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A B S T R A C T   

Dopamine decline is suggested to underlie aging-related cognitive decline, but longitudinal examinations of this 
link are currently missing. We analyzed 5-year longitudinal data for a sample of healthy, older adults (baseline: n 
= 181, age: 64–68 years; 5-year follow-up: n = 129) who underwent positron emission tomography with 11C- 
raclopride to assess dopamine D2-like receptor (DRD2) availability, magnetic resonance imaging to evaluate 
structural brain measures, and cognitive tests. Health, lifestyle, and genetic data were also collected. A data- 
driven approach (k-means cluster analysis) identified groups that differed maximally in DRD2 decline rates in 
age-sensitive brain regions. One group (n = 47) had DRD2 decline exclusively in the caudate and no cognitive 
decline. A second group (n = 72) had more wide-ranged DRD2 decline in putamen and nucleus accumbens and 
also in extrastriatal regions. The latter group showed significant 5-year working memory decline that correlated 
with putamen DRD2 decline, along with higher dementia and cardiovascular risk and a faster biological pace of 
aging. Taken together, for individuals with more extensive DRD2 decline, dopamine decline is associated with 
memory decline in aging.   

1. Introduction 

Among the multitude of changes taking place in the aging brain, 
dopamine (DA) decline is suggested to be a major determinant of aging- 
related cognitive decline (Bäckman et al., 2006). Cross-sectional studies 
have shown that (i) normal aging is associated with reductions in 
various DAmarkers, including DA receptors (Karrer et al., 2017), and (ii) 
higher DA system integrity is associated with better cognitive perfor-
mance (Bäckman et al., 2006). Virtually all current knowledge on the 

role of DA in cognitive processes emanates from cross-sectional work, 
which may yield both over- and underestimations of within-person 
decline in brain and cognitive parameters, and their relationships in 
aging (Raz and Lindenberger, 2011). In fact, Raz and Lindenberger 
argued that even perfect cross-sectional studies cannot illuminate the 
causal structure of longitudinal change. Hence, in the absence of lon-
gitudinal evidence, the link between DA decline and cognitive distur-
bances remains tentative and needs to be validated in a longitudinal 
setting. The Cognition, Brain, and Aging (COBRA) study recently 
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provided 5-year longitudinal evidence for DA D2-like receptor (DRD2) 
losses in several associative brain regions (Karalija et al., 2022), 
including the striatum, hippocampus, orbitofrontal cortex (OFC), and 
anterior cingulate cortex (ACC). Here, we assess the cognitive implica-
tions of individual differences in regional DRD2 decline rates in aging. 

The concept of brain maintenance is defined as the relative absence of 
detrimental brain changes that allow some individuals to go through the 
later decades of life with relatively spared cognitive functions (Nyberg 
et al., 2012). The preservation of DA system integrity has been suggested 
to constitute an integral part of brain maintenance, and preserved 
youth-like integrity across dopaminergic pathways was found to char-
acterize high-performing older individuals (Rieckmann et al., 2011). 
Furthermore, pharmacological augmentation of DA tone and DA re-
ceptor stimulation improve memory performance (Luciana and Collins, 
1997; Sawaguchi and Goldman-Rakic, 1994). DRD2 availability has 
been positively associated with performance in several age-sensitive 
functions, including episodic memory, working memory, executive 
functions, and processing speed (Bäckman et al., 2000; Lövden et al., 
2018; Nyberg et al., 2016; Takahashi et al., 2008). Several mechanisms 
by which DRD2s may modulate cognitive processes have been sug-
gested, including gating of striato-cortical circuits (O’Reilly, 2006) and 
modulation of ventral tegmental-hippocampal interactions (Lisman and 
Grace, 2005) or hippocampal-cortical interactions (Takahashi et al., 
2008). 

The shortage of longitudinal studies has hindered assessments of 
whether DA decline in specific brain regions is associated with deficits in 
specific cognitive functions. Longitudinal findings from the COBRA 
study have demonstrated that individuals declining in working memory 
performance over 5 years have reductions in prefrontal functional 
activation patterns and caudate DRD2 levels (Nyberg et al., 2022), but 
cognitive implications of the extent of DRD2 losses, i.e. when decline is 
limited versus spanning over several brain regions, have thus far not 
been investigated. Conceivably, striatal and extrastriatal DRD2 decline 
may impair fronto-striatal functions, e.g., working memory (Salami 
et al., 2018), as well as hippocampus-based functions, e.g. episodic 
memory (Nyberg et al., 2016). Yet another important gap in our 
knowledge is the specific contribution of DA decline to aging-related 
cognitive reductions (i.e., does DA decline account for variance in 
cognitive decline above and beyond other co-occurring aging-related 
brain changes?). Lack of multimodal DA studies has hampered such 
investigations. To exemplify, vascular insult is associated with acceler-
ated DA decline in normal aging (Karalija et al., 2022), and with exac-
erbated memory decline and dementia incidence (Farnsworth von 
Cederwald et al., 2022). 

