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A B S T R A C T   

Aging is associated with structural and functional changes in the brain, with a decline in cognitive functions 
observed as its inevitable concomitant. The body of literature suggests dopamine and noradrenaline as prominent 
candidate neuromodulators to mediate these effects; however, knowledge regarding the underlying mechanisms 
is scarce. To fill this gap, we compared resting-state functional connectivity (FC) patterns of ventral tegmental 
area (VTA), substantia nigra pars compacta (SNc) and locus coeruleus (LC) in healthy young (20–35 years; N =
37) and older adults (55–80 years; N = 27). Additionally, we sought FC patterns of these structures associated 
with performance in tasks probing executive, attentional and reward functioning, and we compared the func-
tional coupling of the bilateral SNc. The results showed that individual SNc had stronger coupling with ipsilateral 
cortical and subcortical areas along with the contralateral cerebellum in the whole sample, and that the strength 
of connections of this structure with angular gyrus and lateral orbitofrontal cortex predicted visuomotor search 
abilities. In turn, older age was associated with greater local synchronization within VTA, its lower FC with 
caudate, mediodorsal thalamus, and SNc, as well as higher FC of both midbrain dopaminergic seeds with red 
nuclei. LC functional coupling showed no differences between the groups and was not associated with any of the 
behavioral functions. To the best of our knowledge, this work is the first to report the age-related effects on VTA 
local synchronization and its connectivity with key recipients of dopaminergic innervation, such as striatum and 
mediodorsal thalamus.   

1. Introduction 

The process of aging is inevitably associated with substantial changes 
in the structure and functioning of the human brain (Tsvetanov et al., 
2021). A prominent decline in cognitive functions such as attention, 
executive functioning, working memory, conceptual reasoning and vi-
suospatial processing is commonly observed (Harada et al., 2013; 
Hedden and Gabrieli, 2004). Interestingly, certain other processes, such 
as reward responsiveness, are distinctly affected by aging depending on 
the context (e.g., type of reward), with older adults exhibiting dimin-
ished responsiveness to financial incentives (Dhingra et al., 2020) but 
greater sensitivity to social reward (Rademacher et al., 2014). 

In the last two decades, there has been a prominent increase in the 
number of studies on aging in which resting-state functional magnetic 
resonance imaging (fMRI) was used as a primary method. The most 
consistent findings across different studies are a decline in functional 
connectivity within networks and an increase in functional connectivity 
between networks (Jockwitz and Caspers, 2021). However, little is 
known about the connection between age and alterations in the func-
tional connectivity of neuromodulatory systems. 

Dopamine and noradrenaline are two prominent candidate mole-
cules for mediating the outlined effects of aging on brain functioning. 
Dopamine is mainly synthesized by neurons located in two adjacent 
midbrain structures: the ventral tegmental area (VTA) and the 
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substantia nigra pars compacta (SNc; Bissonette and Roesch, 2016). The 
locus coeruleus (LC), located in the upper dorsolateral part of the 
brainstem, constitutes the primary source of noradrenaline in the brain 
(Szabadi, 2013). 

Both dopaminergic and noradrenergic systems cover widespread 
connections throughout the brain and are strongly associated with 
multiple cognitive functions, such as reward processing, sustained 
attention, working memory, executive control and visuomotor search 
(Bäckman and Nyberg, 2013; Bellgrove et al., 2005; Berridge and 
Kringelbach, 2015; Chen et al., 2020; Ramos and Arnsten, 2007; Saloner 
et al., 2020; Schultz, 2016). In the course of aging, a reduction in the 
number of dopamine receptors and transporters is observed (Karrer 
et al., 2017). In turn, the locus coeruleus-noradrenergic system seems to 
be especially sensitive to degenerative changes related to aging, as a loss 
of LC neurons, along with overall noradrenergic disruption, is observed 
in the early stages of both Alzheimer’s and Parkinson’s diseases (for a 
review see: Peterson and Li, 2018). These findings suggest that differ-
ences in the functioning of both systems are likely to mediate the effects 
of age on different aspects of cognition. 

To our knowledge, only three studies have been published so far 
regarding age-related distinctions in the connectivity of the main 
dopaminergic regions. In individuals ranging from 18 to 49 years old, 
older age was related to stronger coupling between VTA/SNc and the 
lateral prefrontal cortex, the superior temporal and parahippocampal 
gyri, as well as the cerebellum (Manza et al., 2015; Peterson et al., 2017; 
Zhang et al., 2016). Unlike VTA, SNc was also found to have greater 
connectivity with the angular gyrus (Peterson et al., 2017). The only 
negative association with age was reported for the coupling between 
VTA/SNc and the somatomotor cortex (Manza et al., 2015; Peterson 
et al., 2017; Zhang et al., 2016). 

