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and striatal dopamine transporter density predict
memory change in normal aging
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Age-related changes in striatal function are potentially important
for predicting declining memory performance over the adult life
span. Here, we used fMRI to measure functional connectivity of
caudate subfields with large-scale association networks and
positron emission tomography to measure striatal dopamine
transporter (DAT) density in 51 older adults (age 65-86 years)
who received annual cognitive testing for up to 7 years (mean =
5.59, range 2-7 years). Analyses showed that cortical-caudate
functional connectivity was less differentiated in older compared
with younger adults (n = 63, age 18-32 years). Unlike in younger
adults, the central lateral caudate was less strongly coupled with
the frontal parietal control network in older adults. Older adults
also showed less “decoupling” of the caudate from other net-
works, including areas of the default network (DN) and the hip-
pocampal complex. Contrary to expectations, less decoupling
between caudate and the DN was not associated with an age-
related reduction of striatal DAT, suggesting that neurobiological
changes in the cortex may drive dedifferentiation of cortical-cau-
date connectivity. Reduction of specificity in functional coupling
between caudate and regions of the DN predicted memory decline
over subsequent years at older ages. The age-related reduction in
striatal DAT density also predicted memory decline, suggesting
that a relation between striatal functions and memory decline in
aging is multifaceted. Collectively, the study provides evidence
highlighting the association of age-related differences in striatal
function to memory decline in normal aging.

striatum | aging | memory | dopamine | functional connectivity

he biological changes associated with cognitive decline in
aging are complex and multifaceted (e.g., ref. 1). Because of
its importance for understanding Alzheimer’s disease, much of the
extant research on memory in aging has focused on the medial
temporal lobe system and cortical networks. Age-related changes
in the striatum have long been recognized as another potentially
important predictor of declining memory function over the adult
life span (2), but only recently have multimodal imaging studies
begun to deliver empirical evidence for this hypothesis (3, 4).
The striatum works in concert with the cortex to support dif-
ferent aspects of behavior. A cognitive system involving connec-
tions of the association cortices with the caudate and anterior
putamen can be distinguished from a motor system and a reward
system that involve the posterior putamen and ventral striatum,
respectively (5, 6). In line with this heuristic, one previous study in
older adults has treated the caudate as a functionally uniform re-
gion subserving cognitive functions (3). However, functional MRI
(fMRI) has revealed that the human caudate can be functionally
further differentiated based on associations with two of the most
widely studied cortical association networks implicated in human
cognition (7): A central lateral zone that is'coupled preferentially
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to the frontal parietal control network (FPN; including the ante-
rior, dorsolateral, and dorsomedial prefrontal cortex and lateral
parietal areas) (8) and a medial wall zone coupled most strongly to
the default network (DN; including the ventromedial prefrontal
cortex, posterior cingulate, and inferior parietal areas) (9). Be-
cause differential coupling along a medial-to-lateral gradient with
cortical networks has not been fully appreciated in human studies
until quite recently, the functional implications of caudate subfield
connectivity with large-scale association networks have not been
studied extensively and, to our knowledge, not at all in the context
of aging and cognition.

The present study explores the hypothesis that cortical-subcortical
connectivity between caudate subfields and cortical association
networks (FPN and DN) is less differentiated in older adults,
which in turn contributes to age-related cognitive decline. Of
particular relevance for memory may be age-related differences
in coupling between caudate subfields and the DN, because the
DN involves connections with the medial temporal lobes and is
implicated in memory function (9). These results would be in-
formative not only for understanding functional implications of
age-related changes in the striatum but also for understanding
age-related declines in the interaction between a medial temporal
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lobe memory system on the one hand and a corticalstriatal system
on the other hand.