The present work used data from the longitudinal COBRA study to 
assess whether more marked 5-year DRD2 reductions are associated 
with cognitive decline, and vice versa whether preservation of DRD2 
levels is associated with cognitive stability. Heterogeneity in DA integ-
rity has been found to impact the DA-cognition link (Lövden et al., 
2018). Moreover, exacerbated DA decline was observed in multiple 
brain regions, including dorsal and ventral striatum, hippocampus and 
cingulate cortex, in unsuccessful cognitive agers (i.e. those with mild 
cognitive impairment and dementia (Sala et al., 2021). To capture het-
erogeneity, we employed a data-driven approach to identify groups that 
differed maximally in the regional patterns of DRD2 decline. Thereafter, 
we assessed cognitive performance and DRD2-cognition links within 
these groups. In addition, we explored potential risk factors for DRD2 
decline, and examine whether these differed between the identified 
groups. Based on the original hypothesis that “age-related DA losses are 
associated with age-related cognitive deficits” (Bäckman et al., 2006), 
we predicted that individuals with more pronounced DRD2 decline (e.g., 
across several DA pathways) would display reductions in cognitive 
functions (episodic memory, working memory, and/or perceptual 
speed), such that more DRD2 loss related to greater cognitive decline. 

2. Material and methods 

This study was approved by the Swedish Ethical Review Authority 
(Umeå, Sweden; registration number: 2012–57-31 M), and carried out in 
accordance with the Declaration of Helsinki. Written informed consent 
was obtained from participants prior to any testing. 

2.1. Sample 

The original sample consisted of 181 healthy, older adults (100 men, 
81 women; ages: 64–68 years) from Umeå in northern Sweden. Exclu-
sion criteria were dementia and other neurological or psychiatric dis-
orders, previous stroke or head trauma, and ongoing treatment for 
diabetes and cancer. Approximately 70 % of the baseline sample 
returned for the 5-year follow up (69 men, 60 women; ages: 69–73 years, 
mean: 71.2 ± 1.2). At both data collection waves, participants under-
went positron emission tomography (PET) with 11C-raclopride, mag-
netic resonance imaging (MRI), cognitive assessments, and collection of 
health and lifestyle factors. Blood sampling, allowing genetic assess-
ment, was performed at baseline only. The test battery, exclusion 
criteria, a priori statistical power analyses, and attrition have been 
described in detail elsewhere (Karalija et al., 2022; Nevalainen et al., 
2015). The exact duration between test waves was 60.1 ± 0.6 months 
for PET and 60.0 ± 0.4 months for MRI. These minor deviations from the 
planned 5-year interval in between test waves were not considered in 
the statistical analyses. 

2.2. Brain imaging – acquisition and analyses 

The same scanners and protocols were used at both data-collection 
waves. MRI was performed with a 3 tesla Discovery MR 750 scanner 
(General Electric, WI, US), equipped with a 32-channel phased-array 
head coil. PET data were acquired with a Discovery PET/CT 690 (Gen-
eral Electric, WI, US) and 11C-raclopride. 

2.2.1. Regional volumes 
T1-weighted images (176 slices with thickness 1.0 mm) were ob-

tained with an FSPGR sequence with echo time: 3.2 ms, flip angle: 12◦, 
repetition time: 8.19 ms, inversion time: 450 ms, field of view: 25 cm 
with resolution 0.98 mm (isotropic) upsampled to 0.49 mm. Estimates of 
grey matter (GM), white matter (WM), and lateral ventricle size were 
derived from T1-weighted images with the longitudinal image pro-
cessing pipeline in Freesurfer (version 6.0). Cortical parcellation was 
obtained with the Desikan-Killany atlas (Desikan et al., 2006). 
MRI-incompatible factors hindered three participants to undergo MRI at 
follow-up. 

2.2.2. DRD2 availability 
A 55-min, 18-frame dynamic PET scan was acquired during rest 

following intravenous bolus injection of approximately 250 MBq 11C- 
raclopride (baseline: 263.5 ± 19.0 MBq; follow-up: 260.2 ± 15.0 MBq). 
Attenuation- and decay-corrected images (47 slices, field of view = 25 
cm, 256 × 256-pixel transaxial images, voxel size = 0.977 × 0.977 ×
3.27 mm3) were reconstructed with the iterative VUE Point HD-SharpIR 
algorithm (GE; 6 iterations, 24 subsets, 3.0 mm post filtering; FWHM: 
3.2 mm). PET images were motion-corrected and co-registered with the 
structural T1-weighted images from the corresponding session (baseline 
or follow-up) using the Statistical Parametric Mapping software 
(SPM12). For those who did not undergo MRI at follow-up (n = 3), PET 
images from both time points were co-registered with the baseline T1 
image. The mean of the first five frames was used as source for co- 
registration. DRD2 availability (binding potential; BPND) was esti-
mated with correction for partial-volume effects (PVE) using the sym-
metric geometric-transfer matrix implemented in Freesurfer (Greve 
et al., 2016). The size of the secondary correction kernel (point-spread 
function (PSF) of 2.5 mm; isotropic) was guided by earlier work (Smith 
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et al., 2019). In brief, Freesurfer segmentations and PET data were used 
to estimate PVE-corrected regional radioactivity concentrations in each 
ROI and time frame. PVE-corrected BPND estimates were calculated with 
the multilinear reference-tissue model (MRTM) on dynamic 
PVE-corrected data, with cerebellar GM as the reference region. 
BPND–values at both waves were standardized to Z-scores, using the 
mean value and standard deviation for the whole baseline sample. By so 
doing, we gain information on how DRD2 levels changes in relation to 
the original distribution. 

