by duplicate patients in the included studies, we performed a subanalysis that included only one study per site per scanner (AADC studies with the largest samples of PD patients, 31 samples, 1179 subjects). The effect size of mean putamen difference between PD patients and controls in this subanalysis was 3.97 (95%CI=3.41-4.53, Z=14.4, p<0.0001), which is nearly identical to the effect size from the original dataset, suggesting that possible duplicate patients had little effect on pooled group differences. Additionally, meta-regressions remained similarly significant in this subanalysis (disease duration: =0.21, 95%CI=0.12-0.31, p<0.0001). To investigate the possibility of a bias induced by the imaging method (PET vs. SPECT), we performed a subanalysis of DAT studies (mean putamen) which showed that the effect sizes were nearly the same in 9 PET DAT-studies compared to 33 SPECT DAT-studies (Hedges’ g: 3.74 vs. 3.65, respectively).

Publication bias
Funnel plots with imputed data points for mean putamen effect sizes suggested publication bias in AADC and DAT studies with eight negative studies missing from the left side of the AADC plot and three studies missing from the left side of the DAT plot. The Egger intercept was significant in both cases (p<0.0001). However, with imputed data points, the combined adjusted effect sizes were close to the original estimates (mean putamen AADC Hedges’ g=3.60, 95%CI=3.18-4.03; mean putamen DAT Hedges’ g=3.51, 95%CI=3.07-3.95), indicating that the publication bias had no relevant effect on group differences. No publication biases were detected with VMAT2 data (no missing studies in the posterior putamen funnel plot, Egger intercept p=0.08).



Discussion
Here, we demonstrate the following key points: 1) Compared with healthy individuals, dopamine function in early to moderate PD patients is decreased along an anterior-posterior gradient by 58-77% in the posterior putamen, 43-59% in the anterior putamen and 25-43% in the caudate nucleus. Approximately 50% of putaminal presynaptic dopamine function is thus lost (and the other 50% preserved) in PD patients with a mean motor disease duration of 4-7 years. 2) The AADC defect in PD appears to be consistently smaller than the DAT and VMAT2 defects, suggesting up-regulation of AADC function. 3) The correlations between disease severity and dopamine loss are linear as studied cross-sectionally and these correlations are stronger in the caudate nucleus as compared to the putamen. 4) Although the evidence is not consistent, the majority of longitudinal studies point to a negative exponential progression pattern of dopamine loss in PD. 

PET-based in vivo striatal measures seem to accurately reflect in vitro measures of DAT and VMAT2 in MPTP-treated non-human primates.23 If the same applies to humans, the present estimates of binding losses are an accurate representation of the actual measures in vitro and post mortem, at least for DAT and VMAT2. However, there is human neuropathological evidence that suggests a profound loss of putaminal dopaminergic fibres after just four years of disease progression.24 The striking contrast between neuropathology (nearly absent fibres) and neuroimaging (approximately 50% of function preserved) could be due to heavy general compensatory changes in the terminal area of the nigrostriatal tract in PD, such as a broad up-regulation of dopaminergic function in vivo or a phenotypic down-regulation of dopaminergic fibre markers as measured post mortem.24 The discrepancy could also be due to methodological differences, as post mortem studies may underestimate dopaminergic function because of reduced tyrosine hydroxylase expression or rapid metabolism of dopamine in the post mortem brain.25, 26 Although there are differences in the detected magnitude of dopaminergic function between neuropathological and imaging studies, the trajectories of the decline appear similar. In any case, the present combined functional neuroimaging data show that there is relevant presynaptic dopamine metabolism in the striatum of PD patients several years after motor symptom onset, and there seems to be detectable function even after 20 years of disease progression.21

In all striatal regions, AADC function showed the smallest differences between PD patients and controls, followed by DAT and VMAT2, although there were no major differences in disease duration or severity between patients in the three groups (Table 1). Nevertheless, even with the high number of patients, the design of this meta-analysis was not optimal for the estimation of possible differences between AADC, DAT and VMAT2 function since the patients were mostly different in the three groups. With this caveat in mind, the present results can be considered to support studies that have suggested AADC up-regulation in PD although it should also be noted that AADC expression is broadly monoaminergic, not solely dopaminergic.  DAT down-regulation remains a possibility as well. DAT function has previously been reported to be down-regulated in PD as measured with [11C]-d-threo-methylphenidate and there are supporting post mortem data 25, 27, albeit the MPTP primate model has not indicated a differential regulation of DAT compared with VMAT2.28 It is possible that the specificity and pharmacokinetic profiles of tropane-structure DAT ligands (such as -CIT and FP-CIT) are not sufficient to detect the down-regulation in full (reviewed in 25), and DAT-multitracer studies in the same patients are needed in the future. There could be compensatory changes also in VMAT2 binding in relation to levels of synaptic dopamine (e.g.29), which complicates the picture even more and underlines the importance of directly comparative imaging studies.