Zhang and colleagues were the first to examine the effects of aging on 
LC connectivity patterns (Zhang et al., 2016). They found that age was 
positively correlated with the strength of connections of the LC to the 
angular gyrus, the middle frontal gyrus, and the cerebellum; also, it was 
negatively correlated with connectivity to the parahippocampus and 
precuneus. Jacobs and others revealed a positive association between 
the connectivity of the left LC to the left parahippocampal gyrus and 
memory performance among healthy older subjects (Jacobs et al., 
2015). Meanwhile, the connectivity between these structures was 
reduced in patients with amnestic mild cognitive impairment (Jacobs 
et al., 2015). Two other studies revealed nonlinear relationships be-
tween age and LC connectivity. Curvilinear associations between age 
and the functional connectivity of the left LC to the bilateral frontal, 
temporal and parietal cortical areas, as well as to the left nucleus basalis 
of Meynert were observed by Jacobs and colleagues (Jacobs et al., 
2018). Recently, Song, Neal and Lee found a positive quadratic rela-
tionship between age and LC connectivity with sensory regions and a 
negative quadratic association between age and LC connectivity with 
frontal regions (Song et al., 2021). 

In this study, we focused on dopaminergic and noradrenergic sys-
tems considering their important role in cognitive functioning and the 
evidence for substantial changes in these systems in the course of aging. 
With the usage of open-access data, we aimed to investigate whether 
aging affects the functional connectivity of dopaminergic and norad-
renergic systems’ targets over the whole brain. This work extends the 
previous findings by comparing the resting-state connectivity patterns of 
VTA, SNc and LC between young (aged 20–35) and older adults (aged 
55–80), i.e., beyond the age range used in the papers published so far. 
Secondly, this study aimed to investigate the relationship between 
behavioral indices of cognitive and motivational processing and the 
functional connectivity patterns of the primary noradrenergic and 
dopaminergic nuclei. To the best of our knowledge, no previous works 
have attempted to find such associations for sustained attention, work-
ing memory, visuomotor search and set shifting. Additionally, this is the 
first study to investigate age-related differences in regional homogeneity 
(ReHo) within the dopaminergic midbrain. We expected the older group 

to have lower resting-state functional connectivity of the noradrenergic 
and dopaminergic seeds with a majority of cortical and subcortical re-
gions; however, we did not exclude the possibility of finding regions 
with stronger coupling with both systems in the elderly, as these have 
been reported before. 

2. Results 

2.1. Whole-brain functional connectivity of VTA, SNc and LC 

All dopaminergic regions of interest (ROIs) – VTA and SNc – dis-
played extensive positive connectivity to a number of cortical and 
subcortical targets, thus reflecting their widespread anatomical con-
nections. The targets included the bilateral cingulate, the dorsomedial 
prefrontal and the lateral orbitofrontal cortex, the inferior frontal gyrus 
pars opercularis, the parieto-occipital sulcus, the medial temporal 
cortices, the insula, the caudate nucleus, the putamen, the nucleus 
accumbens and the globus pallidus, the thalamus, the pons, the 
midbrain and the cerebellum. Furthermore, they shared negative con-
nectivity to the bilateral motor and somatosensory cortices, as well as 
parts of the superior and inferior parietal lobes. All seeds were also 
negatively coupled to the visual areas, with the positive coupling be-
tween the right SNc and the bilateral primary visual cortex being the 
only exception. 

Both left and right LC showed positive connectivity to the bilateral 
anterior cingulate cortex (ACC), the thalamus, the cerebellum and the 
brainstem, and negative connectivity to the bilateral primary motor and 
somatosensory cortices, the precuneus, the superior parietal lobules, as 
well as the right inferior parietal lobule and the right superior frontal 
gyrus. The right but not the left LC was positively coupled with the 
bilateral hippocampus and negatively coupled with the left superior 
frontal gyrus. The left LC was negatively connected to the bilateral visual 
cortices, whereas in the right LC the relationship was present only for the 
ipsilateral regions. The connectivity patterns are depicted in Supple-
mentary Figs. 1–5. 

The comparison of the temporal signal-to-noise ratio (tSNR) between 
the bilateral ROIs showed higher values of this metric for the right LC 
versus the left LC (false discovery rate; FDR = 0.005) and no distinction 
between both SNc regions (FDR = 0.934; see Supplementary Table 1 for 
more details). As a result, individual tSNRs were included in the model 
contrasting the connectivity of the left and right LC. Despite the 
observed differences in the one-sample t-tests’ results, a direct com-
parison of the connectivity strength between the left and right LC yiel-
ded no significant results. In turn, contrasting the coupling patterns of 
the left and right SNc revealed that each seed showed greater coupling 
with the cerebral cortex and midbrain regions located ipsilaterally to the 
given ROI. The opposite connectivity pattern was observed for the cer-
ebellum as the left SNc was more strongly connected to the right cere-
bellar hemisphere. The results are presented in more detail in 
Supplementary Fig. 6 and Supplementary Table 2. 