2.2.3. Perfusion 
3D pseudo-continuous arterial spin labeling (3D pcASL) was ac-

quired with a five-pulse background suppression scheme and spiral 
readout (type: 3D fast spin-echo interleaved stack-of-spirals). Details for 
the GE pcASL pulse sequence, including the arterial labeling strategy, 
have been described previously (Mutsaerts et al., 2014). TR: 4.68 s and 
TE: 10.53, Labeling time: 1.5 s, post-labeling delay time: 1.5 s, field of 
view: 24 cm, slice thickness: 4 mm, acquisition resolution: 8 × 512 (arms 
x data points), with the number of averages set at 3. Total scanning time 
was 5 min, providing whole-brain perfusion in ml/100 g/min. Recon-
structed voxel size was 1.875 × 1.875 × 4 mm3. Quantitative perfusion 
maps were calculated using a post-processing tool installed in the 
scanner host environment (software version: DV26.0_R01_1725.a). 
Mean perfusion in total GM (via Freesurfer segmentation) was computed 
as the average of the individual perfusion estimates weighted by 
volume. 

2.2.4. White-matter lesions 
WM hyperintensities were segmented from FLAIR images (48 slices, 

slice thickness: 3 mm, TE: 120 ms, TR: 8000 ms, and field of view: 24 x 
24 cm). In-plane resolution was 0.94 x 0.94 mm, upsampled to 0.469 x 
0.469 mm. Segmentation was performed with the lesion-growth algo-
rithm in the LST toolbox version 2.0.14 for SPM12 (Schmidt et al., 
2012). The algorithm segmented the T1-weighted images into three 
main tissue classes (cerebrospinal fluid, GM, and WM). This information 
was combined with the co-registered FLAIR intensities to calculate 
lesion-belief maps. Maps were thresholded (κ = 0.3, defined by visual 
inspection) to obtain an initial binary lesion map. Lesion maps were then 
grown along hyperintense neighboring voxels in the FLAIR image, and 
thresholded at 50 % to yield a binary lesion map. From this, the total 
volume (ml) was obtained. Lesion maps were visually inspected and 
graded according to the Fazekas scale (Fazekas et al., 1987). We found 
that increasing lesions severity grade corresponded well with segmented 
lesion volumes (wave 1: 1.2 ± 1.0 ml for Fazekas grade 1, 3.0 ± 1.7 ml 
for grade 2, 5.3 ± 1.8 ml for grade 3; wave 2: 1.8 ± 1.4 ml for Fazekas 
grade 1, 4.2 ± 2.9 ml for grade 2, 10.1 ± 4.1 ml for grade 3, p-values 
<0.001 for between-group comparisons) and we thus concluded that the 
algorithm delineated lesions accurately. 

2.3. Cognition 

Participants performed the Mini-Mental State Examination (MMSE), 
in which a minimum of 27 points (out of max: 30 points) was required 
for study inclusion at baseline (but not at follow-up). The main cognitive 
domains in COBRA are episodic memory, working memory, and 
perceptual speed (Nevalainen et al., 2015). Episodic memory was 
assessed with tests of word recall, number-word recall, and 
object-position recall. Working memory was tested with a 
letter-updating task, a columnized numerical 3-back task, and a 
spatial-updating task. Perceptual speed was assessed with letter-, num-
ber-, and figure-comparison tasks. Tests were repeated for reliability. 
Outcome measures were number of correct answers for episodic mem-
ory and working memory, and total number of correct responses per 
minute for perceptual speed tasks. For each of the nine tests, scores were 
summarized across the total number of blocks or trials, and then stan-
dardized (Z-score; with mean value and standard deviation for the whole 

baseline sample). Z-scores for the three tasks per ability were then 
averaged to create composite scores for episodic memory, working 
memory, and speed at baseline and follow-up, respectively. Previous 
modelling examined the factor structure reflected by the 9 cognitive 
measures (3 each for episodic memory, working memory, and speed), 
and found a good fit along with moderate-to-high and reliable factor 
loadings (Nevalainen et al., 2015). 

