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Abstract

The basal ganglia nuclei are critical for a variety of cognitive and motor functions. Much work has 

shown age-related structural changes of the basal ganglia. Yet less is known about how the 

functional interactions of these regions with the cerebral cortex and the cerebellum change 

throughout the lifespan. Here, we took advantage of a convenient sample and examined resting 

state functional magnetic resonance imaging data from 250 adults 18 to 49 years of age, focusing 

specifically on the caudate nucleus, pallidum, putamen, and ventral tegmental area/substantia 

nigra (VTA/SN). There are a few main findings to report. First, with age, caudate head 

connectivity increased with a large region of ventromedial prefrontal/medial orbitofrontal cortex. 

Second, across all subjects, pallidum and putamen showed negative connectivity with default 

mode network (DMN) regions such as the ventromedial prefrontal cortex and posterior cingulate 

cortex, in support of anticorrelation of the “task-positive” network (TPN) and DMN. This negative 

connectivity was reduced with age. Furthermore, pallidum, posterior putamen and VTA/SN 

connectivity to other TPN regions, such as somatomotor cortex, decreased with age. These results 

highlight a distinct effect of age on cerebral functional connectivity of the dorsal striatum and 

VTA/SN from young to middle adulthood and may help research investigating the etiologies or 

monitoring outcomes of neuropsychiatric conditions that implicate dopaminergic dysfunction.
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1.0 Introduction

The basal ganglia nuclei play a key role in a variety of cognitive and motor abilities 

throughout the human lifespan. Based on neurophysiology and anatomical data, it has been 

proposed that the caudate, putamen, and pallidum are organized into parallel and 

overlapping “loops” connecting to the cerebral cortex (Alexander et al., 1986, Joel & 

Weiner, 1997; Middleton & Strick 2000; Haber, 2003). Similar organization is implicated in 

humans using probabilistic tractography (Draganski et al., 2008). Modulated by 

dopaminergic input from the ventral tegmental area (VTA) and substantia nigra pars 

compacta (SNc), these circuits are implicated in maintenance and updating of working 

memory (Hazy et al., 2006), control of goal-directed and habitual behavior (Redgrave et al., 

2010), reward-based learning (Berridge & Robinson 1998; Schultz, 2002; Wise, 2004), 

control of posture and movement (DeLong, Crutcher, & Georgopoulos, 1983, Mink, 1996), 

and providing motivational signals to enhance attention and cognition (Pessoa & 

Engelmann, 2010).

Many of these cognitive and motor functions deteriorate with age (Mark & Rugg, 1998; 

Smith et al., 1999; Mattay et al., 2002), and co-occur with marked anatomical changes in the 

basal ganglia. Morphology studies consistently reveal declines in striatal/pallidal volume by 

4–8% per decade, starting as early as age 20 (e.g., Brabec et al., 2003; Raz et al., 2003; 

Walhovd et al., 2011; Goodro et al., 2012). Postmortem studies have shown age-related 

neuronal loss and changes to basic cellular structure such as the myelin sheath in basal 

ganglia (for reviews, see Haug, 1985; Kemper, 1994; Peters, 2002). Diffusion tensor 

imaging demonstrated significant age-related reductions in fractional anisotropy and age-

related increases in mean diffusivity in the SN and striatum (Cherubini et al., 2009; 

Vaillancourt et al., 2012). Accompanying findings of structural changes, age-related 

differences in functional activation of the basal ganglia nuclei have been consistently 

reported during cognitive and motor tasks (Mattay et al., 2002; Ward and Frackowiak, 2003; 

Wu and Hallett, 2005; Rubia et al., 2007; Langenecker et al., 2007). Despite an extensive 

literature on regional changes in brain activity, little is known about how functional 

connectivity of the basal ganglia with the cortex and cerebellum changes throughout the 

lifespan. The integrity of these circuits is likely crucial for healthy aging, given their role in 

a wide range of behaviors (for reviews, see Alexander & Crutcher, 1990; Haber 2003). The 

current study addressed this gap of research.

