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Abstract
Changes in functional connectivity (FC) measured using resting state fMRI within the basal ganglia network (BGN) have 
been observed in pathologies with altered neurotransmitter systems and conditions involving motor control and dopaminergic 
processes. However, less is known about non-disease factors affecting FC in the BGN. The aim of this study was to examine 
associations of FC within the BGN with dopaminergic processes in healthy older adults. We explored the relationship between 
FC in the BGN and variables related to demographics, impulsive behavior, self-paced tasks, mood, and motor correlates in 
486 participants in the Whitehall-II imaging sub-study using both region-of-interest- and voxel-based approaches. Age was 
the only correlate of FC in the BGN that was consistently significant with both analyses. The observed adverse effect of 
aging on FC may relate to alterations of the dopaminergic system, but no unique dopamine-related function seemed to have 
a link with FC beyond those detectable in and linearly correlated with healthy aging.
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Introduction

It is well established that in absence of specific tasks, the 
brain is organised into largely independent resting state net-
works (RSN) (Smith et al. 2009), detectable using resting 
state fMRI (rfMRI). The basal ganglia resting state network 
(BGN), although often not reported as one of the main 
RSNs, is identifiable, reproducible (across subjects, resting 
state conditions and imaging parameters), and corresponds 
with the motor control circuit, opening a new way to inves-
tigate the functional connectivity of the basal ganglia (Rob-
inson et al. 2009; Di Martino et al. 2008).

Aberrant functional connectivity (FC) within the BGN 
has been observed in pathologies with altered neurotrans-
mitter systems and conditions involving motor control and 
dopaminergic processes in general. In particular, reduced 
FC has been observed in patients with early Parkinson’s 
disease (PD) relative to healthy controls (HC) (Szewczyk-
Krolikowski et al. 2014; Tan et al. 2015). This alteration 
appears not to be related to Alzheimer’s disease (Rolinski 
et al. 2015) but is present in individuals at risk of developing 
PD (patients with REM sleep behavior disorder) (Rolinski 
et al. 2016), suggesting that FC determined by rfMRI may be 
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a promising biomarker for PD. Changes in FC of the BGN 
have also been observed in other dopamine-related condi-
tions such as depression (Hwang et al. 2016), schizophrenia 
(Duan et al. 2015), and impulsive behaviors (Schmidt et al. 
2015).

To date the factors that affect FC measured in the BGN 
remain unclear. Given the potential of rfMRI to detect 
changes due to altered neurotransmitter systems, we sought 
to explore whether a link with dopaminergic processes 
that is detectable with rfMRI is present in healthy older 
subjects. The hypothesis that changes in the nigrostriatal 
dopaminergic system already occur in normal aging is sup-
ported by previous PET and SPECT studies (Reeves et al. 
2002). Therefore, a better characterization of variability of 
FC in healthy subjects might provide insight into the bio-
logical basis of the difference in FC found in pathological 
conditions. Moreover, identifying factors that account for 
this variability can also help to increase the specificity of 
potential biomarkers based on resting state FC. Statistically 
controlling for factors that are related to normal aging should 
increase power to detect disease-specific changes.

To this aim we used data from 486 healthy individuals 
aged 60 to 82 years participating in the Whitehall II imag-
ing (WHII) sub-study (Filippini et al. 2014), which included 
brain MRI, demographic and health data, and tests of cogni-
tive and motor performance. These data provided sufficient 
statistical power to investigate the relationship between FC 
in the BGN and a wide range of variables related to demo-
graphics, impulsive behavior, self-paced tasks, mood and 
motor correlates. To cross-validate findings, we used both a 
region-of-interest (ROI) and a voxel-wise approach.