2.4. Lifestyle, health, and genetic assessments 

History of known disorders, medicine consumption, smoking, and 
physical activity were documented (Nevalainen et al., 2015). Blood 
pressure was measured in a sitting position. ApoE ε4 status was analyzed 
from blood samples (Lövden et al., 2018). DNA methylation was 
analyzed with Infinium MethylationEPIC BeadChip (at Bioinformatic 
and Expression Analysis core facility, Karolinska Institutet, Stockholm, 
Sweden). DNA methylation data were used to calculate DunedinPACE 
(see supplementary material) - a biomarker of biological aging (Belsky 
et al., 2022). A score of 1 indicates that biological age corresponds to 
chronological age, a score >1 indicates accelerated aging, and a score 
<1 reflects slowed biological aging. Two composite risk scores were 
calculated. One estimated the probability of 10-year cardiovascular 
disease event using an algorithm from the Framingham Heart Study 
(D’Agostino et al., 2008). The other assessed risk for dementia, using an 
algorithm developed in the Cardiovascular Risk Factors, Aging, and 
Dementia (CAIDE) study (Kivipelto et al., 2006). Both risk scores have 
been associated with cognitive decline and dementia risk previously 
(Farnsworth von Cederwald et al., 2022; Kivipelto et al., 2006). Vari-
ables that are part of both scores include systolic blood pressure, BMI, 
age, and sex. The dementia score further considers ApoE ε4 status, ed-
ucation, and physical activity (where active is defined as a minimum of 
2 h of physical activity per week). 

2.5. Statistical analyses 

For all brain, behavioral and health variables, univariate outliers 
were defined as > 3.29 SD from the mean at each timepoint (Tabachnick 
and Fidell, 2013), and multivariate outliers were defined according to 
Mahalanobis Distance (p < 0.001). To achieve normal distributions, 
univariate outliers were excluded as pairwise deletions and multivariate 
outliers as listwise deletions, respectively. Exclusions for WM lesions 
and GM perfusion were performed twice, due to remaining outliers after 
the first round of exclusions. The effective sample for analyses (baseline 
and follow-up sessions) ranged between 120 and 128 for brain variables, 
126–129 for cognitive variables, and 126–129 for lifestyle and health 
variables. Descriptive data are presented as mean or sum (over the left 
and right hemispheres for brain data), standard deviations (SDs), and 
frequencies. Regional DRD2 availability is presented as mean values 
over the left and right hemispheres. Change for DRD2 and cognition was 
defined as the difference between follow-up and baseline (Zfollow-up – 
Zbaseline). Analyses were performed with SPSS (version 27), the graphical 
modelling software Ωnyx (http://onyx.brandmaier.de/) (von Oertzen 
et al., 2015), and MATLAB. Alpha level for all tests was p < 0.05, and we 
provide information on significance after Bonferroni correction. 

The primary regions-of-interest (ROIs) encompassed regions where 
5-year DRD2 losses were observed (Karalija et al., 2022), i.e., putamen, 
caudate, nucelus accumbens, hippocampus, OFC, and ACC. The cortical 
ROIs included lateral and medial divisions for OFC, and rostral and 
caudal anterior divisions of ACC. Despite the low signal-to-noise ratio 
and questions of suitability for measurements in low-density DRD2 re-
gions (Farde et al., 1988; Svensson et al., 2019), an increasing amount of 
evidence speak for the reliability and validity for extrastriatal 
11C-raclopride measurements (Alakurtti et al., 2015; Karalija et al., 
2019a; Papenberg et al., 2019). K-means cluster analysis was chosen as 
the method for group delineation according to DRD2 change which does 
not require neither normal distribution assumptions nor selection of 
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linkage type, and K-means clustering readily lends itself to evaluation 
using the silhouette method. Thus, a comparison of clustering solutions, 
with k varying between 2 and 6, was performed via silhouette evalua-
tion, which supported a solution with two groups (see Supplementary 
Fig. 1). Group comparisons were assessed by means of analysis of vari-
ance (ANOVA) or independent samples t-tests. Change over time was 
assessed with paired-sample t-tests. 

In analyses of the DRD2-cognition link, we first focused on striatal 
DRD2 decline and cognitive functions showing aging-related decline, i. 
e., working memory (see Table 2). Striatum-focused analyses were 
complemented with models considering mean DRD2 decline over the six 
regions. In addition, outcomes for extrastriatal ROIs are presented in 
Supplementary Fig. 2. Associations between changes in DRD2 and 
cognition were assessed with multivariate regression and bivariate 
difference-score models. The latter allow for assessment of baseline- 
baseline, baseline-change, and change-change correlations. In the 
difference-score model (see Fig. 2B) rectangles represent measured 
variables and the circle represents change. The obtained parameters 
include variances and standardized covariances (i.e., correlations). Z- 
values of >1.96 or <–1.96 indicate statistical significance at p < 0.05. 
Covariates in the multivariate regression models were age, sex, and 
education. Linear associations are reported with Pearson’s correlation 
coefficient (r). The values in the scatter plot in Figure 2B are standard-
ized residuals for age, sex, and education. To test for the influence of 
other significant brain changes on the DRD2-cognition association, 
multivariate regression models were repeated with GM perfusion and 
caudate atrophy as additional covariates (as these were the only mea-
sures for which a between-group difference was observed; see Table 1). 