2.2. The impact of age on connectivity patterns 

The younger group was found to have higher tSNR in the left LC 
(FDR = 0.008), right LC (FDR = 0.007), left SNc (FDR = 0.007) and right 
SNc (FDR = 0.034) compared to the older group. As a consequence, 
individual tSNRs were included as covariate in the between-group 
comparisons for these ROIs. By contrast, tSNR in VTA did not differ 
between the younger and older subjects (FDR = 0.189; more details in 
Supplementary Table 1). 

No effect of age on the connectivity of the left or right LC was found. 
In turn, several differences were observed for the dopaminergic seeds. 
The older group had lower VTA functional connectivity with the bilat-
eral caudate nuclei and the mediodorsal thalamus. Older age was further 
associated with greater signal correlation between the left SNc and the 
ipsilateral dorsolateral prefrontal cortex (DLPFC). Additionally, the 
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patterns of VTA and SNc connectivity to other midbrain structures also 
differed between age groups. In older adults, VTA had higher resting- 
state connectivity to the bilateral red nucleus, while the right SNc was 
more strongly connected to the midbrain area adjacent to the unilateral 
red nucleus. At the same time, bilateral SNc seeds showed a lower extent 
of connectivity to VTA and neighboring voxels. The results are shown in 
Table 1 and Fig. 1. 

2.3. Age-related differences in regional homogeneity of the dopaminergic 
seeds 

The younger group was found to have higher tSNR in the SVC mask 
of the dopaminergic regions (FDR = 0.022; see Supplementary Table 1 
for more details), and subsequently tSNR was accounted for in the ReHo 
model. The analysis revealed that the older group had greater ReHo 
within VTA. Suprathreshold statistics were found for a cluster consisting 
of 13 of the 105 voxels in the SVC mask (MNI: x  = 8, y = -13, z = -12; 
peak voxel T-stat = 3.97; see Fig. 2). 

2.4. Age-related differences in behavioral measures 

The older group was characterized by lower sustained attention 
(longer reaction times in Test of Attentional Performance (TAP) 
(Alertness; FDR = 0.002), lower visuomotor search capability (longer 
completion time of Trail Making Test (TMT) Part A; FDR < 0.001) and 
lower set shifting (greater difference between TMT-B and TMT-A 
completion times; FDR < 0.001). Interestingly, while the older partici-
pants performed worse in the TAP Working Memory task (i.e., fewer 
correct responses; FDR = 0.020), the reaction times of the successful 
trials did not differ significantly between the groups (FDR = 0.081). 
Additionally, the older and younger subjects scored similarly in 
Behavioral Approach System (BAS) Reward Responsiveness (FDR =
0.306). The results are described in more detail in the Supplementary 
Table 3. 

2.5. Functional connectivity associated with behavioral results 

A single significant correlation between the tSNR and cognitive 
outcomes was found for the left SNc and the reaction times in the TAP 
Alertness task, which measures sustained attention (FDR = 0.014; ρ =
-0.37; more details in Supplementary Fig. 7 and Supplementary Table 4). 
Thus, the model investigating the connectivity patterns of the region 
related to task performance included tSNR as an additional covariate. 

The only associations between resting-state functional connectivity 
and behavioral measures were found for the right SNc and the TMT-A 
visuomotor task. The connectivity strength of the right SNc with both 
the left angular gyrus (R = 0.67) and the right lateral orbitofrontal 
cortex (R = 0.64) was positively correlated with the completion time of 

the task, i.e., the greater the coupling, the worse the performance. The 
results are shown in more detail in Table 2 and Fig. 3. The scatterplots 
depicting the relationship of the TMT-A completion time with connec-
tivity strength between the brain areas are presented in Supplementary 
Figs. 8 and 9. 

