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SUMMARY

The basal ganglia, thalamus, and cerebral cortex
form an interconnected network implicated in many
neurological and psychiatric illnesses. A better un-
derstanding of cortico-subcortical circuits in indi-
viduals will aid in development of personalized
treatments. Using precision functional mapping—in-
dividual-specific analysis of highly sampled human
participants—we investigated individual-specific
functional connectivity between subcortical struc-
tures and cortical functional networks. This
approach revealed distinct subcortical zones of
network specificity and multi-network integration.
Integration zones were systematic, with conver-
gence of cingulo-opercular control and somatomo-
tor networks in the ventral intermediate thalamus
(motor integration zones), dorsal attention and visual
networks in the pulvinar, and default mode and mul-
tiple control networks in the caudate nucleus. The
motor integration zones were present in every indi-
vidual and correspond to consistently successful
sites of deep brain stimulation (DBS; essential
tremor). Individually variable subcortical zones
correspond to DBS sites with less consistent treat-
ment effects, highlighting the importance of PFM
for neurosurgery, neurology, and psychiatry.

INTRODUCTION

The thalamus and basal ganglia interconnect distant parts of

the cerebral cortex via cortico-thalamo-cortical and cortico-

striato-thalamic loops (Alexander et al., 1986). Hence, even small

lesions in the thalamus or basal ganglia can be neurologically

devastating, but similarly sized lesions in the cerebral cortex

may go unnoticed (Bogousslavsky et al., 1988; Corbetta et al.,

2015; Siegel et al., 2014). Because of their centrality, cortico-

striato-thalamo-cortical loops also appear to underlie many

neurological and psychiatric disorders, including Parkinson dis-

ease, Tourette syndrome, and obsessive-compulsive disorder
Neuron 105, 1–17, February 19, 2020 ª 2019 Elsevier Inc. 1
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(Albin et al., 1989; Bradshaw and Sheppard, 2000; Mink, 2001).

Thus, a better understanding of the functional organization of

the thalamus and basal ganglia and their connectivity to the

cortex is essential for understanding typical and atypical brain

function.

Much of our current understanding of the anatomical connec-

tions and functional organization of the basal ganglia and thal-

amus originates from lesion, unit recording, and tracer studies

in non-human primates (Alexander and Crutcher, 1990; Haber,

2003; Selemon and Goldman-Rakic, 1985). This work originally

suggested that parallel and segregated cortico-striato-thalamic

circuits support different functional processes (e.g., motor,

cognitive, limbic) (Alexander and Crutcher, 1990; Alexander

et al., 1986, 1990). This model has since been updated to ac-

count for findings demonstrating convergence of multiple

spatially distant cortical projections to the subcortex, describing

the circuits as ‘‘parallel and integrative’’ rather than purely paral-

lel (Averbeck et al., 2014; Haber, 2003, 2016). Moreover, there is

anatomical evidence from non-human primates that both

cortical and cerebellar projections are integrated within the

basal ganglia (Bostan and Strick, 2018). Thus, subcortical struc-

tures have been posited to contain sites/zones of integration

of multiple functions, including executive control, reward pro-

cessing, and spatial attention (Haber, 2016; Jarbo and Versty-

nen, 2015).

Neuroimaging studies have aimed to characterize human

cortico-subcortical systems in light of the results from non-hu-

man primate studies. Much of this work has described segre-

gated functional areas within subcortical structures based on

functional and structural connectivity with the cerebral cortex,

often defining each area by its preferential connectivity with a

particular cortical region or network. These findings have been

broadly consistent with the animal data, recapitulating sensori-

motor, cognitive, and limbic subdivisions (Arsalidou et al.,

2013; Barnes et al., 2010; Behrens et al., 2003; Choi et al.,

2012; Di Martino et al., 2008; Fair et al., 2010; Greene et al.,

2014; Lehéricy et al., 2004; Zhang et al., 2008). Several studies

have also supported the idea that subcortical subregions receive

converging projections from multiple distinct cortical regions

(Choi et al., 2017; Draganski et al., 2008; Hwang et al., 2017;

Jarbo and Verstynen, 2015), which is consistent with the integra-

tive model of cortico-subcortical circuitry (Haber, 2003).

The biggest caveat for all of the structural and functional

connectivity studies of the basal ganglia and thalamus in hu-

mans, including our own, has been their reliance on group-aver-

aged data. This approach was necessary because of the

combination of small quantities of data per individual and the

low signal-to-noise ratio (SNR) of MRI. Although group-average

designs are valuable for understanding broad principles of

subcortical functional organization, the specific organization of

each individual is necessarily obscured. For example, the

appearance of integration zones across functional networks

in large samples may have been an artifact of individual vari-

ability rather than the true integration of signals from multiple

networks. Because the basal ganglia and thalamus are relatively

small structures, such features of functional organization spe-

cific to individuals are most prone to obfuscation by group

averaging.
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Individualized measures of integration and segregation of

functional networks in the subcortex have the potential for

significant clinical utility. For instance, subcortical structures

are targeted using deep brain stimulation (DBS) for treatment

of several neurological and psychiatric disorders, including

essential tremor, Parkinson disease, dystonia, Tourette syn-

drome, obsessive-compulsive disorder, and treatment-resistant

depression (Baizabal-Carvallo et al., 2014; Dandekar et al., 2018;

Mink, 2009; Perlmutter and Mink, 2006; Skogseid, 2014; van

Westen et al., 2015). However, specific target structures

have variable success rates (McIntyre and Hahn, 2010; Wich-

mann and Delong, 2011). DBS of the ventral intermediate nu-

cleus of the thalamus for treatment of essential tremor results

in over 80% tremor reduction in all patients (Ondo et al., 1998;

Perlmutter and Mink, 2006), whereas stimulation of the globus

pallidus for treatment of dystonia results in only 30%–50%

symptom improvement across all patients and more than

75% improvement in only 33% of patients (Starr et al., 2006;

Vidailhet et al., 2005). Thus, an individualized approach for

characterizing the functional organization of the subcortex

should shed new light on these variable response rates and

potentially aid rapid clinical translation toward targeted individu-

alized intervention.

A recent series of studies using precision functional mapping

(PFM; collecting large quantities of fMRI data in individuals)

characterized the functional architecture of the cerebral cortex

and cerebellum in individuals (Braga and Buckner, 2017; Filevich

et al., 2017; Gordon et al., 2017b, 2018; Gratton et al., 2018; Lau-

mann et al., 2015; Marek et al., 2018; Poldrack et al., 2015).

These studies have shown that the topographies of individual

functional brain networks are reliable, externally valid, and

stable within an individual and demonstrate individual-specific

topological features of brain organization not evident in group-

averaged data. Indeed, each individual differs systematically

from the group average at particular cortical locations (Seitzman

et al., 2019). If a similar degree of individual-specific functional

network organization is present in the subcortex, accurately

characterizing that organization could advance success rates

of treatments like DBS.

The goal of the present study was to investigate the func-

tional organization of the individual human basal ganglia and

thalamus. Using the highly sampled individuals from the

Midnight Scan Club (MSC) dataset (Gordon et al., 2017b), we im-

plemented a network-based functional connectivity approach

to examine (1) functional network specificity and integration

within the subcortex and (2) individual variability and similarity

of functional organization across subjects. This PFM approach

aids in the advancement of our understanding of individual

cortico-subcortical systems and may be clinically relevant for

more precise, patient-specific treatment of neurological and

psychiatric disorders.

RESULTS

To measure cortico-subcortical resting-state functional con-

nectivity (RSFC) in ten highly sampled individuals from the

MSC dataset, blood oxygen level-dependent (BOLD) activ-

ity time courses were extracted from each voxel in the basal



Figure 1. Framework for Subcortical Functional Organization

Subcortical RSFC was characterized along two principal axes, each with two

levels (group versus individual, network-specific versus integrative). Group

refers to RSFC that is common across participants, whereas individual refers

to RSFC that is individual-specific. Network-specific refers to regions of the

subcortex with preferential RSFC to a single cortical network, whereas inte-

grative refers to regions of the subcortex with preferential RSFC to multiple

cortical networks.
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ganglia and thalamus. Cortical time series were averaged across

all vertices in each of nine canonical functional networks

(Greene et al., 2014; Power et al., 2011), defined for each individ-

ual: visual, somatomotor hand, somatomotor face, cingulo-

opercular, frontoparietal, dorsal attention, ventral attention,

salience, and default mode (STARMethods; Figure 8). A subcor-

tical voxel-to-cortical network connectivity matrix was gener-

ated for each subject by computing the Pearson correlation be-

tween the time courses (concatenated across sessions) of each

subcortical voxel and each cortical network. These connectivity

matrices were used for all subsequent analyses. Given the small

size of subcortical structures, additional highly sampled, high-

resolution BOLD data (2.6-mm isotropic voxels) were collected

from one of the individuals (MSC06) to validate the results.