Methods

Brain MRI data from 486 participants in the WHII sub-study 
were analysed (age 69.45 ± 5.23 years, range 60–82 years, 
M/F = 388/98, education 14.00 ± 3.12 years). Details of the 
study, the MRI acquisition protocol, and pre-processing 
steps are described elsewhere (Filippini et al. 2014). Briefly, 
rfMRI data pre-processing included motion correction, brain 
extraction, high-pass temporal filtering (cut-off 100 s), field-
map correction, artefact removal (FSL-FIX), spatial smooth-
ing (FWHM 6 mm), registration to the individual structural 
(high-resolution T1-weighted) scans and to standard space 
(FNIRT, optimized using BBR approach). The template of 
RSNs used in this study was derived from a separate set of 
45 age-matched elderly healthy controls, using group ICA 
with dimensionality d = 50, (which enabled reliable extrac-
tion of the BGN) as described by (Griffanti et al. 2016). 
Dual-regression was used to generate subject-specific maps 
of parameter estimates (PE) for the 50 components (29 RSNs 
and 21 artefacts) from pre-processed rfMRI data of the 486 

subjects. Subject-specific BGN maps entered subsequent FC 
analyses. Structural T1 images of the individual subjects 
were segmented using FIRST (Patenaude et al. 2011) and 
the volume of BG structures (caudate nucleus, putamen and 
globus pallidus) was calculated to be included as covariate.

We tested the potential links between FC in the BGN 
and different domains using both a region-of-interest (ROI) 
and voxel-wise approach. Characteristics of the subjects 
are summarised in Table 1 (see (Filippini et al. 2014) for 
more details about the tests). The variables included in each 
domain and the tests performed are summarised in Table 2.

For the ROI analysis, the average PE of the BGN was 
extracted for each subject within a mask including caudate 
nucleus, putamen, and globus pallidus, from the Harvard-
Oxford probabilistic atlas (threshold 30%) as a measure of 
FC. The analyses were then performed with SPSS (ver-
sion 24.0) to evaluate the variance in FC explained by the 
variables explored in our study. All independent variables 
entered into the regression models at the same time (enter 
method or forced entry). Further analyses were performed on 
the significant predictors on the single BG structures (with 
Bonferroni correction across structures).

Whole-brain voxel-wise analyses of the BGN maps were 
performed to investigate the possible relationships between 
the explanatory variables and FC of the BGN with no 
restriction to the basal ganglia, to allow exploring possible 
associations also in cortical areas. Significance of associa-
tions were tested using a non-parametric permutation test 
(randomise, part of FSL (Winkler et al. 2014)) and results 
were considered significant for p < 0.05 after correction 
for multiple comparisons using the threshold-free cluster 
enhancement (TFCE) approach.

Results

In the ROI analysis, the only analysis that led to signifi-
cant results was the multiple linear regression that included 
demographic variables. The model explained 4.8% of the 
variance in the data when looking at all the structures 
together (adjusted  R2 = 0.48, p < 0.001). Age (beta = − 0.212, 
p < 0.001) and sex (M > F, beta = 0.117, p = 0.014) were sig-
nificant predictors. Figure 1 illustrates the negative correla-
tion between FC connectivity in the BGN and age. Further 
investigation of correlations between FC within the single 
structures and age in the full sample showed significant 
negative correlation (p < 0.01, Bonferroni corrected across 
six structures) between age and bilateral caudate (Spear-
mann’s rho left = − 0.256, right = − 0.232) and bilateral 
putamen (Spearmann’s rho left = − 0.182, right = − 0.187). 
No significant differences (Bonferroni corrected across 
structures) between men and women were observed (all 
p > 0.05). When splitting the subjects by gender, the negative 
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correlation between FC and age remained significant for men 
(Spearmann’s rho = − 0.228, p < 0.001), but not for women 
(Spearmann’s rho = − 0.149, p = 0.144) (Fig. 1). However, 

the difference between the two correlation coefficients tested 
using Fisher r-to-z transformation (Myers and Sirois 2006) 
was not statistically significant (z = − 0.72, p = 0.472).