3. Discussion 

3.1. Functional connectivity patterns of VTA, SNc and LC 

The dopaminergic connectivity patterns in our study considerably 
overlap with those reported in earlier studies (Manza et al., 2015; 
Peterson et al., 2017; Zhang et al., 2016). The obtained pattern of 
resting-state functional connectivity of the LC is also consistent with 
previous works (Liebe et al., 2020; Zhang et al., 2016). To the best of our 
knowledge, this is the first study to show differences in the functional 
connectivity between the left and right SNc. The observed coupling 
pattern, i.e., greater connectivity with the ipsilateral subcortical and 
cortical regions along with stronger correlation with the contralateral 
cerebellum, is in line with the results of anatomical studies on rodents, 
primates and humans (Meola et al., 2016; Molochnikov and Cohen, 
2014). Considering the strong laterality of symptoms at the onset of 
Parkinson’s disease, treating the right and left SNc as separate seed re-
gions could hold some potential in clinical MRI applications (Heinrichs- 
Graham et al., 2017). 

3.2. Age-related differences in dopaminergic connectivity 

Our study is the first to show that older age is linked to lower VTA 
functional connectivity with the caudate nucleus and the mediodorsal 
thalamus, two key telencephalic recipients of dopaminergic innervation. 
These results correspond well with an age-related loss of dopamine 
transporters and receptors in the former area (Karrer et al., 2017). 
Additionally, the finding of greater coupling of the left SNc with the left 
DLPFC in older adults adds to an earlier report that showed a positive 
correlation between the coupling of the VTA/SNc with the lateral pre-
frontal cortex and age in a sample aged 18–49 years (Manza et al., 
2015). 

The caudate and the mediodorsal thalamus, where we observed 
lower functional connectivity with VTA in older adults, are both 
important hubs for integrating information from multiple neural sys-
tems, including emotional, cognitive, sensory and motor circuits (Haber, 
2014; Mitchell and Chakraborty, 2013). Due to these neural connec-
tions, the alterations in functional connectivity with these structures 
may constitute a correlate of behavioral deterioration in more than one 
specific domain. For example, the lower connectivity of dopaminergic 
areas to the caudate nucleus could be related to the psychomotor 
slowing of older individuals (Karim et al., 2020). This mechanism could 
coexist with the observed greater coupling of VTA/SNc to the red nu-
cleus, which is known to exert a modulatory effect on cortico-striatal 
networks and has been implicated in motor functions (Bostan and 
Strick, 2018; Meola et al., 2016). All in all, these two findings comple-
ment previous aging studies which reported differences in VTA/SNc 
connectivity with the somatomotor cortex and the cerebellum, further 
suggesting the link between dopaminergic dysfunction and motor 
deterioration in older adults (Manza et al., 2015; Peterson et al., 2017). 
In turn, greater correlation between the left SNc and the DLPFC may 
demonstrate involvement of this circuit in age-related differences in top- 
down modulation of appropriate behavioral responses (Glasser et al., 
2016). 

Our analyses also revealed age-related differences in the functional 
organization within the dopaminergic midbrain. In older adults, bilat-
eral SNc seeds were less strongly coupled with the VTA. Additionally, 
the same group was characterized by greater ReHo in the VTA. Overall, 
our study is the first to indicate that aging is associated with differences 
in connectivity between dopaminergic areas, as well as local 

Table 1 
Age-related differences in resting-state functional connectivity of dopaminergic 
nuclei (voxel-level FDR < 0.05 and cluster extent of minimum 10 voxels).  

MNI Location Voxels Directionality T- 
stat 

VTA 
5, − 15, 10 B red nucleus 31 Old > Young  6.72 
8, 12, 8 R caudate nucleus 16 Young > Old  5.82 
− 9, 12, 11 L caudate nucleus 15 Young > Old  5.58 
1, − 20, 6 B mediodorsal thalamus 10 Young > Old  5.32 
L SNc 
–22, 19, 47 L dorsolateral prefrontal 

cortex 
13 Old > Young  5.13 

− 4, − 15, 
− 17 

B ventral tegmental area 10 Young > Old  6.05 

R SNc 
10, − 15, − 8 R midbrain 13 Old > Young  5.45 
8, − 17, − 17 B ventral tegmental area 12 Young > Old  5.69  
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synchronization within them. The lower functional connectivity be-
tween the SNc and the VTA is in line with weaker coupling within 
resting-state functional systems in older adults (Jockwitz and Caspers, 
2021). The local synchronization, measured with ReHo, has been shown 
to vary across the brain, with lower values being characteristic of areas 
with more complex functions (Song et al., 2014). As the VTA is known to 
be less vulnerable to age-related pathological degeneration than the SNc 

(Fu et al., 2016), which is supported by our tSNR group comparisons, 
these results might be a marker of the differential aging trajectories and 
diminished communication between these two dopaminergic regions. 

3.3. Aging affects several cognitive domains but not reward responsiveness 

In line with the previously published research, we found that older 

Fig. 1. Areas of greater (warm colors) and lower (cold colors) resting-state functional connectivity with VTA and SNc in the elderly group.  