3. Results 

3.1. Individual differences in patterns of aging-related DRD2 losses 

The k-means analysis suggested two separate groups, where the first 
group (n = 47) consisted of individuals with significant DRD2 decline in 
the caudate (t(46) = 4.9, p < 0.001; “caudate-specific decliners”; Fig. 1). 
These individuals were spared from extrastriatal DRD2 losses, and 
showed positive DRD2 change for OFC (t(46) = 6.6, p < 0.001). Mean 
DRD2 change across the six regions was negligible for this group (Z =
0.01 ± 0.32, p = 0.882; Fig. 2A). The second group (n = 72) is referred 
to as “broad-ranged DRD2 decliners”, as these individuals were charac-
terized by DRD2 decline in putamen, nucleus accumbens, and in the 
extrastriatal regions (Fig. 1), which translated into significant mean 
DRD2 decline across the ROIs (Z = –0.44 ± 0.38, p < 0.001; Fig. 2A). 
Notably, caudate DRD2 change was significantly lower at baseline for 
the broad-ranged DRD2 decliners, as compared to the caudate-specific 
decliners (F(1,117)= 7.3; p = 0.008). Caudate DRD2 change was, 
however, negligible for the broad-ranged DRD2 decliners (Fig. 1). The 
Bonferroni-adjusted p-threshold for 14 t-tests is p = 0.004 (12 compar-
isons for 6 ROIs for two groups in Fig. 1B; and 2 comparisons for average 
DRD2 for two groups in Fig. 2A). All the reported DRD2 changes had p- 
values < 0.002 and thus survived Bonferroni correction. Between-group 
comparisons (analyzed within one model) revealed significant differ-
ences for DRD2 change across most regions (F(6, 112)= 35.2, p <
0.001), except for putamen and ACC (p > 0.20; Fig. 1B). 

Next, we investigated whether the groups differed in other brain 
measures (Table 1). Overall, no significant group differences were found 
for brain volumes, grey-matter perfusion, or white-matter lesion burden 
at baseline. The 5-year declines in caudate volumes and GM perfusion 
were significantly greater for the broad-ranged DRD2 decliners. It 
should however be noted that these group-differences did not survive 
Bonferroni correction, and thus, DRD2 decline groups were deemed 
comparable in terms of atrophy and cerebrovascular measures. 

3.2. Memory decline in individuals with broad-ranged DRD2 decline 

For the whole sample, significant decline in MMSE performance was 
observed (mean:-0.51 ± 1.27, t(127) = 4.5, p < 0.001), whereas 5-year 
cognitive changes were modest (Table 2) with significant mean change 
for working memory (t(127) = 2.4, p = 0.018; but p > 0.05 after Bon-
ferroni correction for 9 comparisons, i.e. 3 groups and 3 main cognitive 
domains). Group-specific analyses revealed that both DRD2 groups 
declined in MMSE performance (caudate-specific decliners: –0.38 ± 1.21, 
t(46) = 2.2, p = 0.035; broad-ranged decliners: –0.44 ± 1.13, t(70) =
3.3, p = 0.002), whereas working-memory decline was restricted to the 
broad-ranged DRD2 decliners (t(71) = 2.8, p = 0.006; p = 0.05 after 
Bonferroni correction), and not observed in caudate-specific DRD2 de-
cliners (Table 2; Fig. 2A). Between-group differences were non- 
significant (working memory: t(116) = 1.7, p = 0.089; episodic memory: 
t(114) = 0.5, p = 0.309; perceptual speed: t(114) = 0.4, p = 0.342; 
MMSE: t(116) = 0.2, p = 0.403). Decline was not correlated across the 
cognitive domains (whole sample: rs = –0.09 to –0.05; caudate-specific 
DRD2 decliners: rs = –0.01 to 0.08; broad-ranged DRD2 decliners: 
rs = –0.18 to –0.09; all p-values>0.05). 

3.3. DRD2-memory relations for broad-ranged DRD2 decliners 

We assessed DRD2-cognition associations via multivariate regression 

Table 1 
Structural and vascular brain integrity for caudate-specific and broad-ranged 
dopamine D2-receptor (DRD2) decliners.   

Caudate-specific 
DRD2 decliners 

Broad-ranged DRD2 
decliners 

p 

Baseline      
Putamen volume (ml)  4.73 (0.61)  4.65 (0.50) 0.418 
Caudate volume (ml)  3.62 (0.52)  3.58 (0.49) 0.689 
Accumbens volume 

(ml)  
0.58 (0.10)  0.56 (0.09) 0.343 

Hippocampus volume 
(ml)  

3.96 (0.33)  3.89 (0.42) 0.274 

ACC volume (ml)  4.27 (0.66)  4.17 (0.64) 0.393 
OFC volume (ml)  13.31 (1.54)  13.05 (1.33) 0.339 
Lateral ventricle 

volume (ml)  
29.05 (13.27)  31.53 (13.88) 0.335 

Total grey matter 
volume (ml)  

629.57 (52.53)  629.73 (53.50) 0.988 

Total white matter 
volume (ml)  

436.70 (54.12)  442.97 (57.25) 0.550 

Grey matter perfusion 
(ml/100 g/min)  

41.34 (10.06)  39.00 (8.30) 0.168 

Total white-matter 
lesion volume (ml)  

1.69 (1.36)  2.05 (1.86) 0.134 

5-year change      
Putamen volume (%)  –1.80 (3.08)  –2.81 (3.70) 0.127 
Caudate volume (%)  0.05 (3.91)  –1.52 (3.90) 0.035* 
Accumbens volume (%)  –0.80 (2.09)  –1.24 (1.76) 0.213 
Hippocampus volume 