Table 1  Characteristics of the subjects

Legend: CES-D = Centre for Epidemiological Studies Depression Scale; CANTAB RTI = Cambridge Neuropsychological Test Automated Bat-
tery Reaction Time (CANTAB eclipse 5.0; Cambridge Cognition Ltd. http://www.camco g.com) touchscreen version (MT = movement time for 
correct responses; RT = mean simple reaction time for correct responses); Pegboard = Purdue pegboard task; § PSQI = Pittsburgh Sleep Quality 
Index. Sub-item 11c: “How often in the past month have you had legs twitching or jerking while you sleep?” 0 = not during the past month, 
1 = less than once a week, 2 = once or twice a week, 3 = three or more times a week

Variable N (subjects with 
available data)

Mean Std. deviation

Demographics
 Age (years) 486 69.45 5.23
 Handedness (scale from − 24 (left) to 24 = (right) handed) 482 17.12 12.79
 Sex (M/F) 486 388 / 98

Impulsive behavior
 Current smoking (non-smoker / occasional / smoker) 486 465/3/18
 Alcohol consumption (units per week) 477 15.34 15.06
 Body mass index 486 26.19 4.15

Self-paced tasks
 Letter fluency (average N) 486 15.69 4.57
 Categorical fluency (average N) 486 22.09 5.68

Mood
 CES-D 485 5.22 6.21

Motor performance and sleep
 CANTAB RTI MT
 (average simple Movement Time, msec)

480 273.52 88.42

 CANTAB RTI RT
 (average simple Reaction Time, msec)

480 317.07 79.21

 Pegboard assembly task (average N) 272 26.06 6.13
 Pegboard both hands (average N) 272 9.80 1.78
 Pegboard left hand (average N) 272 12.11 2.07
 Pegboard right hand (average N) 275 12.29 2.00
 PSQI 11c (0/1/2/3)§ 478 390/48/23/17

Table 2  Details of variables and tests

Legend: CES-D = Centre for Epidemiological Studies Depression Scale; CANTAB RTI = Cambridge Neuropsychological Test Automated Bat-
tery Reaction Time (CANTAB eclipse 5.0; Cambridge Cognition Ltd. http://www.camco g.com) touchscreen version (RT = mean simple reac-
tion time for correct responses, MT = movement time for correct responses); Pegboard = Purdue pegboard task; PSQI = Pittsburgh Sleep Quality 
Index
a Volume of BG structures was included as covariate in all (ROI and voxel-wise) analyses

Domain Explanatory variables of  interesta (predictors) Analysis performed N (subjects 
with available 
data)

Demographics Age, sex, handedness Linear regression 482
Impulsive behavior Alcohol consumption, current smoking, Body Mass 

Index (BMI)
Linear regression 477

Self-paced tasks Verbal fluency, semantic fluency Linear regression 486
Mood CES-D Partial correlation 485
Motor performance and sleep CANTAB RTI (MT, RT), Pegboard (left, right, both, 

assembly), PSQI_11c
Linear regression 270
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Similar to the ROI analyses, the voxel-wise analyses 
showed significant results only when testing demographic 

variables. Age, the only significant correlate, showed a 
significant negative correlation with FC in the BGN in the 
bilateral putamen (clusters’ peak MNI coordinates (x,y,z): 
left=(− 24,12,− 4); right=(28,6,− 6)), extending into bilat-
eral caudate nucleus, bilateral thalamus, and bilateral amyg-
dala (Fig. 2). No other significant associations were found 
with the remaining variables/domains (all statistical maps 
are available at: https ://neuro vault .org/colle ction s/2681).

Discussion

The aim of this exploratory study was to better understand 
the variability of functional connectivity within the basal 
ganglia resting state network in healthy older adults, with 
particular focus on potential links to dopamine-related 
function. We investigated the association between FC and 
variables related to demographics, impulsive behavior, self-
paced tasks, mood, and motor variables in a large cohort of 
486 participants in the Whitehall-II imaging sub-study. We 
found that age was the strongest correlate of FC in the BGN. 
In particular, a significant negative correlation between age 
and FC was observed in several basal ganglia structures in 
both the ROI and voxel-wise analyses.