Fig. 2. The elderly group was found to have greater regional homogeneity (ReHo) within VTA.  
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adults performed worse in the following domains: sustained attention 
(Vallesi et al., 2021), visuomotor search and executive control functions 
(Hu et al., 2018; St-Hilaire et al., 2018), as well as working memory 
accuracy (Bopp and Verhaeghen, 2020). Surprisingly, the group differ-
ence in the mean correct response time in the working memory task only 
approached the significance level (FDR = 0.081), which might be 
related to the limited sample size of our work, especially as a recently 
published meta-analysis investigating the effects of age on the perfor-
mance in the 2-back task, which is analogous to the TAP Working 
Memory task, showed a significant negative effect of age on both ac-
curacy and overall mean response times (Bopp and Verhaeghen, 2020). 
Last but not least, similar levels of reward responsiveness in the two 
groups are also in line with a vast body of research showing that value 
encoding of rewarding outcomes is largely intact in elderly individuals 
(Swirsky and Spaniol, 2019). 

3.4. tSNR and functional connectivity of the SNc is linked to cognitive 
functions 

Our investigation revealed a moderate negative correlation (ρ =
-0.37) between the tSNR of the left SNc and mean reaction times in the 
sustained attention task. To the best of our knowledge, this is the first 
report showing an association between tSNR of dopaminergic regions 
and cognitive abilities. Our analyses further revealed that the connec-
tivity strength of the right SNc with both the left angular gyrus and the 
right lateral orbitofrontal cortex was positively correlated with the 
completion time of the TMT-A task, i.e., the greater the coupling, the 
worse the visuomotor performance. The effect sizes of these two asso-
ciations (R = 0.64–0.67) should, however, be treated with caution as 
circular analyses are known to greatly overestimate the true effect 

strengths (Kriegeskorte et al., 2010). According to the Neurosynth 
database, the location of the angular gyrus cluster maps onto the edge of 
the medial frontoparietal (default mode) network, which is expected not 
to have a positive correlation with areas involved in visuomotor search 
(Yarkoni et al., 2011). The lateral orbitofrontal cortex, where the other 
cluster was found, is known to be involved in movement inhibition 
(Aron and Poldrack, 2006). As elevated dopaminergic transmission 
promotes movement (Minassian et al., 2016), the negative association 
between task performance and the connectivity of the right SNc with the 
right lateral orbitofrontal cortex may indicate that anti-correlation be-
tween these two structures is related to appropriate motor behavior 
selection. Interestingly, the part of the lateral orbitofrontal cortex 
associated with the performance in the task was different from the one 
identified as having positive coupling with the right SNc in the one- 
sample t-test. This could indicate the existence of subdivisions within 
the lateral orbitofrontal cortex that are differentially associated with 
dopaminergic transmission. 

Despite finding age-related VTA/SNc connectivity differences in 
several structures implicated in the studied behavioral paradigms, none 
of these were replicated in association with the task performance, which 
might be related to insufficient sample size and whole-brain calculations 
(Adrián-Ventura et al., 2019). 

3.5. Limitations and future directions 

The number of subjects is the major limitation of this study and a 
probable reason for not finding any significant age- and behavior-related 
findings for LC connectivity and the consequent failure to reproduce 
earlier aging reports. A larger sample size would have increased the 
statistical power of the analyses, making them better suited to detect 

Table 2 
Resting-state functional connectivity patterns of dopaminergic seeds correlated with behavioral performance (voxel-level FDR < 0.05 and cluster extent of minimum 
10 voxels).  

Seed MNI Location Voxels Pearson’s correlation [r] F-stat 

TMT-A 
R SNc − 36, − 61, 36 L angular gyrus 27  0.67  28.28 
R SNc 37, 42, − 15 R orbitofrontal cortex 14  0.64  37.69  

Fig. 3. The functional connectivity of the right SNc with (A) the left angular gyrus and (B) the right lateral orbitofrontal cortex was found to be positively correlated 
with the completion time of the TMT-A task probing visuomotor search capabilities. 
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more subtle differences in connectivity patterns. Furthermore, knowing 
the precise age of participants and having a continuous age distribution 
would have enabled the investigation of the linear relationship between 
age and resting-state connectivity. On the other hand, the data acqui-
sition parameters used in this study and the relative demographic ho-
mogeneity of both studied groups, compared to other available datasets, 
allowed more precise imaging of the processes of interest, which speaks 
in favor of the results’ reliability. Future longitudinal studies are war-
ranted to confirm the cross-sectional age-related differences in the 
connectivity of the VTA and the SNc that are reported in this study. 
Additionally, taking into account the distinct structural connectivity 
patterns of SNc subdivisions (Zhang et al., 2017), it would be beneficial 
to study whether their tractography differences are indeed reflected in 
resting-state connectivity and the behavioral measures these coupling 
patterns are correlated with. Preferably, the delineation of ROIs should 
be achieved in a data-driven manner, for example by using 
neuromelanin-sensitive imaging, as this would better account for 
interindividual variability. Furthermore, knowing the role of LC in 
regional blood flow control, it would be highly beneficial for future 
studies to account for cardiac measures in the analyses, which was not 
possible in the case of the current study. 