Dedifferentiation has previously been discussed in the context of
aging and human fMRI to reflect a loss of selectivity in neural
processing with aging (10-14). In the striatum specifically, reduc-
tions of dopamine receptors and transporters in aging are a reliable
observation (15). Because dopamine is thought to play a critical
role in optimizing signal-to-noise in neuronal circuits (16)—that is,
increasing the distinctiveness of neural representations—it is pos-
sible that aging-related differences in striatal dopamine function
are related to functional dedifferentiation of cortical-caudate
connectivity. This study combines fMRI functional connectivity (fc)
data with a positron emission tomography (PET) marker of the
striatal dopamine system. Older adults were followed for up to 7y
with annual testing of memory, executive function, and processing
speed to yield estimates of longitudinal cognitive change during
aging. We tested whether dedifferentiation of cortical-caudate con-
nectivity and striatal dopamine function predict cognitive change.

Results

Longitudinal Change in Cognitive Performance. Of the 54 older
adults that entered this study, cognitive performance for tests of
memory, executive functions, and processing speed was tracked in
51 older adults (mean age = 74.87; age range = 65-86 y) annually
for up to 7y (mean number of years = 5.59, SD = 0.94, range 2-7y).

Cognitive functions differed depending on baseline age (sig-
nificant age X time interactions reported in SI Appendix, Table
S1: models 1-3a). To explore these interactions further, mean
changes in cognitive performance were estimated using gener-
alized additive mixed models (GAMM). GAMM plots revealed
that cognitive decline accelerated after ~80 y (Fig. 1 and SI
Appendix, Fig. S1). In addition, the GAMM plot for memory also
showed that older adults younger than ~80 y showed increased
performance over time, reflecting practice effects (Fig. 1 and S/
Appendix, Results 1 and Fig. S2).

Caudate Functional Dedifferentiation in Older Adults.

Voxelwise caudate parcellations. Following the same procedures as
described for young adults in Choi et al. (7) (see Methods for
details), voxelwise parcellations of the caudate showed that only

2.0

60 70 80 20
Age (years)

Fig. 1. Factor scores for memory for 51 individuals from the main study
sample of older adults. Black lines connect different measurements in the same
individual. The red line indicates mean change, estimated using a GAMM.
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Fig. 2. Dedifferentiation of caudate FPN connectivity in older adults.
(A) Voxelwise parcellation of the caudate (highlighted, Top) in young
(Middle) and the main study sample of older adults (Bottom). Orange
voxels are allocated to the FPN and red voxels to the DN. Voxels of other
colors are allocated to other cortical networks and are not discussed
further because of their small extent and location at the borders with
cerebrospinal fluid. (B) Mean connectivity strength (z) between caudate
FPN ROI and cortical ROIs in the FPN and the DN. The pattern for older
adults is less differentiated than that for younger adults (significant
age x ROl interactions, P < 0.05).
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46% of voxels allocated to the FPN in young controls (n = 63)
were also allocated to the FPN in older adults (n = 54; for
comparison, the overlap in FPN-assigned voxels between young
controls and the original parcellation reported in ref. 7 was
94%). As shown in Fig. 24, the central lateral territories of the
caudate assigned to the FPN (Fig. 24, orange) in younger adults
were assigned to the DN (Fig. 24, red) instead in older adults. In
contrast, the majority (72%) of voxels allocated to the DN (Fig.
24, red) in young controls were also allocated to the DN (Fig.
2A, red) in older adults, suggesting age differences in caudate fc
with cortical association networks predominantly affect the FPN
subfield (i.e., central lateral caudate).

Region of interest analyses. Data from a priori-defined regions of
interest (ROIs) in the caudate and cortical FPN and DN were
used to confirm a statistically significant 2(cortical networks) x 2
(age groups) interaction for the caudate FPN subfield, F(1, 115) =
14.09, P < 0.01. Compared with young adults, older adults dis-
played significantly reduced connectivity of the caudate FPN field
with the cortical FPN, #(115) = —3.42, P < 0.01 but increased
connectivity of the caudate FPN field with the cortical DN,
1(115) = 1.98, P = 0.05 (Fig. 2B). For the DN caudate subfield,
the interaction was not significant, F(1, 115) = 0.02, P = 0.88,
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confirming that the age group difference is predominant in the
FPN subfield (i.e., central lateral caudate).