Meta-regression analyses uncovered linear correlations between tracer binding and disease severity in PD, particularly in the caudate nucleus. Stronger correlations in the caudate than in the putamen could reflect a floor effect of putaminal dopamine function in PD. That is, the better preserved caudate nucleus function might have been able to show correlations with clinical parameters that were lost in the putamen due to earlier, more severe and already levelled dopaminergic defect.  Importantly, none of the meta-regressions suggested that the decline was non-linear. However, the majority of longitudinal studies supported a view that the decline is exponential. Many of the studies also reported larger declines on the ipsilateral side, which indirectly supports non-linearity. If the progression is linear, one would expect the rates of loss to be the same in the contra- and ipsilateral hemispheres. Instead, the ipsilateral putamen lags behind the contralateral putamen, and when the contralateral side has already reached a slower phase of progression, binding on the ipsilateral side is decreasing rapidly. The exponential decay model has its basis in a risk-based stochastic model, in which neurodegeneration occurs as a probabilistic event for each neuron depending on the risk. If the risk is time invariable, the number of neurons should decrease as an exponential function of time (a constant-risk model).30 Although the exponential shape of neurodegeneration may, at least partially, be artefactual and a result of lack of sensitivity at the extremes, a recent study with random effects modelling firmly supported the model31. An exponential decay can also be seen in animal models of PD such as the mouse 6-hydroxydopamine model and in models of hereditary neurodegeneration.32 Finally, the cardinal motor symptoms of PD also appear to behave non-linearly, with faster progression early in the disease than in later years.33 The exponential negative curve could, nevertheless, be the tail-end of a longer non-linear process that follows a sigmoid shape, as has been suggested to be the case for amyloid load in Alzheimer’s disease34. 

This meta-analysis included 3605 PD patients, but the median sample size of PD patients was no more than 15. This underlines the importance of quantitative meta-analyses that aim to increase the number of observations and the statistical power. As we used effect sizes, i.e., differences between PD patients and healthy controls as the primary variable of interest, much of the inter-study variation was eliminated, such as site-specific differences in methodology. Nevertheless, there remain several sources of uncertainty in the data that could not be removed. For instance, it is possible that different scanners, and more importantly PET and SPECT methodology, deviate in their ability to detect differences, albeit we did not observe differences in the DAT effects sizes of PET and SPECT. In addition, although not all studies reported the sexes of their subjects, one can see that a considerable portion of studies have not been able to match the healthy control group to the PD group according to sex, e.g., in VMAT2 studies the pooled male-to-female ratio of PD patients was 3.2 whereas the ratio in healthy controls was 0.65. Sex biases in the same direction were seen also in AADC and DAT studies. Given the sex-differences in the dopaminergic function and the clinical characteristics of PD35, 36, these biases can be considered a possible source of error that should be corrected in future imaging studies. Another noteworthy finding suggested publication biases, although minor ones, among AADC and DAT studies. There appears to be some inertia in publishing PD dopaminergic studies with weak statistical effects. Forest plots also indirectly support this, as the studies with the smallest samples tended to be those with the largest effect sizes (Supplementary Tables 4-6). 