4. Conclusions 

Our findings show weaker long range VTA connectivity with the 
caudate and the mediodorsal thalamus, together with greater coupling 
of the SNc with the DLPFC in the elderly. Additionally, age is related to 
altered local connectivity within dopaminergic regions observed as 
greater VTA ReHo and weaker VTA-SNc coupling in the older group. 
Furthermore, this study links the functional characteristics of the SNc 
with visuomotor skills and sustained attention; it also underlines the 
connectivity differences between bilateral SNc. In conclusion, our study 
shows that age is associated with differences in local connectivity within 
dopaminergic centers, and their coupling with both cortical and 
subcortical brain regions serves integrative and executive functions. 

5. Materials and methods 

5.1. Dataset 

The anonymized MRI and behavioral data were obtained from the 
Max Planck Institut Leipzig Mind-Brain-Body Dataset (Babayan et al., 
2019). Out of the 227 subjects available in the database, only 134 met 
the initial inclusion criteria, i.e., right-handedness, secondary-level ed-
ucation, no psychiatric, neurological or substance abuse history, drug- 
free. The participants’ age was provided only as a five-year bracket 
instead of specific values for stronger anonymity protection. Thus, the 
selected subjects were put into two age groups: 20–35 (N = 92) and 
55–80 (N = 42). All participants from the elderly group matching the 
inclusion criteria were included in the sample. The size of the younger 
group was reduced to 42 subjects by the process of random selection to 
match the size of the elderly group. As a result of the fMRI data pre-
processing, 5 subjects from the younger group and 15 participants from 
the elderly group were excluded from the analysis due to: excessive head 
motion (>fMRI voxel size. i.e., 2.3 mm; 4 younger and 10 elderly), 
significant brainstem signal loss resulting from susceptibility artifacts (1 
younger and 2 elderly), and unsatisfactory brainstem alignment be-
tween anatomical and functional data (3 elderly). Thus, the final sample 
consisted of 37 younger (16 females) and 27 elderly (14 females) sub-
jects. More motion-related dropouts in the older group are typical of 
fMRI experiments (Madan, 2018). 

5.2. Behavioral data 

The behavioral data chosen for the analyses were associated with 
several cognitive domains that are presumably affected by the dopamine 

and noradrenaline networks. Sustained attention was measured as a 
mean reaction time in the Alertness subtest of the TAP (Zimmermann 
and Fimm, 2012). Verbal working memory capacity was tested with the 
Working Memory subtest of TAP (Zimmermann and Fimm, 2012). The 
mean reaction times of the correct responses and the percentage of 
correct trials were chosen as variables of interest. The visuomotor ca-
pabilities (visual search) and executive functions (set shifting) were 
investigated using TMT Part A and Part B (Reitan and Wolfson, 2004). 
The completion time of TMT-A was treated as a measure of visuomotor 
search capability, while the difference between the completion times of 
TMT-B and TMT-A was taken into the analyses as the index of set 
shifting. Lastly, reward sensitivity was assessed with the Reward 
Responsiveness subscale of the BAS questionnaire (Carver and White, 
1994), with the total score included in the behavioral models. The 
behavioral paradigms are described in more detail in Supplementary 
Data S1. 

5.3. Behavioral data group-level analysis 

The statistical analysis of behavioral data was performed in R 
(version 4.0.3; R Core Team, 2021). Separate models were created for 
each measure. They consisted of the behavioral score as the dependent 
variable, and the independent variables were age (factor) and sex (co-
variate). All subjects received the same level of education (i.e., sec-
ondary), thus it was not included in all the designs throughout the study. 
The parametric ANCOVA computations were performed with the use of 
anova function. When the data did not adhere to the assumptions of 
parametric analysis (i.e., non-normal distribution of the residuals), a 
non-parametric rank-based ANCOVA (raov function; Kloke and McKean, 
2000) was utilized. The correction for multiple comparisons was ach-
ieved by using the FDR. Due to missing behavioral data, one subject (1 
elderly female) was excluded from all the TMT-A and TMT-B analyses, 
and four participants (1 young female, 2 young males, and 1 elderly 
male) were not included in all the BAS Reward Responsiveness models. 