Seed-based whole-brain fc maps. Seed-based whole-brain fc maps of
the caudate FPN subfield were computed to visualize whether
age group differences in fc of the caudate FPN subfield ROI
were predominant for select regions within the cortical DN and
FPN. Fig. 34 shows that this was not the case. Reduced con-
nectivity of the caudate FPN subfield with the cortical FPN was
apparent for the widespread lateral prefrontal cortex, anterior
cingulate, anterior inferior parietal cortex, and inferior temporal
gyrus. Increased connectivity of the caudate FPN subfield with
the cortical DN was also widespread across key regions of the
DN. These not only included the posterior cingulate cortex,
medial prefrontal cortex, and posterior inferior parietal cortex,
but also temporal regions of the DN that were not considered in
the a priori ROIs (bilateral superior/middle temporal sulcus and
right parahippocampal gyrus). The whole-brain analysis further
showed that increased connectivity of the caudate FPN seed with
cortical regions in older adults extended to sensory areas outside
the association networks, including parts of the motor cortex,
middle temporal area (MT+), and visual cortex. Fig. 3 B and C
suggest that increased connectivity in older adults is largely due
to lower decoupling of cortical areas outside the FPN from the
caudate FPN (i.e., less negative fc).

Subcortically, the whole-brain analysis further revealed reduced

connectivity of the caudate FPN seed with midbrain structures of
the dopaminergic pathways (i.e., near the substantia nigra/ventral
tegmental area) for older adults, and a failure to decouple the
caudate FPN from the hippocampus. The hippocampus is func-
tionally interrelated with the cortical DN in younger adults via the
parahippocampal gyrus (17). Again, higher connectivity between
the caudate FPN seed and hippocampus reflected lower decoupling
in the older adults (i.e., less negative fc) (Fig. 3D).
Confounding variables. Results from the voxelwise parcellation,
ROI analyses, and seed-based whole-brain analysis were repli-
cated in an independent sample of older adults (n = 45) (SI
Appendix, Results 2). Moreover, the four ROI-based fc measures
(compare with Region of interest analyses, above) did not corre-
late with measures of atrophy (i.e., gray matter volumes adjusted
for intracranial volume), signal-to-noise ratio, or head motion
(P > 0.05) (SI Appendix, Table S2).

10162 | www.pnas.org/cgi/doi/10.1073/pnas. 1804641115

Caudate Dedifferentiation and Striatal Dopamine Transporter Density
Are Independent Predictors of Memory Change.

Caudate fc predicting cognitive change. Analyses relating individual
differences in caudate fc at baseline to change in cognitive per-
formance in older adults were focused on the ROI-based con-
nectivity estimates of the caudate FPN subfield with the cortical
FPN (FPN-FPN) and with the cortical DN (FPN-DN) (see
Methods for details). These correspond to the connections where
group differences emerged in the ROI-based comparison of
young and older subjects (compare with Fig. 2B).

Linear mixed-effects models with cognitive performance as the
outcome (memory, executive function, and processing speed tested
separately) found a significant three-way interaction between base-
line age, time, and FPN-DN for memory only (SI Appendix, Table
S1, model 3b). Fig. 44 shows that reduced decoupling of the caudate
FPN subfield with the cortical DN (i.e., increased connectivity) had
no effect in older adults aged 65-75 y but predicted memory change
over time in older adults 75 y and older.

An analysis of individual nodes showed that, while differences

between young and older adults in decoupling of the caudate
FPN subfield and cortical areas generalize across the DN net-
work (compare with Fig. 2), the association with memory in the
older group was mainly driven by lower decoupling of the cau-
date FPN field from the posterior parietal cortex and hippo-
campus (SI Appendix, Results 3).
Striatal dopamine transporter density predicting cognitive change. Within
the group of older adults, age and striatal dopamine transporter
(DAT) were modestly but not significantly correlated (r = —0.25,
P = 0.07). Striatal DAT was not correlated with FPN-DN (r =
0.06, P = 0.66) or FPN-FPN (r = 0.09, P = 0.50).