We examined the connectivity of the caudate, putamen, pallidum, and VTA/SN with other 

brain structures using resting state functional magnetic resonance imaging (rsfMRI) data in a 

large cohort of young and middle-aged adults. rsfMRI measures the correlations of 

spontaneous, low frequency blood oxygenation level dependent (BOLD) signals between 

brain regions (Biswal et al., 1995; Fox & Raichle, 2007). A proxy for the functional 

relatedness of neural circuits, resting state functional connectivity has gained wide appeal 

for its ease of use and reliability within and across individuals (Fox & Raichle, 2007). For 
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example, rsfMRI has been used to delineate subregions of cortical structures (e.g., Mars et 

al., 2011; Zhang et al., 2012; Zhang & Li, 2012a), predict impulsive behaviors (Davis et al., 

2013), and examine changes in developing neural circuits throughout adolescence (Stevens 

et al., 2009; Tomasi & Volkow, 2012a). Using rsfMRI, Tomasi & Volkow (2012b) 

demonstrated that from adolescence to young adulthood, VTA connectivity increased with 

structures in the DMN. Here, we extended this investigation to include seed regions in the 

dorsal striatum, areas that have received relatively little attention in the adult life-span 

rsfMRI literature. We posited that functional connectivity of the dorsal striatum and 

VTA/SN with other brain regions would be significantly altered with age and tested this 

hypothesis in a convenient sample of slightly older healthy adults (18 to 49 years of age) 

that we have analyzed extensively in previous work (Zhang et al., 2012; Zhang & Li, 2012a; 

Li et al., 2014; Zhang & Li; 2014).

2.0 Materials and Methods

2.1 Resting State Data

The resting state fMRI (rsfMRI) scans were pooled from three datasets (Leiden_2180/

Leiden_2200, Newark, and Beijing_Zang, n=144) downloadable from the 1000 Functional 

Connectomes Project (Biswal et al., 2010) and our own data (n=106). Individual 

participants’ images were viewed one by one to ensure that the whole brain was covered. A 

total of 250 healthy participants’ resting state data (3-Tesla magnet; 18–49 (mean = 24.6 +/− 

6.5) years of age; 104 men; one scan per participant; duration: 4.5–10 minutes; eyes closed 

during resting) were analyzed. Table 1 summarizes the scan characteristics and 

demographics of subjects of the data set.

2.2 Imaging Data Preprocessing

Standard image preprocessing was performed on the brain imaging data using Statistical 

Parametric Mapping (SPM 8, Wellcome Department of Imaging Neuroscience, University 

College London, U.K.), as described in our previous work (Zhang et al., 2012). Images of 

each individual participant were first realigned (motion corrected) and corrected for slice 

timing. Each individual’s structural image was coregistered to the mean EPI for each 

individual (i.e., the mean EPI was used as the reference image). Each individual structural 

image was then segmented and normalized to an MNI (Montreal Neurological Institute) EPI 

(echo- planar imaging) template with affine registration followed by nonlinear 

transformation (Ashburner and Friston, 1999, Friston et al., 1995). The normalization 

parameters determined for the structural volume were then applied to the corresponding 

functional image volumes for each participant. The voxels are 3×3×3 mm. Finally, the 

images were smoothed with a Gaussian kernel of 8 mm at full width at half maximum.

Additional preprocessing was applied to reduce spurious BOLD variances that were unlikely 

to reflect neuronal activity (Fair et al., 2007, Fox and Raichle, 2007, Fox et al., 2005, 

Rombouts et al., 2003). The sources of spurious variance were removed through linear 

regression by including the signal from the ventricular system, the white matter, and the 

whole brain, in addition to the six parameters obtained by rigid body head motion 
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correction. First-order derivatives of the whole brain, ventricular and white matter signals 

were also included in the regression.

Cordes and colleagues suggested that BOLD fluctuations below a frequency of 0.1Hz 

contribute to regionally specific BOLD correlations (Cordes et al., 2001). The majority of 

resting state studies low-pass filtered BOLD signal at a cut-off of 0.08 or 0.1 Hz (Fox and 

Raichle, 2007). Thus, we applied a temporal band-pass filter (0.009Hz < f < 0.08Hz) to the 

time course in order to obtain low-frequency fluctuations (Fair et al., 2007, Fox and Raichle, 

2007, Fox et al., 2005).

2.3 Head motion

As extensively investigated in Van Dijk et al., 2012, micro head motion (>0.1mm) is an 

important source of spurious correlations in resting state functional connectivity analysis. 