5.4. MRI data acquisition and preprocessing 

The MRI scanning sessions were performed on a 3 Tesla scanner 
(MAGNETOM Verio, Siemens Healthcare GmbH, Erlangen, Germany) 
equipped with a 32-channel head coil. High-resolution anatomical im-
ages were acquired using T1 MP2RAGE sequence (176 sagittal slices; 1 
mm isotropic voxel size; TR = 5000 ms; TE = 2.92 ms; flip angle 1/flip 
angle 2 = 4◦/5◦; GRAPPA acceleration factor 3). The T2*-weighted 
resting-state fMRI data were collected with gradient echo planar 
multiband imaging sequence (64 axial slices acquired in interleaved 
order; 2.3 mm isotropic voxel size; TR = 1400 ms; TE = 30 ms; flip angle 
= 69◦; multiband acceleration factor = 4). Participants were instructed 
to stay awake and lie still with their eyes open while looking at a low- 
contrast fixation cross. The functional data of each subject consisted of 
657 volumes, resulting in a scan duration of 15 mins 30 s. 

The anatomical data were preprocessed in the Computational 
Anatomy Toolbox (CAT12; Gaser and Dahnke, 2016). Each subject’s T1- 
weighted image was skullstripped and segmented into gray matter, 
white matter (WM) and cerebrospinal fluid (CSF). The resulting brain 
image was used to coregister the functional data, whereas the WM and 
CSF segments were binarized and resampled to the fMRI resolution for 
the signal from these tissues to be extracted and used as regressors in the 
resting-state data denoising. 

The functional data preprocessing stream was performed in FSL 
(fieldmap correction; Jenkinson et al., 2012) and AFNI (all other steps; 
Cox, 1996). The initial steps included: deleting the first five volumes (to 
allow for signal equilibration and steady state), despiking, slice-timing, 
motion (to the median volume) and fieldmap corrections. The resulting 
images were later coregistered to the skullstripped anatomical data. 
Subsequently, they were prewhitened, detrended, denoised (14 re-
gressors: 6 original motion parameters; 6 motion parameters 
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derivatives; WM and CSF signal) and band-pass filtered in the 
0.009–0.08 Hz range. The lack of inclusion of cardiac and respiratory 
parameters in the denoising procedure was guided by the fact that these 
measures were not available for all subjects included in the analyses, 
thus they were not used to ensure uniform preprocessing strategy across 
participants. 

5.5. Seed regions and whole-brain functional connectivity 

The seed regions for the resting-state functional connectivity ana-
lyses were derived from probabilistic atlases. Due to the small volume 
and proximity of the bilateral VTA, we decided to use a single ROI 
encompassing the structures on both sides of the brain, based on the 
work of Murty et al. (2014). In turn, the left and right SNc seeds were 
taken from the atlas created by Pauli and colleagues (Pauli et al., 2018), 
which delineated the substantia nigra (SN) subdivisions and thus 
enabled us to locate the signal of interest more precisely. The left and 
right LC ROIs were created on the basis of the mask created by Betts and 
colleagues (Betts et al., 2017). 

To reduce the extent of mixing the signal between the VTA and 
bilateral SNc seeds through smoothing, as well as the potential effect of 
differences in ROI size on observed connectivity patterns, we thresh-
olded the probabilistic ROIs. The arbitrarily chosen cut-off points were 
0.97 for the VTA seed and 0.1 for the bilateral SNc seeds. No such 
thresholding was applied to the bilateral LC seeds. The resulting five 
ROIs were nonlinearly transformed from MNI space to each subject’s 
brain image. Fig. 4 shows the location of the seeds in an example 
participant of our study. Across the cohort, the average ROI volume was 
349.61 (±53.94) mm3 for VTA, 278.89 (±45.28) mm3 for the left SNc, 
288.40 (±40.48) mm3 for the right SNc, 89.95 (±28.21) mm3 for the left 
LC, and 90.24 (±29.32) mm3 for the right LC. 

Before performing whole-brain seed-based functional connectivity 
calculations, the preprocessed resting-state volumes were spatially 

smoothed with a Gaussian kernel of 4 mm FWHM for the VTA and the 
bilateral SNc, and with a Gaussian filter of 3 mm FWHM for the bilateral 
LC. Subsequently, the seed time courses of the blood-oxygen-level- 
dependent (BOLD) signal were produced by averaging the BOLD time- 
series from all voxels in each seed. The correlations were computed 
between these mean time courses of every ROI and all other voxels in the 
brain. To normalize the data distribution, the Pearson correlation co-
efficients r were converted to z-scores using Fisher’s z transform. The 
resulting maps were normalized to the MNI space to allow group-level 
analysis. 