When striatal DAT density was also entered in the model
containing FPN-DN, it emerged as an independent predictor of
memory decline (SI Appendix, Table S1, model 3c), not inter-
acting further with baseline age (estimate: —0.003, SE = 0.003,
P = 0.24), FPN-DN (estimate: —0.02, SE = 0.03, P = 0.43), or
FPN-FPN (estimate: —0.02, SE = 0.02, P = 0.32). Fig. 4B shows
that those older adults with low levels of striatal DAT (based on
median split) had weaker practice effect than those with higher
levels of DAT density. Collectively, these results suggest that an
additive effect of functional and neurochemical changes in
striatum on memory emerges with advancing age.

We detected no significant association between striatal DAT
density and processing speed or executive function at baseline

Fig. 3. Whole-brain fc of a bilateral caudate FPN
seed [Montreal Neurological Institute (MNI): x = -12,
y=10,z=8;x=12,y =10, z=8]. (A) Older > young
adults = red-yellow; older < young adults = blue.
ACC, anterior cingulate cortex; ITG, inferior tempo-
ral gyrus; MT+, middle temporal area; PCa, anterior
inferior parietal cortex; PCC, posterior cingulate
cortex; PCp, posterior inferior parietal cortex; PFCI,
lateral prefrontal cortex; PFCm, medial prefrontal
cortex; PHC, parahippocampal sulcus; STS, superior
temporal sulcus. (B and C) Mean connectivity map
for older (B) and younger (C) adults. Red-yellow re-
gions are positively connected with the seed, blue
regions negatively. (D) Age group differences in
subcortical connectivity with the caudate FPN seed.
Older > young adults = red-yellow; older < young
adults = blue. For illustration, mean functional con-
nectivity estimates are shown thresholded at T > 2.4
(P < 0.01). Bar graph illustrates mean connectivity of
the caudate FPN seed with the hippocampus (HC)
and midbrain (SN/VTA) by age group (older adults =
gray bars; younger adults = black bars).
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(Ps < 0.50, covarying for age) and no significant association
between striatal DAT density and change in executive function
or processing speed over time (Ps > 0.16, including models with
only age as a covariate or full models including the same set of
predictors as for memory).

Replication analysis. Taking into consideration the small sample
size, it is important to note that the complex associations be-
tween mean network fc, age, and change in memory replicated in
the age-matched sample of older adults with high-quality MR
data (SI Appendix, Results 4). PET data were unavailable for the
replication sample.
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Fig. 4. Predictors of memory change. Memory decline is pronounced in
individuals over age 75 y with low decoupling between the caudate FPN
subfield and the cortical DN (A) and low striatal DAT (B). For all groups, lines
are the estimated mean slopes for memory change from a linear mixed-
effects model with random intercept and fixed slope. Intercepts are ad-
justed to zero for illustration. Points are the corresponding observed mean
values for memory (with SE) at each time point. <75 = older adults under
age 75, >75 = older adults 75+ y.
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Discussion

Utilizing multimodal imaging and repeated cognitive assess-
ments in a sample of healthy older adults, we identified that
individual differences in caudate connectivity with large-scale
association networks predict change in memory over subsequent
years. Multiple analyses converged to show that the central lat-
eral portion of the caudate body is functionally connected with
the FPN in young adults and decoupled from other cortical
networks, including the DN. In older adults, this pattern is less
differentiated, seen by reduced connectivity with the FPN and a
lack of decoupling from the DN. Notably, functional dediffer-
entiation of the caudate (i.e., less decoupling of the central lat-
eral caudate from cortical DN) was unrelated to age-related loss
of DAT, one of the most prominent neurobiological changes in
an aging striatum that is also associated with memory decline.