Our report focuses on two major properties of cortico-subcor-

tical RSFC: (1) network specificity (preferential connectivity

with a single network) versus integration (strong connectivity

with multiple networks) and (2) group (common organization

across individuals) versus individual (variable across individuals)

(Figure 1).

RSFC Reliability Requires Larger Amounts of Data in the
Subcortex Than in the Cortex
We addressed whether cortico-subcortical RSFC can be

measured reliably in individuals using iterative split-half com-

parisons. Cortico-subcortical correlations were reliable for

each individual in each subcortical structure of interest (r > 0.6

averaged across all voxels within each structure) with

�100 min of motion-censored data per subject (Figure S1A).

More specifically, with more than 100 min of data, 87% of

voxels in the caudate, 74% in the putamen, 54% in the globus
pallidus, and 63% in the thalamus had high reliability (r > 0.70)

(Figure S1B). Low reliability in certain voxels was likely driven

by the low temporal SNR (tSNR) in these regions because corre-

lations between reliability and tSNR were significant for all sub-

jects (mean r = 0.20, all p < 0.001). These results indicate that

more data are needed to achieve high reliability for cortico-

subcortical RSFC than for cortico-cortical RSFC (45 min, as re-

ported in Gordon et al., 2017b), and cortico-cerebellar RSFC

(90 min, as reported in Marek et al., 2018), consistent with Noble

et al. (2017).

Subcortical RSFC Is Measurable at the Individual Level
Figure 2A displays group-averaged correlation maps within the

subcortex for each cortical network, and Figure 2B displays

the correlations from two representative subjects; all subjects

are shown in Figure S2. To determine the robustness of the

spatial patterns of these correlations, we compared the

observed spatial patterns of correlations to those generated

from a null distribution from rotated networks on the cortex.

Spearman’s rho between the actual correlations and percent

stronger than null across all networks and subjects was 0.79 ±

0.07 (see STAR Methods for details).

Across subjects, there was similarity in subcortical RSFC

for each network (Figure 2C). The default mode network

was strongly functionally connected to the medial thalamus

and large portions of the caudate extending into the ventral

striatum. The visual and dorsal attention networks exhibited

strong connectivity with the lateral and posterior regions of

the thalamus corresponding to the location of the pulvinar and,

possibly, the lateral geniculate nucleus. The frontoparietal and

salience networks were functionally connected to the caudate

(head, body). The ventral attention network was connected to

the caudate, medial putamen, and medial thalamus, with stron-

ger correlations in the left hemisphere. The cingulo-opercular

network exhibited strong connectivity with a large portion of

the ventral thalamus and distinct anterior and posterior parts

of the putamen. Connectivity with the somatomotor networks

was observed in the ventral and lateral portions of the thalamus,

likely corresponding to ventral lateral and ventral posterior

nuclei, with the somatomotor hand network peak correlations

shifted posterior to that of the somatomotor face network

(consistent with known somatotopy), although there was sub-

stantial overlap. In addition to these commonalities, variability

across individuals was also evident (Figure S2). For example,

Figure 2B shows strong connectivity with the dorsal attention

network in the caudate in MSC02 but not in MSC04.

The spatial pattern of correlations was compared with

task fMRI responses elicited in the same individuals (Figure 2D;

Figure S3). Task activations/deactivations validated the RSFC

mapping of functional networks in the subcortex. Deactivations

during a set of cognitive/perceptual tasks overlapped well

with default mode network connectivity in the head of the

caudate and medial thalamus. Activations during these cogni-

tive/perceptual tasks in the subcortex overlapped multiple con-

trol networks (e.g., cingulo-opercular, frontoparietal, ventral

attention, dorsal attention, salience), sparing the default mode

network (Figure S4). In addition, activations in the subcortex in

response to hand movements during a motor task (hand > foot
Neuron 105, 1–17, February 19, 2020 3
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Figure 2. Subcortical RSFC Is Measurable at the Individual Level

(A) Group-averaged subcortical RSFC for each cortical network.

(B) Individual-level subcortical RSFC for each network from two representative MSC subjects, one male (MSC02) and one female (MSC04) (see Figure S2 for all

ten subjects).

(C) Subject overlap showing the number of subjects with strong (top 10%) correlations with each network at that voxel.

(D) Concordance between RSFC and task activations/deactivations within individuals. Shown are task-evoked increases in BOLD activity during a motor task

converge with peak RSFC in the somatomotor hand network. Task-evoked deactivations during a set of cognitive/perceptual tasks converge with peak RSFC in

the default mode network. Anatomical left is image left. VIS, visual; SMH, somatomotor hand; SMF, somatomotor face; CON, cingulo-opercular network; FPN,

frontoparietal network; SAL, salience; DAN, dorsal attention network; VAN, ventral attention network; DMN, default mode network.

4 Neuron 105, 1–17, February 19, 2020
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contrast) overlapped well with positive correlations with the so-

matomotor hand network.

Individual-Specific and Group-Level Features of
Subcortical RSFC
Given that subcortical correlations show individual-specific fea-

tures (Figures 2B and S2) and consistency across subjects

(Figure 2C), we quantified the extent to which functional net-

works exhibited group versus individual-specific features, using

a similarity analysis as in Gratton et al. (2018) and Marek et al.

(2018). For each subject, the RSFC data were randomly split in

half, and the spatial similarity (Pearson r) of subcortical-cortical

correlations with each network was calculated within each

subject and between all subjects. To quantify variance in RSFC

data shared across individuals (group effect) versus variance

unique to individuals (individual effect), we compared the

within-individual similarities (on-diagonal elements, individual

effect) to the between-individual similarities (off-diagonal

elements, group effect), normalized by the sum of the group

and individual effects. We conducted this analysis separately

for the basal ganglia and thalamus and demonstrated large

group contributions (basal ganglia, 42% shared RSFC variance

across subjects; thalamus, 39%) and individual contributions

(basal ganglia, 58% RSFC variance specific to individuals;

thalamus, 61%) (Figure S5). Some control networks (frontoparie-

tal, salience, dorsal attention, ventral attention) showed signifi-

cantly less similarity across the group (i.e., more individual

variability) than the somatomotor networks and the cingulo-

opercular network (Dz = �0.43, t = �25.15, p < 0.001). Thus,

the cingulo-opercular network stands in contrast to other con-

trol networks, demonstrating greater similarity to somatomotor

networks in the subcortex.

Localization of Functional Integration Zones in the
Subcortex
Previous characterizations of basal ganglia and thalamic func-

tional organization, using group-averaged data, often imple-

mented a winner-take-all network approach (e.g., Choi et al.,

2012; Greene et al., 2014; Zhang et al., 2008). This winner-

take-all approach cannot account for integration of multiple

networks within regions of the subcortex (Haber, 2016) because

the functional maps are solely based on the network with the

strongest connectivity. In addition, a group-level approach to

identifying functional integration could be spuriously affected

by averaging across-subject variability. That is, the same

anatomical location may exhibit connectivity to different net-

works in different individuals (Argall et al., 2006; Laumann

et al., 2015; Van Essen, 2005), leading to the appearance of

integration when those individual signals are averaged together.

Therefore, we evaluated network co-localization at the individual

level to more accurately characterize the nature of functional

integration within the subcortex.

We define integration as exhibiting strong functional connec-

tivity with multiple networks. We implemented a modified

winner-take-all analysis approach to account for zones of

integration as well as zones that are ‘‘network-specific’’ (one

network dominates). For every subcortical voxel, we identified

the cortical network with the strongest correlation, as in a stan-
dard winner-take-all procedure. In accordance with Marek

et al. (2018), we identified regions of integration versus network

specificity by testing whether the RSFC with any other network

was above a given threshold (66.7%) of the correlation with the

winning network. We tested additional thresholds (50%, 75%),

which yielded similar zones of integration (Figure S6A). If

the correlations with all the other networks were below this

threshold for a given voxel, then that voxel was considered

network-specific. If the correlations with any of the other net-

works were within that threshold for a given voxel, that voxel

was considered ‘‘integrative’’ because multiple networks corre-

lated strongly. An alternative approach based on effect size

rather than percent differences yielded very similar results

(Figure S6B).