(%)  
–2.17 (3.53)  –3.09 (3.44) 0.165 

ACC volume (%)  –0.77 (2.07)  –0.77 (2.07) 0.565 
OFC volume (%)  –0.65 (2.84)  –1.00 (2.13) 0.079 
Lateral ventricle 

volume (ml)  
18.12 (9.91)  18.87 (10.01) 0.693 

Total grey matter 
volume (%)  

–1.38 (1.69)  –1.86 (1.62) 0.125 

Total white matter 
volume (%)  

–2.93 (1.32)  –3.23 (1.42) 0.243 

Grey matter perfusion 
(%)  

–4.71 (14.89)  –11.52 (17.52) 0.033* 

White-matter lesion 
expansion (ml)  

1.15 (1.22)  1.53 (1.45) 0.144 

Note: Regional volumes are presented as mean values over left and right 
hemisphere. Total grey- and white matter, lateral ventricles, and white-matter 
lesion volumes are presented as sums over hemispheres. 
* p < 0.05 for two-tailed tests (but non-significant after Bonferroni correction, p 
= 0.05/22 comparisons). 
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models. Analyses in the whole sample revealed no linear associations 
between striatal DRD2 and memory changes (putamen: F(2,112)=2.4, 
p = 0.091; caudate: F= 1.1, p = 0.333; nucleus accumbens: F= 0.1, 
p = 0.948), nor between mean DRD2 and memory changes (F(2, 109)=
2.0, p = 0.146). As minimal cognitive changes were observed for the 
caudate-specific DRD2 decliners, DRD2-cognition change analyses are 
not meaningful for this group. 

In the broad-ranged DRD2 decliners - showing pronounced DRD2 as 
well as memory decline - significant associations were found between 
putamen DRD2 decline and memory performance (F(2, 66)= 4.3, 
p = 0.017), and particularly for working memory (F(1,67)=5.3, 
p = 0.024; Fig. 2B). Associations in broad-ranged DRD2 decliners were 
positive, indicating that accelerated DRD2 loss was associated with 
greater decline in working memory performance. No significant asso-
ciations were found for DRD2 change across all six regions (F(2,66)=
2.7, p = 0.072), for nucleus accumbens (F(2,66)= 0.9, p = 0.420), or the 
three extrastriatal ROIs (F(2,66)= 0.5 to1.9, p-values >0.05 for hippo-
campal, OFC, and ACC models; see Supplementary Fig. 2) in relation to 
memory changes. Finally, the influence of other significant between- 
group brain differences (Table 1) was tested on the DRD2-memory as-
sociations. Inclusion of changes in caudate volume and GM perfusion as 
additional covariates in the multivariate regression model did not alter 
the main finding for broad-ranged DRD2 decliners (Fig. 2B; putamen 

DRD2–working memory: F(1,59)= 10.3, p = 0.002, r = 0.39). 

3.4. Risk factors for DRD2 and cognitive decline 

We compared the DRD2 decline groups for health, lifestyle, and 
genetic factors at study entrance (Table 3). Groups were similar in terms 
of chronological age and education; however, the broad-ranged DRD2 
decliners were characterized by faster biological pace of aging (Dun-
edinPACE; t(117) = 2.5; p = 0.015), and higher composite risk scores of 
imminent cardiovascular disease (t(117) = 2.3; p = 0.022) and demen-
tia (t(114) = 2.0; p = 0.049). 

Significant associations were found between cardiovascular disease 
and dementia risk scores (whole sample: r = 0.36; broad-ranged DRD2 
decliners: r = 0.48; p-values<0.001), but not between biological pace of 
aging and cardiovascular disease risk (whole sample: r = 0.11; broad- 
ranged DRD2 decliners: r = 0.05 p-values>0.05), or between biological 
pace of aging and dementia risk (whole sample: r = 0.08; broad-ranged 
DRD2 decliners: r = 0.01 p-values>0.05). 

4. Discussion 

The present longitudinal study tested the hypothesized correlative 
triad among aging, DA, and cognition. Based on previous evidence for 
heterogeneity in DRD2-cognition associations (Lövden et al., 2018), a 
data-driven analysis of rate of DRD2 decline identified two sub-groups. 
First, individuals with broad-ranged DRD2 decline that spanned across 
nigrostriatal, mesolimbic, and mesocortical DA pathways were found to 
exhibit modest yet significant decline in working-memory performance, 
and a significant change-change association was found between DRD2 
decline in the putamen and working memory decline. Second, cognitive 
stability was found to characterize older individuals for whom DRD2 
decline was restricted to the caudate. 

The DA-cognition hypothesis is one of the most influential theories in 
the cognitive neuroscience of aging (Bäckman et al., 2006; Karrer et al., 
2017). So far, testing of this hypothesis has been done in cross-sectional 
studies with limited sample sizes. The present longitudinal work shows 
that DRD2 reduction is associated with aging-related memory changes, 
even when memory changes are subtle. The COBRA study had strict 
exclusion criteria at baseline, which led to recruitment of a sample that 
is healthier than the average population of this age segment (Nevalainen 
et al., 2015). Moreover, individuals with poorer health and lower 
cognitive performance dropped out from the follow-up data collection 
(Karalija et al., 2022), as is typical for longitudinal studies (Lindenberger 
et al., 2002). The small magnitude of cognitive changes may be a result 
from factors such as good health, selective attrition, relatively short 
follow-up times, test-retest effects, and influence of measurement error 
on true variance in change. 