Age-Related Dedifferentiation of Caudate Functional Connectivity.
While age-related differences in fc are predominantly charac-
terized by reduced connectivity within networks that support
cognition (18), increases in fc for older adults are often found
between networks (e.g., refs. 10-12 and 19-24). These studies
found that: (i) increased connectivity in older adults typically
reflects less negative connectivity between two regions belonging
to different networks, and (ii) increased connectivity is often
negatively associated with cognitive performance. Taking these
data together, we find that decreases within networks and in-
creases between networks are thus reflective of a less selective—
or differentiated—cortical network organization in aging. Here,
we show that age-related dedifferentiation of large-scale net-
works that support cognition includes the caudate. Moreover, as
shown in the voxelwise whole-brain analysis, an age-related dif-
ference in decoupling of the central lateral caudate and the DN
also included the hippocampus. A medial temporal lobe system
involved in episodic memory and a corticostriatal system involved
in learning and memory are often discussed separately in terms of
their involvement in cognition and age-related cognitive decline
(2, 25). Here, we show that a functional separation of a cortico-
striatal system from a medial temporal lobe system becomes
blurred in older adults and is associated with memory decline.

Loss of DATs Is Independent of Caudate Connectivity. The aging
brain is characterized by age-related degeneration of the brain’s
white matter pathways, gray matter atrophy, and reduced neuro-
transmitter activity (e.g., refs. 25-27). In the striatum, lower density
of dopamine receptors and transporters in aging are particularly
prominent (15). Because dopamine is thought to play a critical role
in optimizing signal-to-noise ratio in neuronal circuits (16), we
hypothesized that lower striatal dopamine function would be as-
sociated with functional dedifferentiation of cortical-caudate
connectivity. For this reason, participants of the main study sample
were tested with both MRI and PET to assess DAT density, a
presynaptic marker of the dopamine system. Contrary to our hy-
pothesis, we found no evidence that caudate fc estimates in older
adults were associated with age-related declines in DAT density.
One possibility is that our marker of the striatal dopamine system
did not adequately characterize the complexity of neurochemical
alterations. While the presynaptic DAT marker can reliably dis-
tinguish age-related loss from pathological loss (e.g., refs. 28 and
29), postsynaptic receptor markers or markers of dopamine syn-
thesis capacity may assess unique aspects of the dopamine system
that are sensitive to a modulatory role of dopamine in striatal
connectivity (4, 30, 31). That said, our marker did emerge as an
independent predictor of memory decline in aging, indicating that
it was successful in capturing age-related declines in the dopamine
system that are relevant to cognition. This raises the question
whether caudate connectivity dedifferentiation is more reflective of
age-related changes in the target cortical region. In the cortex,
reduced glucose metabolism and increased amyloid deposition are,
for example, particularly prominent in the cortical DN (32-35). In
support of this hypothesis, a recent study in a superset (n = 237)
of the current samples showed that lower fc in the DN predicts

PNAS | October 2,2018 | vol. 115 | no.40 | 10163
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cognitive decline, particularly in those individuals harboring amy-
loid burden (36). Future work with multiple markers, including
subcortical dopaminergic markers and cortical amyloid markers, in
larger samples will be needed to explore this hypothesis further.

Associations Between Caudate Connectivity and Cognition Are Specific
to Memory. While higher DAT density was associated with better
memory performance over time across the sample, functional
caudate dedifferentiation was associated with memory decline only
in older adults >75 y. Notably, these relations between striatal
markers and cognition were specific to memory, with no significant
effects for processing speed and executive function. This supports
a recent cross-sectional finding that the association between
striatal D2 receptor densities in aging and cognition was specific to
memory (4), as well as reports that both genetically determined
and pharmacologically induced increases in dopamine concentra-
tion benefit episodic memory in aging (37, 38).

Our seed-specific ROI analyses further showed that reduced
decoupling of the central lateral caudate with the inferior pari-
etal cortex and hippocampus are associated with subsequent
change in memory performance over time. Future work in pa-
tients is needed to explore whether our results have additional
implications for understanding pathological memory deficits: for
example, whether functional dedifferentiation of the medial
temporal lobe and the striatal system in aging may be an early
indicator of Alzheimer’s disease or Parkinson’s pathology.