It is known that aging affects FC in general (Biswal 
et  al. 2010) and that FC in the default mode network 
decreases in older age (Andrews-Hanna et  al. 2007; 
Damoiseaux et  al. 2008). Regarding the BGN, the 
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Fig. 1  ROI analysis results. Statistically significant negative correla-
tion was found between PE values extracted from the whole BGN and 
age (black solid line shows the linear fit across all subjects). The neg-
ative correlation between FC and age was non-significantly stronger 
in males (green) than females (blue)

Fig. 2  Voxel-wise results. Significant negative correlation  (pTFCE<0.05) was found between FC in the BGN and age. Images are shown in radio-
logical orientation. (all statistical maps are available at: https ://neuro vault .org/colle ction s/2681)
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relationship between FC and age described by (Sole-
Padulles et al. 2016) and (Allen et al. 2011) was positive 
rather than negative. However, the age ranges in these two 
studies (7–18 and 12–71 years respectively) were very 
different from ours, which focused on elderly subjects 
(60–82 years). In this framework, our results add comple-
mentary information to the current literature, suggesting 
an inverted U-shaped pattern of FC of the BGN across 
the life span.

The effect of age on the BG has been previously shown 
with PET and SPECT. The review by (Reeves et al. 2002) 
showed an association between age and loss of striatal 
dopamine transporters (DATs) in the caudate and putamen 
in both hemispheres (Wong et al. 1984; van Dyck et al. 
2002). Those findings suggest that the changes underly-
ing the negative effect of aging on the FC within the BGN 
may be related to biological alterations of the dopamin-
ergic system, like those involved in PD. In fact, previous 
studies using SPECT (Ba and Martin 2015) and rfMRI 
(Szewczyk-Krolikowski et al. 2014; Rolinski et al. 2015) 
found differences in idiopathic PD compared to controls 
within the BG in terms of DATs and FC. These areas are 
the same that show a negative correlation with age in our 
sample of healthy aging participants.

It needs to be acknowledged that the subjects are from 
a cohort of civil servants recruited in 1985 (Marmot and 
Brunner 2005) and therefore not entirely representative 
of the general population. In particular, the observed cor-
relation with age that seems to be driven by males, would 
need further investigation on a more balanced sample, due 
to the gender bias in this cohort.

Regarding the relationship between FC and other 
dopamine-related behavioral data, none of the tested 
domains showed significant correlations with FC in the 
BGN. This could be due to multiple reasons: on one hand, 
the variables we tested were selected because they can 
be influenced by dopamine, but, since they reflect also 
other functions, may not be strictly related to the dopa-
minergic changes in the BG. On the other hand, the vari-
ability we observed in FC in the BG is possibly a sum 
of dopamine-related and dopamine-unrelated processes 
and therefore not strictly related to the dopamine-related 
behavioral data. Aging is a process that incorporates mul-
tiple domains, including dopamine-related changes, and 
might better explain the FC variability observed in the 
BGN with rfMRI.

In light of these results, our findings might have implica-
tions for the development of imaging biomarkers, for exam-
ple for the detection of PD, which must have age-norms to 
be maximally useful. In fact, since age accounts for some of 
the spread in FC of healthy subjects, statistically controlling 
for its effect might increase the specificity of a biomarker 
based on BGN functional connectivity.

Acknowledgements This work was funded by the “Lifelong Health 
and Wellbeing” Programme Grant: “Predicting MRI abnormalities with 
longitudinal data of the Whitehall II Substudy” (UK Medical Research 
Council: G1001354, PI: KPE), and supported by The HDH Wills 1965 
Charitable Trust (PI: KPE), by Monument Trust Discovery Award from 
Parkinson’s UK (LG, JK, MH), by the National Institute for Health 
Research (NIHR) Oxford Biomedical Research Centre (BRC) based 
at Oxford University Hospitals NHS Trust, and by the NIHR Oxford 
Health BRC. NF is funded by the Gordon Edward Small’s Charita-
ble Trust (Scottish Charity Register: SC008962). MK, ASM and KPE 
are supported by the UK Medical Research Council (K013351, PI: 
MK) and MK additionally by NordForsk and the Academy of Fin-
land (311492). GD is supported by the UK Medical Research Council 
(MRC) MR/K006673/1. MH has received funding from the Michael J 
Fox Foundation. The Wellcome Centre for Integrative Neuroimaging is 
supported by core funding from the Wellcome Trust (203139/Z/16/Z). 
We thank the participants in this study for taking part, and Parkinson’s 
UK for funding the ODPC cohort study and making the development 
of the method possible. The study follows MRC data sharing poli-
cies [https ://www.mrc.ac.uk/resea rch/polic ies-and-guida nce-for-resea 
rcher s/data-shari ng/]. Data will be accessible from the authors after 
2019. Statistical maps are available at: https ://neuro vault .org/colle ction 
s/2681.