Therefore, we applied a “scrubbing” method proposed by Power and colleagues (Power et 

al., 2012) and successfully applied in previous studies (Smyser et al., 2010; Power et al., 

2012; Tomasi and Volkow, 2012b) to remove time points affected by head motions. Briefly, 

for every time point t, we computed the framewise displacement given by FD(t) = |Δdx(t)| + |

Δdy(t)| + |Δdz(t)| + r|α(t)| + r|β(t)| + r|γ(t)|, where (dx, dy, dz) and (α, β, γ) are the translational 

and rotational movements, respectively, and r (= 50mm) is a constant that approximates the 

mean distance between center of MNI space and the cortex and transform rotations into 

displacements (Power et al., 2012). The second head movement metric was the root mean 

square variance (DVARS) of the differences in % BOLD intensity I(t) between consecutive 

time points across brain voxels, computed as follows: , 

where the brackets indicate the mean across brain voxels. Finally, to compute each subject’s 

correlation map, we removed every time point that exceeded the head motion limit 

FD(t)>0.5mm or DVARS(t)>0.5% (Power et al., 2012; Tomasi and Volkow, 2012b). On 

average, 1% of the time points were removed across subjects.

2.4 Seed-based functional connectivity: linear correlations

We used the caudate, pallidum, and putamen templates from the Anatomical Automatic 

Labeling (AAL) atlas (Tzourio-Mazoyer et al., 2002) and the maximum probability maps 

template for the VTA/SN seed (Hammers et al., 2003; Ahsan et al., 2007). The VTA/SN 

seed was derived from the structural MRIs of 30 healthy adults; after spatial normalization 

and averaging across subjects the size of the left VTA/SN seed was 561mm3 and the right 

VTA/SN seed was 545mm3 (Ahsan et al., 2007). The putamen and the caudate were 

bisected into anterior and posterior regions based on boundaries from previous studies; the 

putamen was divided along the coronal slice containing the anterior commissure (Postuma 

& Dagher, 2006; Helmich et al., 2010) and the caudate was divided along the coronal slice 

containing the interventricular foramina (Robinson et al., 2012). Bilateral masks were used 

for each seed region. We did not use a ventral striatum seed, as we reported the effects of 

age on the ventral striatum in a previous study (Li et al., 2014). The BOLD time courses 

were averaged spatially across all voxels for each of the seed regions. We computed the 

correlation coefficient between the averaged time course of each seed region and the time 

courses of individual voxels of the brain for individual participants. To assess and compare 
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the resting state “correlograms,” we converted these image maps, which were not normally 

distributed, to z score maps by Fisher’s z transform (Jenkins and Watts, 1968; Berry and 

Mielke, 2000): z = 0.5loge[(1+r)/(1−r)]. The z maps were used in group analysis with 

multiple regression.

We used a multiple regression with three covariates: age, male gender (male = 1, female = 

0) and female gender (female = 1, male = 0), to examine age and gender differences in 

functional connectivity and identified voxels that were significant at a corrected threshold. 

Investigators have argued that the corrected voxel peak threshold of p<0.05, based on the 

Gaussian random field theory, may be too restrictive, and suggested the use of a cluster 

threshold (Poline et al., 1997; Hayasaka and Nichols, 2003). Thus, we present results that 

satisfy both a p<.001 uncorrected threshold at the voxel level and a p<.05 family-wise error 

(FWE) corrected threshold, where the minimum cluster size = 10 voxels.

3.0 Results

Figure 1 shows the results of one-sample t-tests of whole-brain connectivity of each seed 

region across all 250 participants. Figures 2 and 3 show the results from the age regression 

analyses; Tables 2 and 3 show the significant “positive” (positive correlation with age) and 

“negative” (negative correlation with age) clusters, respectively, from the age regression 

analysis. Results from each set of analyses are discussed in detail below.

3.1 Seed-based functional connectivity: One-sample t-tests

The head of caudate (Figure 1a) showed positive connectivity with dorsomedial prefrontal 

cortex (PFC) including the anterior pre-supplementary motor area (pre-SMA) and rostral 

anterior cingulate cortex (rACC), anterior PFC, superior frontal gyri, a large area of the 

ventromedial PFC (vmPFC) and orbitofrontal cortex (OFC), angular gyrus, dorsal/anterior/

medial thalamus, and basal ganglia, and negative connectivity with parietal, occipital, and 

somatomotor regions, as well as the midbrain, posterior insula, hippocampus, 

parahippocampal gyrus, posterior/ventral thalamus, amygdala, and the cerebellum. The body 

of caudate (Figure 1b) showed positive connectivity with a large area of the dorsomedial 

PFC including the posterior pre-SMA and SMA, superior frontal gyrus, ventrolateral PFC, 

supramarginal gyrus/superior temporal sulcus, dorsal/anterior/medial thalamus, anterior 

insula, basal ganglia, and posterior cerebellar cortex, and showed negative connectivity with 

occipital cortex, somatomotor cortex, vmPFC/mOFC, posterior/ventral thalamus, medial/

superior temporal cortex, midbrain, and posterior insula.