The identified groups with caudate-specific versus broad-ranged 
DRD2 decline were comparable on age and education, baseline and 
longitudinal measures of structural and vascular brain integrity 
(Table 1) and on several measures of health (Table 3). However, the 
broad-ranged DRD2 decliners had higher burden of vascular and 
dementia-related risk factors at study entry. Support that vascular health 
modulates DA integrity comes from demonstrations of cerebrovascular 
insult being associated with more rapid DRD2 decline in healthy older 
adults (Karalija et al., 2019; Karalija et al., 2022), and with faster pro-
gression of parkinsonism (Oveisgharan et al., 2021). Also, dementia has 
been associated with exacerbated DA disturbances in ventral striatum, 
hippocampus, and ACC (Adolfsson et al., 1979; Sala et al., 2021), with 
links to memory impairment (Kemppainen et al., 2003). 

The absence of mean caudate DRD2 change in the broad-ranged 
DRD2 decliners was unexpected. However, their low caudate DRD2 
levels already at the first time-point (Fig. 1A) suggest that caudate DA 
integrity may have been compromised already at study entrance for this 
group. If viewing DA decline as a continuous process, as is suggested by 
cross-sectional patterns across the lifespan (Karrer et al., 2017), decline 

Fig. 1. Differences in 5-year dopamine D2-receptor (DRD2) decline rates in 
aging. “Broad-ranged DRD2 decliners” (n = 72) showed more widespread 
DRD2 decline, contrary to “caudate-specific DRD2 decliners” (n = 47). Stan-
dardized DRD2 levels (z-scores) are shown for baseline and follow-up (A), and 
for change for standardized DRD2 levels (B). *p < 0.002 for DRD2 change over 
time per region. These effects survived Bonferroni adjustment for multiple 
comparisons. Abbreviations include DRD2: dopamine D2 receptors; Put: puta-
men; Cau: caudate; NAcc: nucleus accumbens; HC: hippocampus; OFC: orbi-
tofrontal cortex (OFC); ACC: anterior cingulate cortex; T1: timepoint 1 
(baseline); T2: timepoint 2 (5-year follow-up). 
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may start in specific regions (e.g., dorsal striatum) and then propagate 
across several DA pathways at later stages of aging. Such propagation 
may in turn result in increasingly severe cognitive disturbances. Hence, 
the broad-ranged decliners may be further along on their DA decline 
route, at which stage the predominance of DRD2 decline may have 
shifted from focal dorsal striatal decline to a more global pattern. In 
support of this interpretation, the broad-ranged DRD2 decliners were 
characterized by a faster biological pace of aging (Belsky et al., 2022). 

4.1. Limitations 

We employed an exploratory approach to delineate groups that 
differed maximally in regional DRD2 decline patterns. Group separation 
based on difference scores comes with some challenges, such as in-
fluences from regression to the mean effects (Barnett et al., 2005), which 
may explain the positive change for OFC in the caudate-specific DRD2 
decliners. Low baseline DRD2 levels were, however, not predictive of 
more extensive DRD2 change over time (Karalija et al., 2022), hence 

Fig. 2. Associations between dopamine D2-receptor (DRD2) and memory decline in aging. Older adults with broad-ranged DRD2 decline are characterized by 
memory decline, and particularly working memory reductions (A). In broad-ranged DRD2 decliners, a bivariate difference-score model (left) revealed associated 
changes between putamen DRD2 loss and reduced working memory performance, as further illustrated in the scatter plot of correlated changes (right; B). Note that 
mean values have been omitted from the graphical representation of the model for visual clarity. Bold font and * indicates p < 0.05. Abbreviations include r: 
Pearson’s correlation coefficient; Put: putamen; WM: working memory; Δ: change; T1: timepoint 1 (baseline); T2: timepoint 2 (5-year follow-up). 

Table 2 
Cognitive performance for the whole sample, caudate-specific dopamine D2- 
receptor (DRD2) decliners, and broad-ranged DRD2 decliners.   

Baseline Follow-up Change  
mean (SD) mean (SD) mean (SD) 

Whole sample       
Episodic memory  0.09 (0.77)  0.00 (0.75)  –0.08 (0.52) 
Working memory  0.09 (0.71)  –0.04 (0.79)  –0.13 (0.60) * 
Perceptual speed  0.02 (0.85)  –0.02 (0.88)  –0.04 (0.51) 
Caudate-specific decliners       
Episodic memory  0.26 (0.77)  0.18 (0.72)  –0.05 (0.50) 
Working memory  0.10 (0.78)  0.09 (0.82)  –0.01 (0.59) 
Perceptual speed  0.06 (0.88)  0.07 (0.96)  –0.01 (0.48) 
Broad-ranged decliners       
Episodic memory  0.05 (0.76)  –0.05 (0.74)  –0.10 (0.54) 
Working memory  0.09 (0.65)  –0.12 (0.76)  –0.20 (0.61) # 
Perceptual speed  –0.09 (0.78)  –0.14 (0.82)  –0.05 (0.53) 

Note: Episodic memory, working memory, and perceptual speed are expressed 
as Z-scores. 
*p < 0.05 for significant mean change (non-significant after Bonferroni correc-
tion). 
# p ≤ 0.05 after Bonferroni correction  

Table 3 
Comparisons of health and genetic factors for caudate-specific and broad-ranged 
dopamine D2-receptor (DRD2) decliners at study entrance.   