Figures 3A and 3B display the subcortical network map for

two representative subjects, and Figure 3C shows the group

average. All subjects are shown in Figure S7. From the group

average maps alone, one might suspect that the zones of inte-

gration could be artifactual because of subject averaging. How-

ever, we show that several integration zones were identified

within all individuals and, thus, are not simply by-products of

group averaging. One of the most notable integration zones

was identified in the ventral intermediate thalamus, integrating

the cingulo-opercular, somatomotor hand, and somatomotor

face networks (Figure 3D).

These functional network maps suggest that certain zones

of integration and network specificity appear similar across

individuals. We quantified the overlap of integrative and

network-specific voxels (irrespective of the specific network

association) across subjects. Figure 4A displays the overlap of

integrative voxels, demonstrating that certain zones were inte-

grative in most subjects (e.g., ventral intermediate thalamus),

and Figure 4B shows network-specific voxels, demonstrating

that certain zones were network-specific in most subjects

(e.g., head of the caudate). In addition, certain integrative or

network-specific zones represented the same networks across

individuals, whereas others represented different networks

across individuals. We further explore this individual similarity

and variability in network associations below.

To benchmark the degree of integration in the basal ganglia

and thalamus compared to the cerebellum and cerebral cortex,

we computed the percent of voxels/vertices within each brain

structure that were integrative, as defined by the 66.7%

threshold used in the analyses above. This computation demon-

strated that a greater percentage of the subcortex (45%) was

integrative compared to the cerebellum (35%) and cerebral cor-

tex (31%). Within the subcortex, we found that the thalamus was

45% integrative, the globus pallidus was 52% integrative, the

putamen was 42% integrative, and the caudate was 37% inte-

grative. Note that the thalamus was more integrative than the

caudate even though the thalamus is 240% larger in size. There-

fore, the increased integration in the subcortex is not likely

caused by the smaller size of the structures.

To ensure that integration was not driven by methodological

factors, we tested different numbers of a priori cortical net-

works (i.e., 7 and 15 networks derived from Infomap) as well as

the effect of proximity to multiple networks (i.e., voxels with a

greater number of distinct networks surrounding it would be
Neuron 105, 1–17, February 19, 2020 5
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Figure 3. Network-Specific and Integrative Functional Zones in the Basal Ganglia and Thalamus

(A–C) Data displayed for (A) one male representative subject (MSC02), (B) one female representative subject (MSC04), and (C) the group average (all subjects are

shown in Figure S7). Voxels with preferential RSFC to one network (network-specific) are represented by solid colors, and voxels functionally connected to

multiple networks (integrative) are represented by cross-hatching. Anatomical left is image left.

(D) Zooming in on several integration zones (three distinct clusters of integration zones; see Figure 5): cognitive integration zones, motor integration zones, and

visual attention integration zones.
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disproportionately biased to be defined as integrative). We

found that subcortical integrative voxels were not substantially

altered by differences in the number of a priori cortical networks

(Figure S8). The percent of integrative voxels (45% reported

above) was 40% when using the 7-network Infomap solution

and 48%when using the 15-network Infomap solution. Commu-

nity density analyses support the idea that integration was not

driven by proximity to more networks because an average of

46% of voxels with a community density of more than 1 were

defined as integrative (range, 35%–57% across subjects).

Thus, high community density did not bias whether a voxel

was defined as integrative or network-specific.

Further, the higher-resolution (2.6 mm) data collected from

MSC06 confirmed the presence of integrative voxels in the
6 Neuron 105, 1–17, February 19, 2020
subcortex, suggesting that integration was not a simple byprod-

uct of mixing signals within 4-mm voxels. Rather, we found a

slightly higher percent of subcortical integrative voxels in

MSC06 with the higher-resolution data (51% versus 45%) that

was largely due to more integrative voxels in the thalamus

(62% with 2.6 mm versus 38% with 4 mm). Thus, integration in

the thalamus was not related to the resolution of the data.

ThreeClusters of Network Integration ArePresent in the
Subcortex
To determine which networks preferentially integrate with each

other, we quantified the number of integrative subcortical voxels

for each network-network pair (e.g., the number of voxels inte-

grating frontoparietal and salience networks) summed across
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Figure 4. Overlap across Individuals of Inte-

grative and Network-Specific Functional

Zones

(A and B) Higher values represent voxels with (A)

integrative functional zones present in multiple

subjects and (B) network-specific functional zones

present in multiple subjects.
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subjects. We normalized these summed values by the total

number of integrative voxels, resulting in a percentage of integra-

tive voxels for each network-network pair. This network-by-

network matrix was submitted to hierarchical clustering and

revealed three clusters of network integration, indicating prefer-

ential integration of particular networks (Figure 5A; cophenetic

r = 0.82).

We found a ‘‘motor integration’’ cluster, which demonstrated

integration of the somatomotor hand, somatomotor face, and

cingulo-opercular networks. Topographically, this integration

was most prominent in the ventral intermediate thalamus (Fig-

ure 5B). We also found a ‘‘cognitive integration’’ cluster, which

demonstrated preferential integration of the ventral attention,

frontoparietal, salience, and default mode networks. Integration

of these higher-order networks was most prominent in the

caudate (Figure 5B). A third ‘‘visual attention integration’’ cluster

included the dorsal attention and visual networks. Integration of

these networks was most prominent in the posterior portion of

the thalamus (corresponding to the pulvinar; Figure 5B). These

three clusters were identified at the individual subject level in

both the 4 mm (Figure 5C) and 2.6 mm (Figure 5D) resolution

data. This three-cluster solution was replicated usingmodularity,

a graph theoretic clustering algorithm (Newman, 2006).

The Basal Ganglia and Thalamus Contain Four Distinct
Types of Functional Zones
Given our framework for understanding cortico-subcortical

RSFC (Figure 1), we investigated which basal ganglia and thal-

amus voxels exhibited properties of integration versus network
specificity and whether the network(s)

functionally connected with these voxels

were consistent or variable across indi-

viduals. Voxels were considered

network-specific when they exhibited

strong RSFC to one network only and

were considered integrative when they

exhibited strong RSFC to more than one

network. Voxels were then considered

consistent across the group when more

than five subjects shared the same

network assignment(s); otherwise, they

were considered individual-specific.

These criteria delineated four types of

functional zones in the subcortex: (1)

group network-specific zones with

consistent network specificity in most

subjects, (2) group integrative zones

with integration of the same networks in

most subjects, (3) individual network-
specific zones with variable network specificity across subjects,

and (4) individual integrative zones with variable network integra-

tion across subjects. To assess confidence in these zone assign-

ments, we implemented a jack-knifing procedure in which the

functional zoneswere assigned as just described ten times, leav-

ing out a unique subject with each iteration. The percent of iter-

ations a given voxel was assigned to a functional zone provides a

confidence level for the functional zone assignment and is illus-

trated in Figure 6A. Variability in signal intensity after nonlinear

atlas registration was not related to whether a voxel was identi-

fied as group or individual (comparison of signal intensity for

group versus individual voxels: t = 0.65, p = 0.52), suggesting

that the network assignment was not significantly related to

anatomical alignment.

Figure 6B displays the RSFC profiles of example seed regions

in the basal ganglia and thalamus from representative MSC

subjects (varies by panel) that exemplify each of the four zones.

Group network-specific zones included regions in the medial

thalamus with preferential RSFC to the default mode network

in most subjects and regions in the head of the caudate with

preferential RSFC to the salience network in most subjects.

Group integrative zones were primarily located in the ventral

intermediate thalamus with integration of cingulo-opercular

and somatomotor networks (hand and face) in all ten subjects

and in the caudate with integration of control networks. Individ-

ual network-specific zones included the head of the caudate

with preferential RSFC to the frontoparietal, ventral attention,

salience, or default mode networks. These zones were also

found in regions of the putamen and dorsal thalamus with
Neuron 105, 1–17, February 19, 2020 7



Figure 5. Three Clusters of Network Integration Are Present in the Subcortex

(A) Hierarchical clustering revealed three clusters of network integration involving (1) dorsal attention and visual networks; (2) salience, frontoparietal, ventral

attention, and default mode networks; and (3) cingulo-opercular, somatomotor face, and somatomotor hand networks.

(B) Most prominent locus of each cluster for the group average.

(C) Most prominent locus of each cluster for an example individual (MSC06) with 4 mm-resolution data.

(D) Most prominent locus of each cluster for the same individual (MSC06) with 2.6 mm-resolution data.
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preferential RSFC to the cingulo-opercular, dorsal attention,

salience, or somatomotor hand networks. Individual integrative

zones were located in portions of the putamen and in the ventral

thalamus with variable integration of the default-mode, fronto-

parietal, ventral attention, salience, cingulo-opercular, and so-

matomotor networks.