The anterior putamen (Figure 1c) showed positive connectivity with medial superior frontal 

cortex including the pre-SMA, SMA, and ACC, lateral and anterior PFC, thalamus, 

midbrain, insula, supramarginal gyrus/superior temporal sulcus, superior/middle temporal 

structures, amygdala, and midline cerebellar structures including the vermis, and negative 

connectivity with occipital and parietal cortices, gyrus rectus and olfactory gyrus. The 

posterior putamen (Figure 1d) showed fairly similar patterns to the anterior putamen; it 

additionally showed positive connectivity with somatomotor cortex, premotor cortex, and 

negative connectivity to a larger region of vmPFC/mOFC. Pallidum (Figure 1e) showed 

patterns of functional connectivity largely similar to the anterior putamen, except in the 
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mOFC where, as with the posterior putamen, the connectivity is negative. VTA/SN (Figure 

1f) showed positive connectivity with SMA, ACC, vmPFC, superior temporal cortex, 

posterior cingulate cortex, thalamus, basal ganglia, insula and cerebellum, and negative 

connectivity with occipital, parietal and somatomotor cortices. These results largely 

replicate those of previous work (Di Martino et al., 2008; Barnes et al., 2010; Farr et al., 

2014).

3.2 Age-related changes in functional connectivity: linear regression

Several distinct findings were associated with age. For the head of caudate, the strength of 

positive connectivity with vmPFC and mOFC increased with age, and connectivity to the 

calcarine sulcus decreased with age (Figure 2a, 3a; Tables 2 & 3). The body of caudate also 

showed age-related increases in connectivity to the vmPFC/mOFC, as well as putamen, 

pulvinar and left angular gyrus (Figure 2b, 3b; Table 2). The anterior putamen showed age-

related increases in connectivity with the vmPFC/mOFC, parahippocampal gyrus, right 

middle temporal gyrus, and age-related decreases to superior occipital gyrus (Figures 2c, 3c; 

Tables 2 & 3). For the posterior putamen, the connectivity with parahippocampal gyrus, 

right middle temporal gyrus, posterior cingulate cortex (PCC) and right angular gyrus 

increased with age. Additionally, connectivity decreased with age to the superior occipital 

gyrus and somatomotor cortices (Figures 2d, 3d; Tables 2 & 3). Age-related results for the 

pallidum were similar to those for anterior and/or posterior putamen seeds; it additionally 

showed increased connectivity to posterior putamen and decreased connectivity to lateral 

OFC (lOFC)/ventrolateral PFC (vlPFC) (Figures 2e, 3e; Tables 2 & 3). Lastly, for the 

VTA/SN seed, connectivity with anterior lateral PFC and cerebellum increased with age. 

Additionally, connectivity decreased to somatomotor cortices (Figures 2f, 3f; Tables 2 & 3).

We also performed a supplementary analysis looking at age effects using the same linear 

regression in a smaller subset of the participants (data not shown here). For this analysis, 

only datasets from our own participant pool (n = 106) were included. This was a control 

analysis and its purpose was two-fold: first, while the larger data set had varying acquisition 

order and TR, our data set were homogeneous in these imaging parameters (see Table 1). 

Second, the total participant pool had a somewhat skewed age distribution; this smaller 

cohort of our own participants had a higher proportion of older individuals aged 30–49, and 

thus a less skewed age distribution. Hence, we ran this supplementary analysis to check if 

the general trend of age-related changes in functional connectivity still held when 

acquisition order/TR scanning parameters were controlled for and when there was a less 

skewed age distribution. Indeed, the results were largely similar for all six seed regions. For 

instance, we still observed significant age-related decreases in connectivity between 

pallidum/putamen/VTA/SN and somatomotor cortex and age-related increases in 

connectivity between pallidum/putamen and parahippocampal gyrus/middle temporal gyrus. 