Study Strengths and Limitations. We acknowledge several limita-
tions of our study sample and design. First, while our main study
sample is unique in its combination of DAT imaging, fMRI
imaging and longitudinal assessments of cognitive decline over
several years, the number of participants is small. While we are
able to replicate our findings regarding fc and cognitive decline
in an independent sample, no such data were available for the
results that included DAT imaging. Replication of these effects
in independent samples is warranted.

A further limitation of our study design is the assessment of age
differences by an extreme age group comparison. Within the older
age group, the interaction in the wide age span examined is sug-
gestive of a “break point” in advanced age in terms of predictors of
memory decline. However, no such conclusions can be generated
for our estimate of age differences in caudate fc. Both life span
samples and longitudinal imaging data are necessary to further
identify at which point dedifferentiation of caudate fc occurs.

Conclusions

Compared with younger adults, older adults displayed lower
coupling of the central lateral caudate to the FPN and lower
decoupling from regions outside the FPN, predominantly those
within the DN and including the hippocampal complex. Less
decoupling between caudate and the DN was not related to age-
sensitive markers of striatal DAT, suggesting that aging-related
changes in the cortex or medial temporal lobe may contribute to
dedifferentiation of cortical-caudate connectivity.

The study further showed that lower decoupling of the caudate
and DN/hippocampus was specifically associated with memory
decline in aging, leading us to conclude that an age-related dif-
ference in selectivity of cortical-caudate connections is related to
a dedifferentiation of memory systems in the aging brain.

Whereas caudate connectivity predicted memory decline only
in older adults >75 vy, striatal DAT had an independent associ-
ation with memory decline across all older adults, suggesting an
additive influence on memory that emerges with advancing old
age. Collectively, the study provides evidence highlighting the
importance of age-related changes in striatal function for un-
derstanding memory decline in normal aging.

Methods

Participants. Data_from_three samples are presented: (/) the main study
sample of 54 clinically normal older adults (65-86 y), (ii) a young MRI control
sample of 63 healthy adults (18-32 y), and (iif) an independent “replication

10164 | www.phas.org/cgi/doi/10.1073/pnas. 1804641115

sample” of 45 clinically normal older adults (69-89). All samples are partic-
ipants of the larger Harvard Aging Brain study (39). All experimental pro-
cedures were performed with the understanding and written consent of the
subject and the study was approved by the Partners Healthcare Institutional
Review Board. The samples are described in detail in S/ Appendix, Methods 1
and Table S3.

Cognitive Measures. A neuropsychological battery was administered to older
adults at baseline and at each annual follow-up visit. Individual tests included
phonemic fluency, letter-number sequencing, the Trail Making test, the
Digit-Symbol test, the Logical Memory test, the Free and Cued Selective
Reminding test, and the Six-Trial Selective Reminding test. Factor scores for
episodic memory, processing speed, and executive function were modeled
after a previously reported cross-sectional factor analysis in the Harvard
Aging Brain sample (40) and adapted to include only tests with repeated
administration across all time points (41).

Included participants had complete data for at least two time points. When
there were missing data at any time point, factor scores for one or more
cognitive domains were excluded for that time point only (in total one
observation for memory, and two observations each for processing speed and
executive function).

MRI Processing. MRI acquisitions are described in S/ Appendix, Methods 2.
fMRI and structural data were preprocessed and aligned using boundary-
based within-subject alignment and nonlinear deformations to standard
space (S/ Appendix, Methods 2 and Fig. S6).

Voxelwise parcellation. Age-related differences in fc between caudate subfields
and large-scale association networks were explored with a voxelwise par-
cellation of the caudate in each age group. We chose this method as the
starting point for fMRI fc analyses because it is purely data driven and does
not require initiating seeds or ROIs that may bias the results to any one
age group.