Compliance with ethical standards 

Conflict of interest The authors declare that they have no conflict of 
interest.

Ethical standards All procedures followed were in accordance with the 
ethical standards of the responsible committee on human experimen-
tation (institutional and national) and with the Helsinki Declaration 
of 1975, and the applicable revisions at the time of the investigation.

Informed consent Informed consent was obtained from all individual 
participants included in the study.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat iveco 
mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.

References

Allen, E. A., Erhardt, E. B., Damaraju, E., Gruner, W., Segall, J. M., 
Silva, R. F., et al. (2011). A baseline for the multivariate compari-
son of resting-state networks. Frontiers in Systems Neuroscience, 
5, 2. https ://doi.org/10.3389/fnsys .2011.00002 .

Andrews-Hanna, J. R., Snyder, A. Z., Vincent, J. L., Lustig, C., Head, 
D., Raichle, M. E., et al. (2007). Disruption of large-scale brain 
systems in advanced aging. Neuron, 56(5), 924–935. https ://doi.
org/10.1016/j.neuro n.2007.10.038.

Ba, F., & Martin, W. R. (2015). Dopamine transporter imaging as a 
diagnostic tool for parkinsonism and related disorders in clinical 
practice. Parkinsonism & Related Disorders, 21(2), 87–94. https 
://doi.org/10.1016/j.parkr eldis .2014.11.007.

Biswal, B. B., Mennes, M., Zuo, X. N., Gohel, S., Kelly, C., Smith, 
S. M., et al. (2010). Toward discovery science of human brain 
function. Proceedings of the National Academy of Sciences of 

Brain Imaging and Behavior (2018) 12:1822–18271826 

https://www.mrc.ac.uk/research/policies-and-guidance-for-researchers/data-sharing/
https://www.mrc.ac.uk/research/policies-and-guidance-for-researchers/data-sharing/
https://neurovault.org/collections/2681
https://neurovault.org/collections/2681
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fnsys.2011.00002
https://doi.org/10.1016/j.neuron.2007.10.038
https://doi.org/10.1016/j.neuron.2007.10.038
https://doi.org/10.1016/j.parkreldis.2014.11.007
https://doi.org/10.1016/j.parkreldis.2014.11.007


 

the United States of America, 107(10), 4734–4739. https ://doi.
org/10.1073/pnas.09118 55107 .

Damoiseaux, J. S., Beckmann, C. F., Arigita, E. J., Barkhof, F., Schel-
tens, P., Stam, C. J., et al. (2008). Reduced resting-state brain 
activity in the “default network” in normal aging. Cerebral Cor-
tex, 18(8), 1856–1864. https ://doi.org/10.1093/cerco r/bhm20 7.

Di Martino, A., Scheres, A., Margulies, D. S., Kelly, A. M., Uddin, L. 
Q., Shehzad, Z., et al. (2008). Functional connectivity of human 
striatum: a resting state FMRI study. Cerebral Cortex, 18(12), 
2735–2747. https ://doi.org/10.1093/cerco r/bhn04 1.

Duan, M., Chen, X., He, H., Jiang, Y., Jiang, S., Xie, Q., et al. (2015). 
Altered basal ganglia network integration in schizophrenia. Fron-
tiers in Human Neuroscience, 9, 561. https ://doi.org/10.3389/
fnhum .2015.00561 .