However, the results were not identical, as may be expected in the analysis of a much 

smaller sample of the original cohort. Notably, the age-related increase in caudate head-

vmPFC/OFC connectivity and decrease in putamen-superior occipital cortex connectivity 

now only reached significance with small volume correction for the cluster obtained from 

the original analyses.
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Lastly, we performed one additional analysis to ensure that signal bleeding did not influence 

the results, which can occur because our striatal seed regions were adjacent to one another 

(e.g., Choi et al., 2012). We removed an outer layer, one voxel thick, from each striatal seed 

region, in the hope of removing any potential influence of signal mixing. This resulted in 

roughly a 50 to 75% reduction in volume, depending on the shape of each region. The size 

of each seed region before and after this procedure were: a) head of caudate 12496 mm3 

reduced to 5880 mm3, b) body of caudate 3792 mm3 reduced to 976 mm3, c) anterior 

putamen 9144 mm3 reduced to 4314 mm3, d) posterior putamen 8592 mm3 reduced to 3136 

mm3, and e) pallidum 4548 mm3 reduced to 1760 mm3. Hence, the seeds were significantly 

smaller and there was greater physical distance between them, decreasing the likelihood of 

signal bleeding. The results of age regression analysis on these smaller seeds were nearly 

identical to the main analysis (Supplementary Figure S2), and so only the results from the 

main analysis are presented here.

Tests for gender differences in functional connectivity yielded no significant results at the 

same statistical threshold whether age was controlled for or not.

4.0 Discussion

Our results demonstrate that cerebral functional connectivity of the basal ganglia nuclei and 

VTA/SN change from the ages of 18 to 49. With age, connectivity of the putamen and 

pallidum increased with default mode network (DMN) regions such as the vmPFC and PCC. 

We also observed that the putamen, pallidum, and VTA/SN showed decreased connectivity 

with regions in the “task-positive” network (TPN), such as somatomotor cortex. These 

results build on an emerging body of evidence supporting an anti-correlation between the 

DMN and the TPN and show that the strength of anti-correlation is reduced with age from 

young to middle adulthood.

4.1 Functional connectivity of the basal ganglia

Before discussing the age-related changes in functional connectivity in detail, we confirmed 

that cerebral connectivity of the striatum and VTA/SN are consistent with previous reports 

(Di Martino et al., 2008; Barnes et al., 2010; Farr et al., 2014). The caudate nucleus showed 

positive connectivity with a wide area of the frontal cortex and negative connectivity with 

somatomotor and occipital cortices. This is consistent with a role of the caudate nucleus in 

many forms of executive functions (e.g., Liston et al., 2006; Cools, 2008), in accord with 

known anatomy (Alexander et al., 1986; Middleton & Strick, 2000; Haber, 2003). The 

pallidum and putamen showed positive connectivity with the cerebellum, SMA/pre-SMA, 

and motor cortices, consistent with their large role in motor control (Alexander et al., 1990; 

Haber, 2003). Lastly, the VTA/SN seed showed positive connectivity with vmPFC and 

ACC, highlighting VTA/SN’s putative role in saliency processing (Horvitz, 2000; Ungless, 

2004; Seeley et al., 2007; Ide et al., 2013). Overall, these findings replicate earlier studies 

and validate the use of rsfMRI in understanding functional brain networks throughout the 

lifespan.
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4.2 Executive function and age-related changes in caudate-vmPFC connectivity

Reciprocally connected with a wide area of the prefrontal cortex (PFC) including the 

dorsolateral PFC and dorsal ACC (Yeterian & Van Hoesen, 1978; Selemon & Goldman-

Rakic, 1985; Vogt & Pandya 1987; Haber, 2003; Zhang et al., 2012), the caudate nucleus is 

viewed as a subcortical hub for higher order cognitive functions (Cools, 2008). Our data 

showed that with age, connectivity increased between the caudate nucleus and the vmPFC/

mOFC. Activity in the vmPFC is often found to be related to saliency and reward processing 

(Rolls, 2000; Elliot et al., 2000) and decision making such as during delayed discounting 

(McClure et al., 2007). Interestingly, Christakou et al. (2011) observed age-related increases 

from adolescence to the 30s in functional connectivity between vmPFC and a portion of 

ventral striatum including the caudate head. These increases in connectivity were associated 

with a reduction in delayed discounting, or a greater ability to wait for large delayed over 

small immediate rewards, a behavior that improves with normal aging (Simon et al., 2010). 

Further, fractional anisotropy of white matter in this region increased with age, from 9 to 23 

years old, and reduced delay discounting (Olson et al., 2007). Hence, our findings show that 

functional connectivity between vmPFC and caudate increases throughout mid-adulthood 

and may support cognitive control of impulsive choices.