5.6. Seed-based functional connectivity group-level analysis 

All statistical analyses of the seed-based whole-brain functional 
connectivity data were performed using AFNI’s 3dMVM program (Chen 
et al., 2014). The following comparisons were made: (i) one-sample t- 
tests of VTA, the left and right SNc, and the left and right LC functional 
connectivity; (ii) paired t-tests comparing the connectivity patterns of 
the bilateral SNc and LC in the whole sample; (iii) independent samples 
(old versus young) t-tests of each seed’s whole-brain functional con-
nectivity. The primary models consisted of age group as the factor, with 
sex as a covariate. Additionally, for each ROI we calculated the tSNR, 
defined as the mean signal in a ROI across its undenoised time course 
divided by the signal’s standard deviation. Subsequently, we compared 
the tSNR in each ROI between the groups, as well as between the 
bilateral LC and the SNc in the entire sample. In the case of statistically 
significant differences, tSNR was included in the models as the second 
covariate. 

To assess the resting-state functional connectivity patterns associated 
with behavioral results, we performed the multiple regression compu-
tations with resting-state functional connectivity maps as dependent 
variables, behavioral measures as the predictors, and sex as a confound, 
separately for each of the five behavioral domains (i.e., sustained 
attention, visuomotor search, set shifting, working memory and reward 
responsiveness) and each of the five seeds. As the cognitive scores were 
not normally distributed, we performed Spearman’s correlations to 
investigate whether the tSNR of each ROI was significantly associated 
with any of the behavioral outcomes; in the case of significant findings, 
tSNR was included in the models as an additional covariate. Taking that 
the fMRI results were available in the form of F-statistics, which pre-
cludes assessing the direction of effects, mean Z values from the supra-
threshold clusters were extracted and subsequently correlated with 
behavioral scores using R (version 4.0.3). 

For the one-sample t-tests of seed-based functional connectivity, the 
correction for multiple comparisons was achieved through cluster-level 
family-wise error rate (FWE < 0.05) following voxel-level thresholding 
at p < 0.001 uncorrected. The cluster-forming thresholds were 152 
voxels for LC and 192 voxels for the dopaminergic seeds. In the case of 
all other analyses, voxel-level FDR (<0.05) was applied. The respective 
FDR cluster-forming thresholds were: 40 voxels for the comparison of 
the connectivity patterns between the left and right SNc, and 10 voxels 
for all the remaining analyses The decision to use cluster-level FWE for 
one-sample t-tests of seed-based functional connectivity was guided by 
the fact that resting-state coupling patterns of VTA, SNc and LC have 
already been established in the literature, and this analysis served as a 
means of quality control for seed location. On the other hand, using 
voxel-level FDR correction in the remaining analyses was meant to in-
crease their statistical power. 

5.7. Regional homogeneity calculation and group-level analysis 

To assess whether age was also associated with differences in the 
local resting-state functional connectivity within the dopaminergic re-
gions, ReHo analysis was performed (Zang et al., 2004). ReHo measures 
the similarity of the time-courses of the neighboring voxels (7 in the case 
of our study) in a voxel-wise manner using Kendall’s coefficient of 

Fig. 4. Location of regions of interest (ROIs) in an example subject of the 
current study. The panel above shows the location of the left (dark green) and 
right (red) locus coeruleus (LC). The panel below shows the location of bilateral 
ventral tegmental area (VTA; purple), as well as the left (orange) and right (red) 
substantia nigra pars compacta (SNc). 
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concordance. Due to the small volume of LC ROIs in our study, their 
oblong shape, and the relatively large distance between the left and right 
ROI, we decided to leave out the ReHo calculation for the noradrenergic 
seeds. 

ReHo calculations were performed for the preprocessed resting-state 
data with the usage of AFNI’s 3dReHo program. To standardize the 
scores of each participant, the ReHo value of each voxel was divided by 
the respective brain-wise mean ReHo. No spatial smoothing was applied. 
The resulting images were transformed into the MNI space to allow a 
group-level comparison. The statistical analysis was done with small 
volume correction (SVC; i.e., within a mask consisting solely of the 
dopaminergic seeds) using AFNI’s 3dMVM program (Chen et al., 2014). 
The primary model consisted of age (factor) and sex (covariate). Simi-
larly to the seed-based connectivity analyses, we calculated tSNR for the 
SVC mask and compared it between the groups. The decision whether or 
not to include it as an additional covariate in the model was based on the 
significance of the group comparison. The correction for multiple 
comparisons in the ReHo analysis was performed with voxel-level FDR 
(<0.05) and a cluster-forming threshold of 7 voxels. 
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