In summary, the results of this study provide precise regional striatal estimates of presynaptic dopaminergic AADC, DAT and VMAT2 loss in patients with PD. The shape of the decline in longitudinal studies suggests a negative exponential decline. The results confirm the applicability of functional imaging in the evaluation of striatal dopaminergic degeneration in PD as patients had practically no overlap in binding values compared to healthy individuals. The results also imply that, due to a rapid decline and a floor effect of striatal dopamine function in early PD, striatal presynaptic dopaminergic functional imaging may be a suboptimal disease progression marker, at least when putaminal binding is concerned. Long-term follow-up studies in premotor patients are needed to investigate whether the apparent non-linear disease course has an initial slow progression, followed by an acceleration and a final slowing. This information will be important in our understanding of the neurodegenerative process and optimal time for interventions.
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Table 1. Summed demographic and clinical characteristics of the included studies. Mean values were weighted according to the number of subjects in each study.
	Target
	AADC
	DAT
	VMAT2

	
Tracers (n)
	6-[18F]fluoro-L-dopa
	66
	[123I]FP-CIT
	28
	[18F]AV-133
	6

	
	[-11C]-L-DOPA
	1
	[123I]-CIT
	23
	[11C]DTBZ
	5

	
	
	
	[18F]FP-CIT
	10
	
	

	
	
	
	[11C]-CIT
	3
	
	

	Studies (n)
	67
	64
	11

	PD samples (n)
	78
	66
	13

	PD patients (n)
	1419
	1799
	387

	Healthy controls (n)
	959
	1197
	196

	Age of PD patients (years), mean (range)
	59 (47-68)
	62 (44-78)
	63 (53-69)

	Male/female ratio of PD patients (studies that reported sexes)
	1.9
	1.5
	3.2

	Age of healthy controls (years), mean (range)
	56 (29-82)
	60 (36-75)
	61 (55-67)

	Male/female ratio of healthy controls
	1.2
	0.91
	0.65

	Duration of PD (years), mean (range)A
	5.9 (1.2-18)
	3.8 (0.60-21)
	6.6 (1.9-16)

	Motor UPDRS score, mean (range)
	26 (9.0-50)
	22 (9.9-37)
	23 (7.3-46)

	Hoehn and Yahr score, mean (range)
	2.2 (1.0-4.1)
	1.9 (1.0-3.6)
	2.2 (1.0-4.6)


AFrom motor symptom onset, diagnosis, or not specified
Table 2. Regional effect sizes (Hedges’ g) in the putamen and the caudate nucleus, relative differences and heterogeneity (I2). 
	Target 
	Region
	N
Samples/
Subjects
	Effect Size

	CI 95%
	Z
	P-value
	Diff
(%)C
	I2 (%)

	



AADC 
	Put Post M
	14/463
	4.10
	3.01-5.19
	8.1
	<0.001
	57.9
	80.6

	
	Put M
	61/1976
	3.98
	3.60-4.35
	21.3
	<0.001
	52.7
	77.9

	
	Put CB
	14/444
	3.52
	2.74-4.31
	9.7
	<0.001
	50.5
	71.6

	
	Put Ant M
	14/463
	2.96
	2.32-3.60
	10.0
	<0.001
	42.8
	73.5

	
	Put IB
	12/396
	2.32
	1.62-3.03
	7.3
	<0.001
	38.8
	70.7

	
	Cau M
	60/2004
	1.72
	1.52-1.93
	17.1
	<0.001
	25.0
	67.6

	
	Cau CA
	14/430
	1.50
	1.03-1.97
	6.9
	<0.001
	19.4
	64.1

	
	Cau IA
	12/382
	0.92
	0.50-1.34
	4.8
	<0.001
	13.2
	52.5

	



DAT 

	Put Post M
	13/576
	4.29
	3.22-5.36
	8.7
	<0.001
	63.9
	85.0

	
	Put CB
	20/947
	4.15
	3.56-4.75
	14.7
	<0.001
	59.6
	83.0

	
	Put M
	42/2071
	3.67
	3.26-4.07
	18.3
	<0.001
	54.7
	84.0

	
	Put IB
	19/898
	3.29
	2.73-3.84
	12.4
	<0.001
	51.8
	79.4

	
	Put Ant M
	13/576
	3.17
	2.60-3.75
	12.0
	<0.001
	49.3
	67.6

	
	Cau M
	50/2404
	2.07
	1.81-2.33
	15.8
	<0.001
	34.9
	74.8

	
	Cau CA
	24/1084
	2.26
	1.82-2.71
	10.5
	<0.001
	37.2
	79.8

	
	Cau IA
	23/1035
	1.89
	1.52-2.27
	10.6
	<0.001
	32.3
	72.1

	