4.3 Somatomotor processing and age-related changes in pallidum/putamen connectivity

The basal ganglia nuclei have long been implicated in somatomotor processing (for reviews, 

see Alexander et al., 1986; Haber, 2003). Striatal neurons project to the output 

compartments of the pallidum and SN pars reticulata, which send projections to sensory and 

motor cortices via the thalamus (Kievit & Kuypers, 1977; Ueki, 1983; Middleton & Strick, 

1994), in a circuit to process and gate sensory information and regulate motor output. As 

sensory and motor deficits are some of the most pronounced behavioral manifestations 

associated with aging, age-related changes in activity of the basal ganglia and somatomotor 

cortices is frequently observed in neuroimaging investigations (Sailer et al., 2000; Mattay et 

al., 2002; Wu & Hallett, 2005; Madden et al., 2007; Taniwaki et al., 2007). For instance, 

during a visual attention task, older subjects under-recruited occipital cortex but over-

recruited fronto-parietal regions compared to young adults (Madden et al., 2007). Older 

subjects also showed higher activation of cerebellar, striatal, and motor cortical areas during 

simple motor tasks compared to young adults (Mattay et al., 2002; Wu & Hallett, 2005). 

Older subjects showed reduced functional connectivity between the nodes of the basal 

ganglia-cerebellar-motor cortical circuit during self-initiated movements (Taniwaki et al., 

2007). Our data showed that posterior putamen, pallidum, and VTA/SN decreases in 

connectivity to left somatomotor cortices with age, consistent with findings of structural 

connectivity of bilateral putamen with left but not right somatomotor cortex in diffusion 

tensor imaging (Ystad et al., 2011). The decrease in functional connectivity to left 

somatomotor cortex may be mediated by age-related decline in dopaminergic signaling 

(Volkow et al., 2000), as drugs that augment (levodopa) or dampen (haloperidol) 

dopaminergic signaling each increased and decreased the connectivity between striatum and 

somatomotor cortex (Tost et al., 2010; Cole et al., 2013).
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4.4 Default Mode and Task Positive Networks and age-related changes in connectivity

Much attention has been given to two functional networks in the brain: the DMN and the 

TPN (Fox et al., 2005). In healthy young adults in their early to mid 20s, these networks are 

robustly anticorrelated in activity; DMN regions such as vmPFC and PCC are more 

activated in the absence of a task or environmental stimulation, while TPN regions such as 

dorsolateral PFC, somatomotor cortex, and some basal ganglia nuclei including the putamen 

and pallidum are more activated during task performance (Fox et al., 2005; Fox et al., 2007; 

Robinson et al., 2009; Uddin et al., 2009). Our results show that this anticorrelation 

diminishes with age; while the connectivity within TPN regions (e.g., pallidum/posterior 

putamen to somatomotor cortex) decreases, connectivity between TPN and DMN regions 

(e.g., pallidum/posterior putamen to PCC) increases. As a result, TPN and DMN decreases 

in their contrasting pattern of activity with age.

The degree of anticorrelation in TPN and DMN activity is emerging as an important neural 

marker in the functional connectivity and aging literature. Kelly et al. (2008) and Grady et 

al. (2010) found in both young and older adults that weaker DMN-TPN anticorrelations 

were associated with more variable behavioral performance on cognitive tasks. Converging 

evidence has shown that the DMN-TPN anticorrelation diminishes across the lifespan. For 

instance, the degree of activation in TPN regions during cognitive tasks decreases with age 

(e.g., Andrews-Hanna et al., 2007; Esposito et al. 2008; Roski et al., 2013). Likewise, the 

degree of deactivation in DMN regions during tasks is reduced in older compared to 

younger adults (Lustig et al. 2003; Grady et al. 2006; Persson et al. 2007; Damoiseaux et al. 

2008; Miller et al. 2008). Finally, Wu et al. (2011) showed that anticorrelations between 

DMN and TPN regions were reduced during resting state in old as compared to younger 

adults.