DISCUSSION

We characterized the functional network organization of the

human basal ganglia and thalamus at the level of the individual,

using PFM with highly sampled, individual subject fMRI data

from the MSC dataset. Our analyses revealed distinct zones of

network integration (strong functional connectivity with multiple

networks) in 45%of the subcortex andnetwork specificity (strong

functional connectivity with a single network) in 55% of the sub-

cortex. We also found individual variability in cortico-subcortical

RSFC in 43% of the subcortex and commonalities across the

group in 57% of the subcortex. Integration zones were found in

reliably localizable regions such that the ventral intermediate thal-

amus integrated cingulo-opercular and somatomotor networks

(motor integration zones), the pulvinar integrated dorsal attention

and visual networks (visual attention integration zones), and the

caudate nucleus integrated default mode and several executive

control networks (cognitive integration zones). Themotor integra-

tion zones were remarkably consistent across all ten individuals,

suggesting a vital role for the cingulo-opercular network in top-

down control of motor functions. Integration zones were also

found in regions of the putamen and pallidum, with individually

variable integration of control and somatomotor networks. Over-

all, the ability to reliably measure cortico-subcortical RSFC in in-

dividuals using PFM holds promise for clinical treatments that

require precise targeting of subcortical structures, such as DBS.
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Individual Specificity and Consistency in Subcortical
RSFC Varies by Network
We found individual variability in subcortical RSFC that was

not captured by the group average and could only be eluci-

dated by individual-level analyses, in addition to broad similar-

ities across subjects that were captured by the group average.

The existence of both individual-specific and shared fea-

tures is consistent with recent cortical and cerebellar RSFC

findings (Gratton et al., 2018; Marek et al., 2018). Given the

phylogenetically older origin of the subcortex compared to

the cortex (Grillner et al., 2013) and the small size of subcor-

tical structures, one might have expected less individual vari-

ability in the subcortex, but we found strong individual-level

contributions.

Interestingly, particular functional networks in the subcortex—

salience, frontoparietal, ventral attention, and dorsal attention—

were relatively more variable across individuals, whereas

others—cingulo-opercular and somatomotor—were more

consistent. Recent studies have suggested that, in the cortex,

networks supporting top-down control show greater individual

differences than other networks (Finn et al., 2015; Gratton

et al., 2018; Horien et al., 2019; Laumann et al., 2015; Miranda-

Dominguez et al., 2014; Mueller et al., 2013). It is notable that

the cingulo-opercular network, an executive control network

(Crittenden et al., 2016; Duncan and Owen, 2000; Nelson et al.,

2010; Neta et al., 2015; Sadaghiani and D’Esposito, 2015), was

relatively more stable across individuals in the subcortex.

Thus, it stands as an intriguing exception to the more individually

variable control networks (see below for further discussion).

Further investigation using larger cohorts of highly sampled, indi-

vidual-specific datasets will help elucidate how these differ-

ences in individual variability across networks relate to individual

differences in behavior.
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PFM Differentiates Four Types of Subcortical
Functional Zones
Our individual-specific approach identified four types of func-

tional zones within subcortical structures: group network-spe-

cific, group integrative, individual network-specific, and individ-

ual integrative. Distinguishing these functional zones is possible

only by obtaining individual-level results. Functional parcellation

of subcortical structures in individuals has been conducted with

conventional quantities of resting-state fMRI data (5–20 min

per subject; Garcia-Garcia et al., 2018; Janssen et al., 2015).

However, the methods employed in these studies relied on a

group-average reference and clustering algorithms within small

structures, which are susceptible to bias because of spatial

autocorrelation. Further, we show that 100 min or more are

needed to reliably estimate individual cortico-subcortical RSFC

in some structures (globus pallidus, thalamus). Thus, with the

high reliability afforded by PFM, we were able to identify func-

tional zones beyond broad subdivisions of the subcortex in indi-

viduals. Indeed, more data were required to obtain reliable esti-

mates in the subcortex compared to the cortex, which may be

due to biological differences between structures that affect

BOLD signal properties or due to methodological differences,

such as distance from the MRI head coil, susceptibility

artifacts, and/or reduced gray-white contrast.
The Subcortex Contains Sites of Functional Network
Integration and Specificity
We provide compelling human in vivo evidence for the existence

of network-specific and integrative zones in subcortical struc-

tures, consistent with animal models of parallel and integrative

cortico-subcortical circuits (Averbeck et al., 2014; Haber, 2003,

2016). The presence of both network-specific and integrative

functional zones in the subcortex may be critical for coordinating

behavior that requires interactions between functions subserved

by distinct functional networks, depending on the demands of

the environment (Haber, 2003). That is, certain behavioral con-

texts may require independent functioning of a specific network,

whereas others may require behavior that involves coordination

of multiple network functions.

Previous human neuroimaging studies that discussed

convergence zones or hubs within the basal ganglia and thal-

amus did not consider the functional network organization of

the brain and/or necessarily relied upon group averaging

(Choi et al., 2017; Draganski et al., 2008; Hwang et al., 2017;

Jarbo and Verstynen, 2015), both of which could lead to the

appearance of integration artifactually. For example, apparent

integration of anatomically defined frontal and parietal regions

may simply reflect the anatomically distributed organization of

the frontoparietal network rather than integration of multiple

networks. In addition, group averaging may create the spurious
Figure 6. The Subcortex Contains Four Distinct Functional Zones: Grou

and Individual Integrative

(A) Anatomical distribution of each functional zone. Color gradation displays the

procedure.

(B) Typical examples of each type of functional zone using ‘‘example voxels’’ fro

dividual’s cortical networks that show strong RSFC with the example voxel. Bar g

network.
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appearance of integration because brain organization is

spatially variable, and, thus, the same brain stereotactic loca-

tion may be linked to different networks in different individuals

(Argall et al., 2006; Laumann et al., 2015; Van Essen, 2005). If a

particular location is connected to different networks in

different individuals, averaging those signals across the group

can result in a signal correlated with multiple networks, even

if this ‘‘integration’’ is not present in individual subjects. Conse-

quently, mapping zones of integration must be done at the level

of the individual.

Our results are in line with existing evidence from structural

(Draganski et al., 2008; Jarbo and Verstynen, 2015) and func-

tional connectivity studies (Garrett et al., 2018; Hwang et al.,

2017) that suggest that the basal ganglia and thalamus play

central roles in the functional integration of cortical networks.

One way in which this integration may occur is via cortico-

striato-thalamo-cortical loops. Specifically, cortical inputs

are integrated within the basal ganglia and thalamus before

being projected diffusely to multiple cortical networks (Alex-

ander et al., 1986; Averbeck et al., 2014; Draganski et al.,

2008; Jarbo and Verstynen, 2015; Jones, 1998; Metzger

et al., 2013). Thus, the basal ganglia and thalamus simulta-

neously receive and integrate signals from the cortex and

transmit signals to multiple cortical functional networks

(Bosch-Bouju et al., 2013; Jones, 1998). Our results provide

corroborating evidence that specific focal regions of the

subcortex are functionally connected to multiple cortical

networks.

From fMRI data, we cannot determine whether functional

integration in the subcortex reflects direct convergence of

projections to and from multiple cortical networks or interdig-

itated projections at the neuronal level. Animal research sug-

gests that overlap of terminal fields reflects interdigitated

projections (Selemon and Goldman-Rakic, 1985), but further

investigation is needed. Our results can inform future animal

work by guiding particular anatomical targets of study. For

example, integration zones that are common across subjects

– e.g., motor integration zones in the thalamus – may be

particularly good candidates for investigating projections at

the neuronal level. Although the definition of integration zones

could be influenced by our methods, we showed consistent

results across multiple approaches for defining integrative

voxels (Figure S6). Further, we corroborated these integration

zones with higher-resolution (2.6 mm) data (Figure 5), which

showed even greater integration in the thalamus than with

4 mm data.

In addition, it is important to note that the cortico-subcor-

tical RSFC analyses presented here did not account for con-

nectivity within the subcortex (e.g., thalamo-striatal connec-

tions). Future methods that can account for both subcortico-
p Network-Specific, Group Integrative, Individual Network-Specific,

confidence of zone assignment for each voxel, as estimated by a jack-knifing

m (A). Colored borders on the cortical surface represent the outline of the in-

raphs display RSFC correlations between the example voxel and each cortical



Figure 7. Overlap of Integration Zones and Common Sites of DBS

Sites of DBS are shown, with commonly targeted coordinates overlaid onto

individual-specific (globus pallidus) and group (ventral intermediate thalamus)

functional zones from the present study. Color gradation shows the consis-

tency of the integration zones across subjects. The globus pallidus site, which

has variable success rates, overlaps with an individual integration zone. The

ventral intermediate thalamus site, which has consistently high success rates,

overlaps with a group integration zone.
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subcortical and cortico-subcortical connections may provide

further insight into functional network integration within the

subcortex.
Functional Networks Preferentially Converge in Focal
Regions of the Subcortex
With the precision afforded by PFM, we were able to delineate

specific regions within subcortical structures that integrated

multiple networks. These integration zones were found with

standard (4 mm) as well as high-resolution (2.6 mm) fMRI data.