VMAT2
	Put Post M
	9/281
	5.31
	3.96-6.67
	9.0
	<0.001
	77.0
	76.8

	
	Put M
	3/172
	4.43
	0.89-7.97
	5.4
	<0.001
	63.2
	79.7

	
	Put Ant M
	9/281
	3.74
	2.68-4.80
	8.1
	<0.001
	59.3
	76.8

	
	Cau M
	12/453
	2.21
	1.62-2.80
	8.3
	<0.001
	42.8
	80.7

	
	Cau CA
	5/167
	2.13
	0.78-3.48
	4.4
	<0.001
	45.4
	83.3

	
	Cau IA
	5/167
	1.58
	0.40-2.75
	3.7
	<0.001
	35.7
	80.7


A Compared to mean caudate values in controls 
B Compared to mean putamen values in controls
C Weighted differences between healthy controls (HC) and PD patients (SBRHC-SBRPD)/(SBRHC/100)
Put = Putamen, Cau = Caudate nucleus, Post = Posterior, Ant = Anterior, M = Mean of left and right hemisphere, C = Contralateral hemisphere, I = Ipsilateral hemisphere 





Table 3. Linear meta-regression results for mean putamen and caudate binding values. Posterior putamen binding values were used for VMAT2. Meta-regressions are reported between moderators and effects sizes (differences between PD patients and healthy controls in the same study).
	Target
	Brain region
	Moderator
	Coefficients and significance

	
	
	
	 (95% CI)
	p-value

	



AADC
	

Putamen
	Age
	0.04 (-0.04-0.12) 
	0.35

	
	
	Disease duration
	0.22 (0.15-0.29) 
	<0.001

	
	
	Motor UPDRS
	0.08 (0.04-0.12) 
	<0.001

	
	
	HY stage
	0.92 (0.36-1.48) 
	0.001

	
	

Caudate
	Age
	0.004 (-0.04-0.05)
	0.86

	
	
	Disease duration
	0.13 (0.09-0.17)
	<0.001

	
	
	Motor UPDRS
	0.04 (0.01-0.07) 
	0.002

	
	
	HY stage
	0.63 (0.31-0.96) 
	0.001

	



DAT
	

Putamen
	Age
	-0.004 (-0.07-0.07)
	0.91

	
	
	Disease duration
	0.09 (-0.03-0.21) 
	0.13

	
	
	Motor UPDRS
	0.004 (-0.08-0.09) 
	0.93

	
	
	HY stage
	0.32 (-0.46-1.09), 
	0.40

	
	

Caudate
	Age
	0.003 (-0.04-0.04)
	0.88

	
	
	Disease duration
	0.15 (0.07-0.22)
	<0.001

	
	
	Motor UPDRS
	0.03 (-0.02-0.07)
	0.23

	
	
	HY stage
	0.67 (0.17-1.17)
	0.006

	



VMAT2
	

Putamen
	Age
	-0.01 (-0.27-0.24) 
	0.89

	
	
	Disease duration
	0.07 (-0.21-0.35) 
	0.57

	
	
	Motor UPDRS
	0.006 (-0.12-0.14) 
	0.91

	
	
	HY stage
	-0.02 (-1.54-1.50) 
	0.97

	
	

Caudate
	Age
	-0.004 (-0.14-0.13)
	0.94

	
	
	Disease duration
	0.11 (-0.06-0.27)
	0.14

	
	
	Motor UPDRS
	0.06 (0.01-0.10)
	0.002

	
	
	HY stage
	0.52 (-0.05-1.09) 
	0.03




Figure Legends

Figure 1. Flow chart of study inclusion and exclusion. 

Figure 2. Regional pooled summary effect sizes (Hedges’ g) with 95% confidence intervals and the number of studies/subjects (PD + controls) for each region. Fcx = Frontal cortex, Cau = Caudate nucleus, Ipsi = Ipsilateral to predominant motor symptoms, Contra = Contralateral to predominant motor symptoms, Put = Putamen, Str = Striatum, Ant = Anterior, Post = Posterior.

Figure 3. Meta-regressions between putamen effect sizes (Hedges’ g) and disease duration, Hoehn and Yahr stage and motor UPDRS score. AADC (A, D, G), DAT (B, E, H) and VMAT2 (C, F, I). The size of the circle denotes the weight of the study in the analysis. Linear and non-linear second-degree fitted line plots are shown. In none of the analyses was the second-degree term significant. 

Figure 4. Relative decline of uptake in relation to disease duration in longitudinal AADC PET studies that reported mean values for the entire putamen. N indicates the combined number of PD patients and controls
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