Thus, the present findings on the basal ganglia add to a growing body of work suggesting 

that the balance between the DMN and TPN may change during healthy aging, as early as 

from young to middle adulthood. This result also seems broadly consistent with recent work 

showing an age-related decrease in long-range cortical connectivity (Sala-Llonch et al., 

2014). While the neurochemical substrates of this phenomenon have not been explored in 

detail, age-related alterations in dopaminergic signaling may be one mechanism behind this 

observation. Both dopamine transporters (Volkow et al., 1996; Troiano et al., 2010) and 

receptors (Wong et al., 1997; Volkow et al., 1998; Kaasinen et al., 2000) decrease with 

healthy aging throughout the brain, and age-related changes in dopaminergic signaling are 

associated with long-range changes in brain function (Volkow et al., 2000). Specifically, in 

healthy individuals, dopaminergic agonists strengthen positive correlations in activity 

between regions within the TPN such as caudate and frontal/parietal cortex (Cole et al., 

2013). Likewise, unmedicated individuals with Parkinson’s disease, a population with 

striatal dopamine depletion, showed higher putamen-vmPFC connectivity than age-matched 

controls (i.e., a weaker TPN-DMN anti-correlation) and this alteration was remediated with 

L-DOPA (Kwak et al., 2010). Further, during a perceptual task unmedicated individuals 

with Parkinson’s disease failed to deactivate the posterior nodes of the DMN, but the typical 

deactivation pattern emerged after L-DOPA administration (van Eimeren et al., 2009; 

Delaveau et al., 2010). Thus, future studies are warranted to investigate whether 
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dopaminergic signaling and TPN-DMN connectivity go in parallel during healthy aging and 

the clinical course of Parkinson’s disease.

Age-related changes in functional connectivity among cortico-basal ganglia circuits have 

also been observed in neurological conditions other than Parkinson’s disease. For instance, 

in individuals with Alzheimer’s disease, both the positive within-network default mode 

correlations and DMN-TNP anticorrelations diminished compared to controls, including 

reduced anticorrelations between PCC and basal ganglia nuclei (Wang et al., 2007; Zhang et 

al., 2009). Disruption of between-network activity has also been reported in individuals with 

amnestic mild cognitive impairment (Bai et al., 2008). These observations suggest that 

alternative mechanisms need to be considered to account for altered DMN-TNP 

anticorrelations during healthy aging and in neurological conditions.

4.5 A methodological consideration

Negative functional connectivity has been observed and reported since the very beginning of 

the resting state fMRI study (Biswal et al., 1995). Negative functional connectivity, also 

called anti-correlation, represents negative cross-correlation in spontaneous BOLD signals 

between two brain regions. It was suggested that the global signal regression, a common 

step of data preprocessing in seed region based functional connectivity analyses, is a likely 

cause of anti-correlated functional networks (Murphy et al., 2009; Weissenbacher et al., 

2009). However, recent investigations demonstrated that the negative correlations are not an 

artifact but have biological origins (Fox et al., 2009; Chen et al., 2011; Chai et al., 2012). 

For instance, negative functional connectivity is associated predominantly with long range 

connections and correlates with the shortest path length in the human brain network 

(Scholvinck et al., 2010; Chen et al., 2011; Schwarz and McGonigle, 2011). Indeed, the 

negative correlations between brain regions with presumably opposing functional roles have 

been consistently observed in different studies (Greicius et al., 2003; Fox et al., 2005; 

Fransson, 2005; Kelly et al., 2008; Uddin et al., 2009; Chen et al., 2011), including those 

using independent component analysis, which does not involve global signal regression 

(Cole et al., 2010; Zuo et al., 2010; Zhang and Li, 2012b). Furthermore, the existence of the 

negative functional connectivity was also suggested by computational simulations of 

cerebral network activities in both monkeys and humans (Honey et al., 2007; Izhikevich and 

Edelman, 2008; Deco et al., 2009) and supported by simultaneous recording of unit activity 

and local field potential from task-positive and task-negative (default mode) networks in 

cats (Popa et al., 2009). Together, these earlier studies suggest functional significance of 

negative functional connectivity.

4.6 Limitations and conclusions

The current study had several limitations. Firstly, we did not account for cardiovascular and 

respiratory variables which depend on age and could potentially impact findings of resting 

state functional connectivity (although it is thought that significant age-related changes in 

these domains only begin to emerge in the fourth decade of life; see Farkas & Luiten, 2001). 