The methods follow those described in refs. 7 and 42. Briefly, a clustering
algorithm was applied to partition the cortical surface into seven large-scale
distributed networks, which correspond to the motor and visual networks,
dorsal and ventral attention networks, a limbic network, the frontal-parietal
control network, and the DN (42). Then, each voxel in the caudate head and
body was assigned to one of the seven cortical networks based on its top 25
most-correlated cortical vertices.

In keeping with the nomenclature from refs. 7, 42, and 43, voxels in

caudate that were assigned to the FPN were color-coded in orange and
voxels assigned to the DN were color-coded in red (Fig. 2). A few voxels at
the edges of the caudate were assigned to a third network (the motor
network) and coded in blue. We refrain from interpreting group differences
in these edge voxels further because of uncertainties in alignment ( S/ Ap-
pendix, Fig. S6).
Post hoc follow-up analysis. While group-based voxelwise parcellations have
the advantage that they are not biased to the selection of a specific seed, the
method does not readily allow for individual difference statistics. Moreover,
as the voxelwise assignment to a network relies on a “winner takes all”
strategy, a more subtle connectivity pattern, such as coupling of one voxel to
two cortical networks, may be missed. Therefore, following the data-driven
approach, ROl data were used to explore group differences in caudate
connectivity with the DN and FPN further. Two 6-mm spherical ROIs were
placed in the caudate to reflect the FPN and DN subfields, and three bilateral
cortical ROIs each to reflect key nodes of the FPN and DN. Center coordi-
nates for all ROIs are listed in S/ Appendix, Table S4 and were chosen a priori,
based on those reported previously in an independent sample (7).

Fc was computed by correlating the fMRI (residual) time series between each

caudate ROI and each cortical network ROI (average of three nodes), resulting
in four measures for each participant, (FPN-FPN, FPN-DN, DN-FPN, DN-DN,
where the first abbreviation denotes the caudate subfield and the second
abbreviation the cortical network). These were compared between age groups
and used to study associations with cognitive decline.
Voxelwise seed-based analysis. A final set of fMRI analyses used whole brain,
seed-based fc maps of the caudate FPN subfield. This was used to confirm that
age differences in caudate connectivity with cortical association networks
generalize across the cortical network and also to identify potential sub-
cortical correlates of the caudate (e.g., hippocampus, brainstem, thalamus).
Voxelwise fc maps for the caudate FPN ROI (compare with the previous
section) were computed for each subject and compared between age groups
using an independent t test. Permutation testing in FSL was used to output
thresholded t statistic maps (t > 2.4), that were reweighted and corrected for
multiple comparisons using threshold-free cluster enhancement (44).
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PET Processing. A C-11 Altropane PET scan was acquired with an HR+ (CTI) PET
camera (3D mode, 63 adjacent slices of 2.42-mm interval, 15.2-cm axial
field of view, 5.60-mm transaxial resolution) (S/ Appendix, Methods 5). A
voxelwise correction for partial volume effects was computed using the T1-
weighted image (45), as implemented in PVElab Software with SPM5 (46).
Radioactivity concentration C was estimated as a function of time t for the
striatum and for a reference region (cerebellum). The cumulative integral of
the reference region curve was plotted against the cumulative integral of
the ROI curve (normalized by C). The distribution volume ratio corresponds
to the slope of this function for a time window at which the function is
linear (47). Distribution volume ratio is an estimate of striatal DAT density.
Because prior work has shown DAT density losses in aging to be uniform
across caudate and putamen (48), DAT densities were computed in a large ROI
in central striatum, which minimizes noise and the contamination of residual
partial volume effects in the PET images. The striatal ROl was defined as the
1,000 voxels with the highest signal intensity on the average emission image.
Previous work has shown that this approach is unrelated to subcortical atrophy
and microstructural abnormalities but sensitive to age-related decline in DAT
density (49) and to pathological loss of DAT in Parkinson’s disease (29).
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Statistical Models. A series of linear mixed-effects models were used to es-
timate the relation of striatal fc estimates and DAT density with longitudinal
changes in cognition. These are described in detail in S/ Appendix, Methods 6.
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