They may serve as critical hubs connecting cortical functional

networks via cortico-striato-thalamo-cortical loops. Most

studies investigating functional network hubs, including our

own, have largely ignored or de-emphasized subcortical struc-

tures (e.g., He and Evans, 2010; Power et al., 2011, 2013; Yeo

et al., 2011). However, it is possible that hubs critical for infor-

mation flow between cortical networks are located in the subcor-

tex. The integration zones described here reflect the precise

location of putative subcortical hubs and the specific functional

networks that converge within them. Three types of integration

zones with distinct preferential connectivity emerged: motor

integration zones, visual attention integration zones, and cogni-

tive integrations zones.

Motor Integration Zones

The integration zones that were consistently present in all ten

individuals combined the somatomotor hand, somatomotor

face, and cingulo-opercular networks in the ventral intermediate

portion of the thalamus. Thalamic integration of these networks

suggests that the cingulo-opercular network might exert some
level of control over motor outputs via the thalamus. The current

dominantly held view is that the cingulo-opercular network is

involved in sustained aspects of task control (Crittenden et al.,

2016; Dosenbach et al., 2006, 2007, 2008; Duncan and Owen,

2000; Sadaghiani and D’Esposito, 2015). The cingulo-opercular

network has properties similar to other controls networks (e.g.,

frontoparietal, salience), such as cue activations and error

monitoring (Dosenbach et al., 2007; Neta et al., 2015; Petersen

and Posner, 2012), that are distinct from lower-level processing

networks (e.g., somatomotor networks). However, there is some

evidence that a subset of cingulo-opercular regions in the

cortex, unlike other control networks, link to somatomotor net-

works (Gordon et al., 2018; Power et al., 2011) and show activity

corresponding to themoment a response is made (Gratton et al.,

2017). Non-human primate studies have identified ‘‘cingulate

motor areas’’ that play a role in motor planning, preparation,

and execution (Dum and Strick, 1993). Further, data from stroke

patients suggest that some cingulo-opercular regions are neces-

sary for executing motor functions (Rinne et al., 2018). Interest-

ingly, functional connectivity between the cingulo-opercular

and somatomotor networks increases with development in a

manner that suggests maturation of inhibitory control (Marek

et al., 2015). Thus, the cingulo-opercular network appears to

be linked to somatomotor networks in a way that is distinct

from other control networks. Our results indicate that the ventral

intermediate region of the thalamus may be a critical locus of

this integration.

Visual Attention Integration Zones

In the posterior thalamus, corresponding to the location of the

pulvinar, we observed preferential integration of the dorsal

attention and visual networks. Previous work in non-human pri-

mates has shown that the pulvinar is involved in attentional se-

lection and in regulating the transmission of information across

the visual cortex (Petersen et al., 1985, 1987; Saalmann et al.,

2012). Human fMRI data also support a role for the pulvinar in

attentional filtering of irrelevant information (Fischer and Whit-

ney, 2012). Here we show that the pulvinar is a site of integration

of the visual network, which comprises primary and association

visual areas, and the dorsal attention network, which comprises

posterior parietal cortex and frontal eye fields and is involved in

spatial attention (Corbetta and Shulman, 2002). Diffusion imag-

ing in humans and anatomical tracing studies in nonhuman

primates support this notion of integration. Specifically, struc-

tural connections exist between the pulvinar and primary and

association visual cortex. Projections from the frontal eye fields

and intraparietal sulcus indirectly innervate the pulvinar via

ascending projections from the superior colliculus, forming cor-

tico-colliculo-pulvino-cortical loops (Leh et al., 2008; Shipp,

2001, 2004; Weller et al., 2002). These structurally and function-

ally integrative connections of the pulvinar suggest that it may

operate by coordinating attentional functions via integration of

the visual and dorsal attention networks (Kastner and Pinsk,

2004; Shipp, 2004).

Cognitive Integration Zones

Particular networks supporting top-down control and attention

(fronto-parietal, salience, ventral attention) and the default

mode network showed preferential integration in certain regions

of the subcortex. Integration zones in the caudate and dorsal
Neuron 105, 1–17, February 19, 2020 11



A

B

Figure 8. Functional Cortical Networks and Subcortical Voxels for Each Individual

(A) Individually defined functional networks (defined as in Gordon et al., 2017b) and the group average functional networks are shown. Nine previously well-

characterized functional networks were selected to investigate cortico-subcortical functional connectivity involving cortical networks that are described

consistently using different methods and by multiple investigator groups (e.g., Damoiseaux et al., 2006; Gordon et al., 2016; Power et al., 2011; Yeo et al., 2011).

Uncolored regions correspond to vertices that were not part of these nine networks according to the Infomap network assignments. Note that including all 15

Infomap networks (excluding unassigned and medial temporal vertices) did not change the results.

(B) Subcortical masks from Freesurfer, edited manually using Freeview, are shown for each individual. Light blue, caudate; pink, putamen; violet, pallidum; green,

thalamus.
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thalamus exhibited a similar convergence of networks across

individuals, whereas integration zones in the putamen and pal-

lidum exhibited individually variable convergence of these net-

works. The zones in the caudate overlap substantially with
12 Neuron 105, 1–17, February 19, 2020
non-human primate studies showing converging projections

from widespread areas of the frontal lobe, including the ventro-

medial prefrontal cortex (PFC), anterior cingulate cortex, ventro-

lateral PFC, and dorsal PFC (Averbeck et al., 2014). These
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regions are part of the default mode (ventromedial PFC), salience

(anterior cingulate cortex), ventral attention (ventrolateral PFC),

and frontoparietal (dorsal PFC) networks. Similarly, in the dorsal

thalamus, non-invasive diffusion studies in humans show

structural connectivity to widespread areas of the PFC (Behrens

et al., 2003). Together, our results suggest that these regions

may act to functionally integrate control and default mode net-

works similarly across individuals in the caudate and dorsal thal-

amus but variably across individuals in the putamen and

pallidum.

Clinical Importance of Subcortical Functional
Integration Zones
Given the involvement of cortico-subcortical circuits in many

neurological and psychiatric disorders (Albin et al., 1989; Brad-

shaw and Sheppard, 2000; Drysdale et al., 2017; Greene et al.,

2017; Liston et al., 2011; Mink, 2003), the functional integration

zonesweuncoveredmaybehotspots for neurological andpsychi-

atric morbidity. Zones with common profiles across individuals

may be affected similarly across disorders, whereas zones with

variable profiles across individuals may be important for

understandingheterogeneity acrossandwithinspecificdisorders.

It is also possible that integration zones may be more affected in

psychopathology than network-specific zones, relating to the

complex nature of many neuropsychiatric disorders. One might

expect that the impairments often seen across multiple functional

domains (motor, cognitive, affective) in many disorders (Heller,

2016; Luking et al., 2016; Ring and Serra-Mestres, 2002) are

more likely the result of alterations to integration zones, whereas

alterations to network-specific zones may only affect one or a

few functions. Thus, our results can guide future targets of study,

both in understanding the functional role of these zones as well

as in understanding how each may be affected (and potentially

targeted for treatment) in psychopathology.

Precision Functional Mapping of Subcortical Structures
May Guide Targets for DBS
PFM has the potential to improve success of interventions that

target subcortical structures, most notably DBS. Presently, it is

unclear why certain DBS target sites have more consistent

efficacy than others and how stimulation of a given target mod-

ulates functional networks to alter behavior and/or clinical out-

comes (Alhourani et al., 2015). There is work, primarily in Parkin-

son disease (PD), investigating the relationship between

anatomical locations of stimulation and clinical outcome (re-

viewed in Horn, 2019). In particular, two recent studies (Bot

et al., 2018; Horn et al., 2019) pinpointed a specific subthalamic

nucleus location as the best predictor of treatment response in

PD. Although promising, this anatomically defined location still

only explains 27% of the variance in clinical outcome. Further,

there is a high degree of overlap between stereotactic coordi-

nates of responders and non-responders. Thus, better accounts

of function and individual neuroanatomical variability may

improve the efficacy of DBS and other treatment approaches,

such as focused ultrasound (Bot et al., 2018; Horn, 2019; Horn

et al., 2019; Nestor et al., 2014; Zaaroor et al., 2018). It has

been shown, using typical amounts of functional connectivity

data per subject (6–12 min), that stimulation sites reported previ-
ously to be effective for the same disease belong to the same

functional brain networks (e.g., DBS of the globus pallidus and

transcranial magnetic stimulation of the primary motor cortex

in PD), highlighting the promise of network-based approaches

(Fox et al., 2014). However, these studies did not account for

the possibility that individual variability in subcortical organiza-

tion may influence the consistency of DBS success.