Second, the majority of subjects were under the age of 30. Ideally, the age distribution 

would have been centered around 35 for a study looking at ages between 18 and 49. These 

results thus need to be replicated both for the current age range and other developmental 

Manza et al. Page 10

Neuroimage. Author manuscript; available in PMC 2016 February 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



stages, as studied for other neural systems (Antonenko et al., 2013; Bernard et al., 2013; 

Damaraju et al., 2014; Gabard-Durnam et al., 2014). Furthermore, we did not observe age-

related changes such as those of caudate – DLPFC connectivity that typically occur during 

cognitive aging. This is likely because our sample consists of participants in their young to 

middle adulthood and, thus, many of the age-related neural and cognitive changes reported 

for the elderly were not observed (Andrews-Hanna et al., 2007). Nonetheless, the current 

results demonstrate changes in cerebral functional connectivities for a chronological 

segment less explored in aging studies. Future work within a longitudinal setting will tell 

whether the current findings represent precursors to some of the more prominent changes or 

cerebral dysfunctions observed in the elderly. Third, we did not have information on 

education, cognitive reserve or neuropsychological performance of the participants. Thus, 

we cannot rule out the influence of these important factors on the results, nor draw any 

inferences regarding the relationship between these age-related changes and cognitive or 

affective functioning. Fourth, the pallidum and putamen functional connectivity maps were 

largely similar, raising the possibility that some signal mixing occurred between these 

spatially adjacent structures. After taking steps to remove the influence of signal mixing 

such as reducing the size of the seed regions and reducing our smoothing parameters, the 

patterns of connectivity remained highly overlapping, perhaps reflecting the close 

anatomical and functional link between these structures (e.g., Mink, 1996; Robinson et al., 

2009). Nevertheless, the possibility remains that the pallidum results were influenced by 

signals from the putamen, particularly when considering inter-subject variability; therefore, 

the pallidum results in this study should be viewed with a lesser degree of certainty. Lastly, 

this study was based on a between-subject, cross-sectional analysis; thus, the present data on 

age-related differences are indirect and correlational. A longitudinal design would provide 

information on how functional connectivity changes with age on an individual basis.

Aging leads to broad changes in the structure and function of the brain. While much 

attention has been given to underlying neural changes from the cellular to the regional level, 

less is understood of how large-scale brain networks are altered throughout the lifespan. As 

more information emerges, it is becoming increasingly clear that the brain regions affected 

by aging should not be considered in isolation but in relation to their connections with other 

brain regions (Greene et al., 2014; Hugenschmidt et al., 2014; Schaefer et al., 2014). Here, 

we have reported results from a specific set of age-related changes in the cortico-basal 

ganglia circuitry, a network implicated in both healthy and disordered aging.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
One sample T-test (n = 250) of whole-brain functional connectivity with a) caudate head b) 

caudate body c) anterior putamen d) posterior putamen e) pallidum and f). VTA/SN p < .05, 

FWE corrected (scale: t =4.63 to 20), overlaid on a (g) T1 structural template.
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Figure 2. 
Age regression on functional connectivity of the a) caudate head b) caudate body c) anterior 

putamen d) posterior putamen e) pallidum and f) VTA/SN seed regions. p < .001 

uncorrected, peak voxel; < . 05 FWE, cluster (cluster size = 10). Yellow and blue color each 

indicates increases and decreases in functional connectivity with age. R = Right; L = Left; G 

= Gyrus; vmPFC/mOFC = Ventromedial Prefrontal Cortex/Medial Orbitofrontal Cortex; 

MTG = Middle Temporal Gyrus; PCC = Posterior Cingulate Cortex; PHG = 

Parahippocampal Gyrus; lOFC = Lateral Orbitofrontal Cortex; vlPFC = Ventrolateral 

Prefrontal Cortex; SOG = Superior Occipital Gyrus
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Figure 3. 
Age regression on functional connectivity. Each scatterplot shows a region of interest whose 

connectivity significantly varied with age between a) caudate head b) caudate body c) 

anterior putamen d) posterior putamen e) pallidum and f) VTA/SN. The x-axis denotes the 

age of the participant, and the y-axis denotes the z-score for the correlation between the seed 

region and the region of interest. Each gray dot represents one subject and the blue lines 

show linear regression. Abbreviations: R = Right; L = Left; G = Gyrus; vmPFC/mOFC = 

Ventromedial Prefrontal Cortex/Medial Orbitofrontal Cortex; MTG = Middle Temporal 

Gyrus; PCC = Posterior Cingulate Cortex; PHG = Parahippocampal Gyrus; lOFC/vlPFC = 
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Lateral Orbitofrontal Cortex/Ventrolateral Prefrontal Cortex; SOG = Superior Occipital 

Gyrus
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