Filippini, N., Zsoldos, E., Haapakoski, R., Sexton, C. E., Mahmood, 
A., Allan, C. L., et al. (2014). Study protocol: the Whitehall 
II imaging sub-study. BMC Psychiatry, 14, 159. https ://doi.
org/10.1186/1471-244X-14-159.

Griffanti, L., Rolinski, M., Szewczyk-Krolikowski, K., Menke, R. A., 
Filippini, N., Zamboni, G., et al. (2016). Challenges in the repro-
ducibility of clinical studies with resting state fMRI: an example 
in early Parkinson’s disease. Neuroimage, 124(Pt A), 704–713. 
https ://doi.org/10.1016/j.neuro image .2015.09.021.

Hwang, J. W., Xin, S. C., Ou, Y. M., Zhang, W. Y., Liang, Y. L., Chen, 
J., et al. (2016). Enhanced default mode network connectivity with 
ventral striatum in subthreshold depression individuals. Journal 
of Psychiatric Research, 76, 111–120. https ://doi.org/10.1016/j.
jpsyc hires .2016.02.005.

Marmot, M., & Brunner, E. (2005). Cohort profile: the Whitehall II 
study. International Journal of Epidemiology, 34(2), 251–256. 
https ://doi.org/10.1093/ije/dyh37 2.

Myers, L., & Sirois, M. J. (2006). Spearman correlation coefficients, 
differences between. Encyclopedia of Statistical Sciences, 12. 
https ://doi.org/10.1002/04716 67196 .ess50 50.pub2.

Patenaude, B., Smith, S. M., Kennedy, D. N., & Jenkinson, M. (2011). 
A Bayesian model of shape and appearance for subcortical 
brain segmentation. Neuroimage, 56(3), 907–922. https ://doi.
org/10.1016/j.neuro image .2011.02.046.

Reeves, S., Bench, C., & Howard, R. (2002). Ageing and the nigros-
triatal dopaminergic system. International Journal of Geriatric 
Psychiatry, 17(4), 359–370. https ://doi.org/10.1002/gps.606.

Robinson, S., Basso, G., Soldati, N., Sailer, U., Jovicich, J., Bruzzone, 
L., et al. (2009). A resting state network in the motor control 
circuit of the basal ganglia. BMC Neuroscience, 10, 137. https ://
doi.org/10.1186/1471-2202-10-137.

Rolinski, M., Griffanti, L., Piccini, P., Roussakis, A. A., Szewczyk-
Krolikowski, K., Menke, R. A., et  al. (2016). Basal ganglia 

dysfunction in idiopathic REM sleep behaviour disorder parallels 
that in early Parkinson’s disease. Brain, 139(Pt 8), 2224–2234. 
https ://doi.org/10.1093/brain /aww12 4.

Rolinski, M., Griffanti, L., Szewczyk-Krolikowski, K., Menke, R. A., 
Wilcock, G. K., Filippini, N., et al. (2015). Aberrant functional 
connectivity within the basal ganglia of patients with Parkinson’s 
disease. Neuroimage Neuroimage: Clinical, 8, 126-132. https ://
doi.org/10.1016/j.nicl.2015.04.003.

Schmidt, A., Denier, N., Magon, S., Radue, E. W., Huber, C. G., 
Riecher-Rossler, A., et al. (2015). Increased functional connec-
tivity in the resting-state basal ganglia network after acute her-
oin substitution. Transcultural Psychiatry, 5, e533. https ://doi.
org/10.1038/tp.2015.28.

Smith, S. M., Fox, P. T., Miller, K. L., Glahn, D. C., Fox, P. M., 
Mackay, C. E., et al. (2009). Correspondence of the brain’s func-
tional architecture during activation and rest. Proceedings of the 
National Academy of Sciences of the United States of America, 
106(31), 13040–13045. https ://doi.org/10.1073/pnas.09052 
67106 .

Sole-Padulles, C., Castro-Fornieles, J., de la Serna, E., Calvo, R., 
Baeza, I., Moya, J., et  al. (2016). Intrinsic connectivity net-
works from childhood to late adolescence: effects of age and sex. 
Developmental Cognitive Neuroscience, 17, 35–44. https ://doi.
org/10.1016/j.dcn.2015.11.004.