Our results present the compelling possibility that PFM could

explain the clinical variability of DBS outcomes and help guide

DBS placement in the future (Figure 7). We speculate that PFM

could ultimately be used to locate patient-specific nodes of a

particular functional network for which stimulation improves

symptoms. For example, the DBS sitesmost commonly targeted

for essential tremor fall in the group (i.e., low variability) motor

integration zones in the thalamus identified in the present study;

DBS sites commonly targeted for PD and dystonia fall in

individual-specific (i.e., highly variable) sites in the globus pal-

lidus internal (GPi). Thus, the consistent clinical improvement

following stimulation of the ventral intermediate thalamic DBS

target (i.e., >80% improvement in all essential tremor patients)

(Perlmutter and Mink, 2006) may reflect the highly consistent

location of the motor integration zones across individuals. By

contrast, the GPi location targeted for PD and dystonia varies

in its functional connectivity across subjects. This finding may

account for the increased variability in clinical outcomes (Camp-

bell et al., 2008, 2012; Hershey et al., 2010; Houeto et al., 2003;

Mandat et al., 2006; Perriol et al., 2006; Starr et al., 2006;Wodarg

et al., 2012) and the lack of ability to identify optimal stimulation

regions within the GPi target in group-level studies of DBS

outcomes (Nestor et al., 2014; Tolleson et al., 2015). Perhaps

there is a relationship between the clinical response rate to GPi

DBS and a particular functional connectivity pattern at the

stimulation site. If DBS in PD and dystonia were able to consis-

tently target the same functional network(s), then clinical out-

comes might improve considerably. Examining the relationships

between the target functional zones identified in the present

study and clinical DBS outcomes is an exciting avenue of future

research with the potential to inform clinical care.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Data from ten young adults (24-34 years old; 5 females; all right handed) from the publicly availableMidnight ScanClub (MSC) dataset

were used in the present study (https://openneuro.org/datasets/ds000224). Details about the dataset and processing have been pre-

viously described (Gordon et al., 2017b). Here, we describe information about the data and processing that is relevant to the current

project, and the specific analyses employed.

Participants and Study Design
TheMSCdataset includes structural and functional MRI data, as well as behavioral measures from 10 individuals (5 females, ages 24-

34). fMRI data were collected over 10 sessions, each occurring on a separate day, beginning at midnight. Daily sessions were con-

ducted in close succession, with all sessions completed within 7 weeks for all participants. All participants provided written informed

consent. Procedures were approved by the Washington University Institutional Review Board and School of Medicine Human

Studies Committee. During each scanning session, participants completed a 30 min resting-state run followed by fMRI scans during

four other tasks: a motor task, a semantic task, a coherence task, and an incidental encoding memory task. MRI acquisition param-

eters and tasks are described below.
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METHOD DETAILS

MRI image acquisition
Participants underwent 12 imaging sessions on a Siemens TRIO 3TMRI scanner, beginning atmidnight, over the course of 3-6 weeks

each. The first two sessions consisted of structural MRI scans and the following ten sessions consisted of functional MRI (fMRI)

scans. Structural images included four T1-weighted scans (TE = 3.74ms, TR = 2400ms, TI = 1000ms, flip angle = 8�, 0.8mm isotropic

voxels, 224 sagittal slices), four T2-weighted images (TE = 479ms, TR = 3200ms, 0.8mm isotropic voxels, 224 sagittal, 224), fourMRA

and eight MRV scans (not used in the present study; see Gordon et al., 2017b for details). Functional images included 300min total

of eyes-open resting-state fMRI BOLD data (30min per session) and 350min total of task fMRI BOLD data (see below) using a

gradient-echo EPI BOLD sequence (TE = 27ms, TR = 2.2 s, flip angle = 90�, 4mm isotropic voxels, 36 axial slices). Gradient echo

field map images (one per session) were acquired with the same parameters.

One participant (MSC06) underwent an additional 12 imaging sessions on a Siemens Prisma 3T MRI scanner, consisting of

fMRI scans with higher resolution (gradient-echo EPI BOLD sequence: multiband factor 4, TE = 33ms, TR = 1.1 s, flip angle =

84�, 2.6mm isotropic voxels, 56 axial slices).

QUANTIFICATION AND STATISTICAL ANALYSIS

MRI Data Processing and Surface Registration
MRI data were preprocessed and sampled to the cortical surface as previously described in detail (Marek et al., 2018). The process-

ing code is code is publicly available at https://github.com/MidnightScanClub. Here, we briefly describe the steps.

Structural MRI
Cortical surfaces were generated using procedures as in Laumann et al. (2015). Briefly, using FreeSurfer v5.3, each subject’s aver-

aged T1-weighted image was run through the recon-all processing pipeline to generate the anatomical surface (Dale et al., 1999;

Fischl et al., 1999). This surface was manually edited using Freeview to maximize accuracy, and registered into fs_LR_32k surface

space using a flexible Multi-modal Surface Matching algorithm (Glasser et al., 2016; Van Essen et al., 2012). The subject-specific

surfaces in native space were transformed into Talairach volumetric space by applying an average T1-to-Talairach transform.

Functional MRI preprocessing
All functional data were preprocessed in volume space to reduce artifact and maximize cross-session registration, including (i) slice

timing correction, (ii) intensity normalization to a whole brain mode value (across voxels and TRs) of 1000 for each run, and (iii) within-

run correction for head motion. Then, the functional data were registered to Talairach atlas space using the average T2-weighted

image and the average T1-weighted image. Distortion correction was applied using a mean field map for each subject and applying

that field map to each fMRI session, as previously described (Gordon et al., 2017b). Registration, atlas transformation, distortion

correction, and resampling to 3mm isotropic atlas space were combined into a single interpolation using FSL’s applywarp tool (Smith

et al., 2004). To account for anatomical differences between subjects, we non-linearly warped each subject’s atlas-aligned T1 to

MNI space using FSL’s FNIRT. Volumetric time series subsequently were registered to each subject’s registered T1. All between

subjects analyses and group average analyses were carried out on these atlas-transformed volumetric time series.

Functional connectivity preprocessing
Additional preprocessing steps were applied to the resting-state fMRI data to reduce spurious variance unlikely to reflect neuronal

activity. First, a motion censoring procedure as described in Power et al. (2014) was implemented, which in combination with our

other processing steps has been shown to best account for motion artifact (Ciric et al., 2017). Temporal masks were created to

flag motion-contaminated volumes based on framewise displacement (FD) and the temporal derivative of the root mean squared

variance over voxels (DVARS). Frames with FD > 0.2mm or DVARS > 5.36 were flagged. Two subjects (MSC03, MSC10) required

additional correction for artifactual high-frequency motion in the phase encoding direction (anterior-posterior) as previously

described (Gordon et al., 2017b; Gratton et al., 2018). Application of the temporal masks resulted in retention of 5704 ± 1548 volumes

per subject (range 2691-7530) (formore details, seeGordon et al., 2017b). Thus, even the subject with themostmotion-contaminated

data retained nearly 100min. Then, the data underwent additional processing steps, including (i) demeaning and detrending, (ii) inter-

polation across censored volumes using least-squares spectral estimation of the values at the censored time points, (iii) temporal

band-pass filtering (0.005 Hz < f < 0.01 Hz), and (iv) multiple regression of nuisance variables, including the global signal, principle

components of ventricular and white matter signals (see below ‘‘Component-based nuisance regression’’), and motion estimates

derived by Volterra expansion (Friston et al., 1996), applied in a single step to the filtered, interpolated BOLD time series. Finally,

censored volumes were removed from the data for all subsequent analyses.