Caudate-specific 
DRD2 decliners 

Broad-ranged DRD2 
decliners 

p 

Chronological age  66.2 (1.3)  66.2 (1.2) 0.987 
Biological Aging  1.03 (0.10)  1.07 (0.10) 0.015* 
Sex (% men)  45 %  63 % 0.056 
Education  13.3 (3.2)  13.5 (3.7) 0.712 
Systolic blood pressure  138.0 (15.0)  142.5 (16.9) 0.139 
Diastolic blood 

pressure  
83.7 (8.6)  85.8 (10.2) 0.237 

BMI  25.5 (2.9)  26.7 (3.7) 0.057 
Hyperlipidemia  13 %  15 % 0.702 
Hypertension  34 %  28 % 0.467 
Smoking  4 %  7 % 0.542 
ApoE ε4 carriers  21 %  28 % 0.400 
Cardiovascular disease 

risk (%)  
20.6 (9.5)  24.8 (9.9) 0.022* 

Dementia risk  7.7 (1.6)  8.3 (1.8) 0.049* 

Note: Biological Aging: DunedinPACE; Cardiovascular disease risk: score 
developed in the Framingham Heart study; Dementia risk: score developed in 
the CAIDE study. 
* p < 0.05 for two-tailed tests 
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group delineation from baseline DRD2 values is not preferable. We have 
previously shown that aging related DRD2 decline extend beyond the 
striatum to select extrastriatal regions (hippocampus, OFC and ACC), 
with comparable, or even faster, decline rates in the extrastriatal regions 
(Karalija et al., 2022). Relatedly, assessments with high-affinity DRD2 
ligands revealed age-related DRD2 differences in both striatal and 
extrastriatal regions (Seaman et al., 2019). Still, the validity of using 
11C-raclopride for extrastriatal measurement of DRD2 has been ques-
tioned (Svensson et al., 2019), but see (Papenberg et al., 2019). More-
over, 11C-raclopride levels correspond well with presynaptic DA markers 
(Berry et al., 2018; Volkow et al., 1998), however not in direct pro-
portion. Therefore, firm conclusions on the role of DA in cognitive aging 
require validations with other dopaminergic markers across a variety of 
cognitive tasks and domains (Juarez et al., 2019). Future work could 
also consider additional genetic variables beyond the current focus on 
ApoE ε4 and DNA methylation, such as the DRD2 single nucleotide 
polymorphism C957T which has been shown to influence DA-cognition 
associations (Karalija et al., 2019b). Finally, in view of the many sta-
tistical between-group comparisons in the present study and the use of 
Bonferroni correction when appropriate, future replication studies are 
critical (e.g., of the observed difference in risk factors and biological 
pace of aging). 

4.2. Conclusions 

By showing that 5-year striatal DRD2 decline is associated with 
modest changes in working memory decline, we provide tentative lon-
gitudinal support for the correlative triad among aging, DA, and 
cognition (Bäckman et al., 2006). Given the relatively short follow-up 
time and subtle working memory decline for the broad-ranged DRD2 
decliners, the findings need to be replicated, preferably over longer time 
periods. The finding that more limited (caudate-specific) DA decliners 
had no significant cognitive decline is consistent with the 
brain-maintenance account of well-preserved cognition in older age 
(Nyberg et al., 2012). An interesting question for future analyses is 
whether more broad-ranged DA decline will emerge for the individuals 
in the caudate-specific DRD2 decline group. 
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mediated variation in ligand affinity affects the association between (11)C- 
raclopride binding potential and cognition. J. Cogn. Neurosci. 31 (2), 314–325. 
https://doi.org/10.1162/jocn_a_01354. 

Karalija, N., Johansson, J., Papenberg, G., Wåhlin, A., Salami, A., Köhncke, Y., 
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Nyberg, L., Bäckman, L., 2019. Mapping the landscape of human dopamine D2/3 
receptors with [11C]raclopride. Brain Struct. Funct. 224 (8), 2871–2882. https:// 
doi.org/10.1007/s00429-019-01938-1. 

Raz, N., Lindenberger, U., 2011. Only time will tell: cross-sectional studies offer no 
solution to the age-brain-cognition triangle: comment on Salthouse (2011). Psychol. 
Bull. 137 (5), 790–795. https://doi.org/10.1037/a0024503. 

Rieckmann, A., Karlsson, S., Karlsson, P., Brehmer, Y., Fischer, H., Farde, L., Nyberg, L., 
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