Szewczyk-Krolikowski, K., Menke, R. A., Rolinski, M., Duff, E., 
Salimi-Khorshidi, G., Filippini, N., et al. (2014). Functional 
connectivity in the basal ganglia network differentiates PD 
patients from controls. Neurology, 83(3), 208–214. https ://doi.
org/10.1212/wnl.00000 00000 00059 2.

Tan, Y., Tan, J., Deng, J., Cui, W., He, H., Yang, F., et al. (2015). 
Alteration of basal ganglia and right frontoparietal network in 
early drug-naive Parkinson’s disease during heat pain stimuli and 
resting state. Frontiers in Human Neuroscience, 9, 467. https ://
doi.org/10.3389/fnhum .2015.00467 .

van Dyck, C. H., Seibyl, J. P., Malison, R. T., Laruelle, M., Zoghbi, S. 
S., Baldwin, R. M., et al. (2002). Age-related decline in dopamine 
transporters: analysis of striatal subregions, nonlinear effects, and 
hemispheric asymmetries. American Journal of Geriatric Psy-
chiatry, 10(1), 36–43.

Winkler, A. M., Ridgway, G. R., Webster, M. A., Smith, S. M., & 
Nichols, T. E. (2014). Permutation inference for the general linear 
model. Neuroimage, 92, 381–397. https ://doi.org/10.1016/j.neuro 
image .2014.01.060.

Wong, D. F., Wagner, H. N. Jr., Dannals, R. F., Links, J. M., Frost, J. 
J., Ravert, H. T., et al. (1984). Effects of age on dopamine and 
serotonin receptors measured by positron tomography in the living 
human brain. Science, 226(4681), 1393–1396.

Brain Imaging and Behavior (2018) 12:1822–1827 1827 

https://doi.org/10.1073/pnas.0911855107
https://doi.org/10.1073/pnas.0911855107
https://doi.org/10.1093/cercor/bhm207
https://doi.org/10.1093/cercor/bhn041
https://doi.org/10.3389/fnhum.2015.00561
https://doi.org/10.3389/fnhum.2015.00561
https://doi.org/10.1186/1471-244X-14-159
https://doi.org/10.1186/1471-244X-14-159
https://doi.org/10.1016/j.neuroimage.2015.09.021
https://doi.org/10.1016/j.jpsychires.2016.02.005
https://doi.org/10.1016/j.jpsychires.2016.02.005
https://doi.org/10.1093/ije/dyh372
https://doi.org/10.1002/0471667196.ess5050.pub2
https://doi.org/10.1016/j.neuroimage.2011.02.046
https://doi.org/10.1016/j.neuroimage.2011.02.046
https://doi.org/10.1002/gps.606
https://doi.org/10.1186/1471-2202-10-137
https://doi.org/10.1186/1471-2202-10-137
https://doi.org/10.1093/brain/aww124
https://doi.org/10.1016/j.nicl.2015.04.003
https://doi.org/10.1016/j.nicl.2015.04.003
https://doi.org/10.1038/tp.2015.28
https://doi.org/10.1038/tp.2015.28
https://doi.org/10.1073/pnas.0905267106
https://doi.org/10.1073/pnas.0905267106
https://doi.org/10.1016/j.dcn.2015.11.004
https://doi.org/10.1016/j.dcn.2015.11.004
https://doi.org/10.1212/wnl.0000000000000592
https://doi.org/10.1212/wnl.0000000000000592
https://doi.org/10.3389/fnhum.2015.00467
https://doi.org/10.3389/fnhum.2015.00467
https://doi.org/10.1016/j.neuroimage.2014.01.060
https://doi.org/10.1016/j.neuroimage.2014.01.060

	Exploring variability in basal ganglia connectivity with functional MRI in healthy aging
	Abstract
	Introduction
	Methods
	Results
	Discussion
	Acknowledgements 
	References