For the additional 2.6mm resolution data collected from MSC06, the data were processed the same as the 4mm resolution data,

with the following exceptions: (1) FD measurements were corrected for artifactual high-frequency motion in the phase encoding di-

rection, (2) the FD threshold for motion censoring was 0.1mm, and (3) the DVARS threshold for motion censoring was 6.
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The cortical data were then registered to the surface (see above, Structural MRI). The cortical surface data and volumetric subcor-

tical and cerebellar data were combined into CIFTI data format using Connectome Workbench (Marcus et al., 2011). Voxels in the

cerebellum and subcortex (including thalamus, caudate, putamen, pallidum, nucleus accumbens, amygdala, and hippocampus)

were derived from the FreeSurfer segmentation of each subject’s native average T1 image, transformed into Talairach atlas space.

Finally, the cortical surface functional data were smoothed (2D geodesic, Gaussian kernel, s = 2.55mm). Due to the relatively

small size of the basal ganglia and thalamus, we did not perform spatial smoothing within the volume and we up-sampled the fully

processed data to 2mm isotropic voxels. To mitigate effects of signal contamination from nearby cortical areas (e.g., insula signal

adjacent to the putamen), we regressed the time course of BOLD activity from any cortical vertices within 20mm of a subcortical

voxel, similar to strategies taken in previous work on subcortical functional connectivity (Choi et al., 2012; Greene et al., 2014).

Component-based nuisance regression
The filtered BOLD time series underwent a component-based nuisance regression approach as in Marek et al. (2018) and Raut et al.

(2019), incorporating elements of previously published methods (Behzadi et al., 2007). Nuisance regressors were extracted

from individualized white matter and ventricle masks, first segmented by FreeSurfer (Fischl, 2012), then spatially resampled in reg-

ister with the fMRI data. Since voxels surrounding the edge of the brain are particularly susceptible to motion artifacts and CSF

pulsations (Satterthwaite et al., 2013; Yan et al., 2013), a third nuisance mask was created for the extra-axial compartment (edge

voxels; Patriat et al., 2015) by thresholding the temporal standard deviation image (SDt > 2.5%) (Behzadi et al., 2007), excluding a

dilated whole brainmask. Voxel-wise nuisance time series were dimensionality reduced as in CompCor (Behzadi et al., 2007), except

that the number of retained regressors, rather than being a fixed quantity, was determined, for each noise compartment, by orthog-

onalization of the covariance matrix and retaining components ordered by decreasing eigenvalue up to a condition number of 30

ððlmax =lminÞ > 30Þ. The retained components across all compartments formed the columns of a design matrix, X, along with the

global signal, its first derivative, and the six time series derived by retrospective motion correction. The columns of X are likely to

exhibit substantial co-linearity. Therefore, to prevent numerical instability owing to rank-deficiency during nuisance regression, a

second-level SVDwas applied to XXT to impose an upper limit of 250 on the condition number. This final set of regressors was applied

in a single step to the filtered, interpolated BOLD time series.

Analysis Overview
Cortico-subcortical FC

To capture cortico-subcortical resting state functional connectivity (RSFC), we measured RSFC between subcortical voxels and

cortical functional networks. First, we identified each subject’s individual cortical functional network organization using the graph-

theory-based Infomap algorithm for community detection (Rosvall and Bergstrom, 2008), following Power et al. (2011). Derivation

of the Infomap communities (representing networks) for each subject has been previously described in Gordon et al. (2017b)

and Marek et al. (2018). Briefly, Pearson r correlations were computed between the BOLD time series (concatenated across

sessions) among all cortical vertices, generating a 59,412 vertex x 59,412 vertex correlation matrix. The matrix was thresholded

across a range of densities from 0.1% to 5%, and community assignments were generated from the Infomap algorithm for each

threshold. To assign putative network identities to each subject’s communities, a matching procedure to networks identified for

an independent group of 120 subjects was used (see Gordon et al., 2017b; Marek et al., 2018 for details). Figure 8A shows these

cortical functional network assignments for each individual subject and for the group average.

For the purposes of our subcortical-cortical analyses, we selected nine cortical functional networks (the same 9 for all subjects) that

have been previously well-characterized in the cortex bymultiple investigators using varying methods (e.g., Damoiseaux et al., 2006;

Gordon et al., 2016; Power et al., 2011; Yeo et al., 2011) and have been examined with respect to RSFC with the subcortex (Greene

et al., 2014): somatomotor hand, somatomotor face, visual, frontoparietal, cingulo-opercular, dorsal attention, ventral attention,

salience, and default-mode. These cortical networks are shown for each subject in Figure 8A. Then, we computed the average

time series across vertices for each of these nine cortical networks in each hemisphere separately, and correlated them with the

time series from each subcortical voxel (voxels within each subject’s thalamus, caudate, putamen, pallidum, and nucleus accum-

bens; Figure 8B) in the ipsilateral hemisphere (consistent with anatomical connections). Note that our results do not appreciably

change when the analyses are conducted using correlations from both hemispheres (83% of subcortical voxels have identical ‘‘win-

ning’’ network assignments). Given the close anatomical proximity of several subcortical structures to certain regions of cortex, we

regressed the cortical signal within 20mm of the subcortex from each subcortical voxel time series in order to mitigate potential

artifactual inflations in correlations due to signal bleed, similar to previous subcortical-cortical RSFC studies (Choi et al., 2012;

Greene et al., 2014). The resulting subcortical voxel-to-cortical network correlation matrices (one per subject) were used for subse-

quent analyses.

The same procedures were applied to the whole group of subjects in order to compute the group averaged subcortical voxel-to-

cortical network correlationmatrix. The nine cortical functional networkswere selected from the group average Infomap communities

as reported in Marek et al. (2018).

We repeated these procedures after partialing out the time series of activity of each cortical network from every other network (as in

Greene et al., 2014) before quantifying RSFC between each subcortical voxel and cortical network. Voxel-wise results were highly

similar (r = 0.75) between approaches using full correlations and partial correlations. We also repeated these procedures using
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the 15-networks Infomap solution (excluding unassigned vertices and medial temporal lobe vertices due to proximity to the subcor-

tex; Figure S8B left) as well as using a 7-network Infomap solution (Figure S8A left).

In addition, we compared the correlation results against a null model using randomly rotated cortical networks, similar to (Gordon

et al., 2017a; Gordon et al., 2016). First, for each subject we randomly rotated that subject’s cortical networks around the spherical

expansion of the cortical surface to produce cortical objects that had the same size, shape, and spatial distribution as real networks,

but in random locations. Next, for every subcortical voxel, we calculated the average correlation to each rotated cortical network,

excluding portions of the rotated networks that fell on the medial wall or in susceptibility artifact regions. This rotation and calculation

of correlations was repeated 1000 times, generating a null distribution of correlations. Finally, for each network-subcortical voxel

connection, we calculated the percent of iterations for which the correlation to the real network was stronger than the correlation

to that iteration’s rotated version of that network. This value represents the likelihood that a voxel’s correlation to a cortical network

is stronger than would be expected if the cortical network location was randomized. We compared this ‘‘percent stronger than null’’

map to the standard functional connectivity correlation maps for each network for each subject.

Reliability of cortico-subcortical FC

Using an iterative split-half reliability analysis similar to (Gordon et al., 2017b; Laumann et al., 2015), we computed each individual

subject’s reliability of cortico-subcortical RSFC. For each subject, the ten scan sessions were randomly divided into two subsets

of five sessions each. Half of the data (motion censored) was randomly selected from one of the subsets to serve as the comparison

data, and a varying amount of data (5 to 100 minutes in 5 minute increments) was randomly selected from the other subset to serve

as the test data. Reliability was estimated by computing the average correlation between the subcortical voxel-to-cortical network

matrices for the comparison and test data. This procedure was iterated 1000 times using different subsets of random data (i.e.,

random halves of the data) in each iteration.

As some regions within the subcortex may have better reliability than others, we conducted a voxelwise split-half reliability anal-

ysis. For each subject, the ten scan sessions were randomized, concatenated, split into two halves, and the subcortical voxel-to-

cortical network correlation matrices were computed for each half. Reliability for each voxel was estimated by computing the

correlation between the halves. We also tested the relationship between reliability and tSNR by correlating these two measures

across voxels for each subject. In order to mitigate the effects of voxels with relatively poor reliability, subsequent analyses excluded

those voxels with reliability < 0.5 for each subject.

Task activations

Task fMRI data were processed as previously described (Gordon et al., 2017b; Gratton et al., 2018). Briefly, the cognitive/perceptual

tasks consisted of a pair of mixed block/event-related design tasks that began with a task cue followed by a block of jittered trials in

each task, modeled after Dubis et al. (2016). The ‘‘language’’ task trials consisted of single words and participants were asked to

determine whether the words were nouns or verbs. The ‘‘perceptual’’ task consisted of Glass dot patterns (Glass, 1969) at either

50% or 0% coherence. Participants were asked to determine whether or not the dots were arranged concentrically. The motor

task, modeled after the HCPmotor task (Barch et al., 2013), consisted of blocks of movements of either left or right hand, left or right

foot, or the tongue.

After standard fMRI preprocessing, task fMRI data were entered in a General Linear Model (GLM) separately for each session from

each individual using in-house IDL software (FIDL) (Miezin et al., 2000). The mixed design tasks were modeled jointly in a single GLM

with separate event regressors for onset and offset cues from each task, trials in each task (nouns and verbs for the cognitive task,

0% and 50% for the perceptual task), and a sustained block regressor for the task period. Event regressors were modeled using a

finite impulse response approach consisting of delta functions at each of 8 time points, allowing for the more complete modeling of

different HRF shapes (Ollinger et al., 2001). The motor task was modeled with separate block regressors for each motor condition.

Deactivations associated with the default mode network were identified using a contrast of the third and fourth time points from all

conditions in the mixed design tasks (against an implicit, unmodeled, baseline). Activations associated with the somatomotor hand

network were identified using a contrast between left and right hand movement blocks with left and right foot movement blocks.

Similarity analysis

Similarity analyses were carried out similar to Gratton et al. (2018) and Marek et al. (2018). For each subject, the ten scan sessions

were randomized, split into two halves, and concatenated. The subcortical voxel-to-cortical network correlation matrices were

computed for each half and vectorized. Then the similarity (Pearson z(r)) between the two halves of data was calculated both within

split halves of an individual’s data and between split halves of every other individual. This analysis resulted in a similarity matrix, in

which off-diagonal elements represent variance shared across individuals (i.e., group effect), and on-diagonal elements represent

variance shared across scanning sessions within an individual. Variance unique to individuals versus the group was quantified

by normalizing (dividing) variance shared across individuals (group effect; off-diagonal elements) by subject similarity (on-diagonal

elements). The production of similarity matrices and quantification of group versus individual level effects were computed separately

for the basal ganglia and thalamus.

We also examined between-subject variability in the subcortex as we have previously done in the cortex (Laumann et al., 2015) and

cerebellum (Marek et al., 2018). We calculated the standard deviation of correlations between each subcortical voxel and every

cortical network across subjects. We then assigned each subcortical voxel to a single network (standard winner-take-all approach)
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in order to compare the standard deviation of higher-order network subcortical voxels (frontoparietal, dorsal attention, ventral atten-

tion, salience, cingulo-opercular, default-mode) to that of processing network subcortical voxels (visual, somatomotor hand, soma-

tomotor face) using a t test.

Network specificity versus integration

To determine which subcortical voxels were ‘‘network-specific’’ versus ‘‘integrative’’ we implemented a modified winner-take-all

analysis. For each subject, a ‘‘winning’’ network was assigned to each subcortical voxel based on the strength of the correlation be-

tween that voxel and each cortical network. The networkwith the strongest correlationwas deemed thewinner. Then, we categorized

a voxel as network-specific if its correlations with all other networks were less than 2/3 (66.7%) of its correlation with the winning

network, in line with Marek et al. (2018). If this criterion was not met, the voxel was categorized as integrative, and those networks

within 2/3 of the winning network were also considered winners. This procedure yielded multiple networks (minimum two networks;

maximum four networks – note that there was no instance with more than four networks) within an integrative voxel, whereas a

network-specific voxel, by definition, was occupied by one network. Given the somewhat arbitrary nature of the 66.7% threshold,

we also tested 50% and 75%, which resulted in highly similar distributions of network-specific versus integrative functional zones

(see Figure S6A).

In addition, we tested an alternative approach for determining network specificity versus integration based on effect size (Cohen’s

d). For every subcortical voxel, we computed t tests comparing its correlations with the winning network (all cortical vertices within

that network) to its correlations with every other network (all cortical vertices within a subsequent network). Thus, we were able to

compute the effect size of each comparison. Voxels were determined to be network-specific versus integrative based on whether

the observed effect size between the winning network and another network was greater than or less than a benchmarked effect

size. In Figure S6B, we show the resulting zones of integration for small (d = 0.2), medium (d = 0.5), and large (d = 0.8) effect sizes.

This approach yielded similar zones of integration to the original approach described in the previous paragraph. Thus, our main re-

sults are reported using the original approach at a threshold of 66.7%.

Pictorially in Figure 3, network-specific voxels were colored by their affiliated network, whereas integrative voxels were colored by

each network represented in that voxel (striped pattern). For integrative voxels, the base color was determined by the network as-

signed to that voxel in separate, previously described group-averaged data (WashU 120) using a standard winner-take-all method

(basal ganglia winner-take-all parcellations previously reported in Greene et al., 2014). Thus, if a network represented in an integrative

voxel was shared with the network assigned to that voxel in theWashU 120, the voxel’s base color was assigned to that network, and

the other networks were shown as thin stripes. If none of the networks were shared with theWashU 120, the base color was assigned

to the network with the strongest correlation.

One concern arising from delineating integration zones within the subcortex is the spatial proximity of networks given the relatively

smaller size of subcortical structures. To test for the presence of integration rather than solely proximity to multiple networks, we

performed a community density analysis across the subcortex. Using the winning network assignment for each subcortical voxel

from the winner-take-all analysis, community density was determined by counting the number of networks within a spotlight of

3mm. If integration was largely due to high community density, the majority of high community density voxels would be expected

to be integrative. To test this prediction, for each subject we extracted all voxels with a community density > 1, which indicates

the presence of at least one neighboring voxel with a different network assignment, and calculated the percent of those voxels

that were integrative.

Quantification of network specificity and integration across functional networks

To examine how network specificity and integration were distributed across functional networks, we quantified the number of

network-specific and integrative voxels for each network. We generated a network-by-network matrix representing the number of

voxels, summed across subjects, that were integrative for all pairs of networks (e.g., number of integrative voxels containing fronto-

parietal and salience networks). We normalized these summed values by the total number of integrative voxels, resulting in a percent-

age of integrative voxels for each network combination. We calculated these percentages separately for each structure. We deter-

mined the degree to which functional networks cluster with respect to patterns of integration (i.e., extent to which certain networks

preferentially integrated with each other). To this end, we performed a hierarchical clustering analysis usingMATLAB’s linkage, pdist,

and dendrogram functions, with default setting for determining the optimal cluster solution. We validated the clusters produced by

the hierarchical clustering analysis by submitting the network-by-network matrix to a graph theoretic clustering analysis (modularity)

(Newman, 2006), replicating a three cluster solution.

Defining functional zones in the subcortex

Having determined network-specific and integrative subcortical voxels for each subject, we aimed to identify zones of network spec-

ificity and integration that were common across the group versus variable across individuals. First, a voxel was considered network-

specific if that voxel was network-specific in > 5 subjects. A voxel was considered integrative if that voxel was integrative in > 5 sub-

jects. If a voxel met neither criteria, it was not assigned to a zone. For the assigned voxels, we next determined whether they exhibited

RSFC that was common across the group (Group) or varied across individuals (Individual). For network-specific voxels, they were

considered Group if > 5 subjects shared the same network assignment; otherwise, they were considered Individual. For integrative

voxels, they were considered Group if at least two of the networks assigned to that voxel were present in > 5 subjects; otherwise,

they were considered Individual. Thus, we defined four voxel types: Group Network-specific, Group Integrative, Individual

Network-specific, and Individual Integrative. To delineate functional zones, we applied a cluster threshold of 20 voxels and removed
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extraneous voxels that did not share more than one face with other voxels in that cluster, i.e., ensuring a Euler characteristic of two

(Worsley, 1996).

To determine the stability of these functional zones, we performed a jack-knifing procedure. The steps just described for defining

the four zones were repeated ten times, leaving out a unique subject with each iteration. We then calculated the percent of iterations

that each voxel was assigned to each of the four zone types. Thus, we estimated confidence in functional zone assignment

(Figure 6A).

Functional zone examples

To display examples of each of the four types of functional zones, we selected an example voxel within each type (Figure 6A). Fig-

ure 6B displays the correlations from these voxels to all cortical vertices on the cortical surface with subject-specific Infomap network

borders for two representative subjects, as well as the strength of the correlations to each cortical network.

DATA AND CODE AVAILABILITY

The ‘‘Midnight Scan Club’’ data (raw and processed) used in the present study are available in the OpenfMRI data repository at

https://openneuro.org/datasets/ds000224. The accession number for the Midnight Scan Club data reporte din this paper is

ds000224. Processing and analysis code is available at https://github.com/MidnightScanClub/MSCcodebase.
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