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The thalamus is a critical relay center for neural pathways involving sensory, motor, and cognitive functions, including cortico-striato-
thalamo-cortical and cortico-ponto-cerebello-thalamo-cortical loops. Despite the importance of these circuits, their development has
been understudied. One way to investigate these pathways in human development in vivo is with functional connectivity MRI, yet
few studies have examined thalamo-cortical and cerebello-cortical functional connectivity in development. Here, we used resting-
state functional connectivity to measure functional connectivity in the thalamus and cerebellum with previously defined cortical
functional networks in 2 separate data sets of children (7-12 years old) and adults (1940 years old). In both data sets, we found stronger
functional connectivity between the ventral thalamus and the somatomotor face cortical functional network in children compared with
adults, extending previous cortico-striatal functional connectivity findings. In addition, there was more cortical network integration
(i.e. strongest functional connectivity with multiple networks) in the thalamus in children than in adults. We found no developmental
differences in cerebello-cortical functional connectivity. Together, these results suggest different maturation patterns in cortico-striato-
thalamo-cortical and cortico-ponto-cerebellar-thalamo-cortical pathways.
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Introduction Cortico-striato-thalamo-cortical loops are topographically

The thalamus is a relay and integrative center for cognitive,
motor, and sensory circuitry with afferent and efferent projections
to and from the cerebral cortex, other subcortical structures,
and the cerebellum. In particular, the thalamus is a key node
in cortico-striato-thalamo-cortical and cortico-ponto-cerebello-
thalamo-cortical loops. This thalamic connectivity has been
shown to be important for a wide range of cognitive, motor, and
sensory behavioral functions, including regulating the planning
and initiation of coordinated movements (Houk and Wise 1995;
Bradshaw and Sheppard 2000), higher-level cognitive control
(Botvinick and Braver 2015), lower-level motor control (Thach
2014; Peterburs and Desmond 2016), and emotional processing
(Lane et al. 1997; Adamaszek et al. 2017).

and functionally organized, such that “motor” loops include
projections between cortical regions and striatal/thalamic nuclei
involved in motor functions (e.g. precentral gyrus, dorsal and lat-
eral caudate nuclei, and ventral lateral thalamic nuclei), whereas
“cognitive” loops include projections between cortical regions
and striatal/thalamic nuclei involved in cognitive functions (e.g.
dorsolateral prefrontal cortex, rostral and dorsal caudate nuclei,
and dorsomedial nucleus of the thalamus; Alexander et al.
1986). Adjacent loops are sometimes described as separable, yet
there is evidence for integration between them through various
mechanisms in the thalamus and striatum (Haber et al. 2006;
Haber and Calzavara 2009; Cho et al. 2015; Haber 2016; Greene
et al. 2020). Functionally, integration would allow the thalamus to
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facilitate the transfer of information between different cortical
regions and thus facilitate interactions between functional
networks (Hwang et al. 2017). The cerebellum also has anatomical
projections to the cortex via the thalamus (Palesi et al. 2017a,
2017b), with cortico-ponto-cerebello-thalamo-cortical circuitry
that defines motor and cognitive loops (Middleton and Strick
2002; Palesi et al. 2017a, 2017b). While previously believed to
run strictly parallel to the cortico-striato-thalamo-cortical loops,
converging only at the cortical level, recent work supports the
overlap between these cortico-ponto-cerebello-thalamo-cortical
and cortico-striato-thalamo-cortical pathways at the thalamic
level (Hintzen et al. 2018).

Proper development of the thalamic components of cortico-
striato-thalamo-cortical and cortico-ponto-cerebello-thalamo-
cortical circuits may be critical for normative cognitive and
behavioral maturation. Dysfunction in thalamic pathways has
been implicated in a number of neurodevelopmental disorders,
such as autism spectrum disorder (Nair et al. 2013; Verly et al.
2014; Khan et al. 2015; Li and Pozzo-Miller 2020), Tourette
syndrome (Makki et al. 2009; Plessen et al. 2009; Greene et al. 2017;
Coulombe et al. 2018; Ramkiran et al. 2019), obsessive—compulsive
disorder (Gilbert et al. 2000; Rosenberg et al. 2000; Friedlander
and Desrocher 2006; Xu et al. 2019), and schizophrenia (Frazier
et al. 1996; James et al. 2004; Huang et al. 2021; Weng et al. 2022).
However, typical maturation of cortico-striato-thalamo-cortical
and cortico-ponto-cerebello-thalamo-cortical circuits has been
significantly less well studied. Research involving cortico-striato-
thalamo-cortical loop maturation has focused mostly on cortico-
striatal connectivity (Christakou et al. 2011; Greene et al. 2014;
Walhovd et al. 2015; Insel et al. 2017; Li and Pozzo-Miller 2020).
Findings from human neuroimaging studies investigating the
development of thalamo-cortical connections are inconsistent,
reporting both age-related increases and decreases in connectiv-
ity between the thalamus and frontal and sensorimotor regions
in infancy, childhood, and adolescence (Fair et al. 2010; Alkonyi
et al. 2011; Alcauter et al. 2014; Steiner et al. 2020; Huang et al.
2021). Furthermore, while studies in adults have identified regions
within the thalamus where multiple cortical networks converge
and may integrate (measured as spatial overlap of connectivity
at the voxel level; Yuan et al. 2016; Hwang et al. 2017; Greene
et al. 2020), the development of this integration has not yet been
investigated. The typical development of cerebello-cortical con-
nectivity is even less well investigated. There is evidence that the
topography of cerebello-cortical connectivity is present in infants
and young children (Wang et al. 2016; Herzmann et al. 2019), and
for developmental change in cerebello-prefrontal connectivity
over 1 year in adolescents and young adults (Bernard et al. 2016).
However, studies of cerebello-cortical connectivity in the context
of cortical functional network maturation are still lacking.

Previously, our lab investigated the development of cortico-
striatal connectivity using resting-state functional connectivity
(RSFC) MRI and a network-level approach (Greene et al. 2014).
While RSFC patterns were broadly similar in children and adults,
we observed stronger functional connectivity (FC) between the
somatomotor face (SMF) network and the posterior putamen in
children than in adults, which decreased with age and stabi-
lized by adulthood. However, it is not clear if these age-related
changes also propagate through the thalamo-cortical elements
of the cortico-striato-thalamo-cortical circuits, or whether similar
effects may also be observed in cortico-ponto-cerebello-thalamo-
cortical circuits. In addition, how cortico-subcortical development
leads to mature integration of multiple cortical networks in the
thalamus is unknown.
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Here, we used RSFC and a functional network approach to
investigate the development of FC between the thalamus and the
cortex and between the cerebellum and the cortex in 2 separate
data sets collected at Washington University in St. Louis and
Oregon Health and Science University. Additionally, we investi-
gated how developmental differences in FC might interact with
network integration in the thalamus. To preview our results, we
found similar functional network topography in children and
adults in both the thalamus and the cerebellum. In the thalamus,
we found stronger SMF network FC in children compared with
adults, which decreased throughout childhood and stabilized in
adulthood. Additionally, we found evidence of increased thalamic
integration involving the SMF network in children compared with
adults. However, in the cerebellum, we found no developmen-
tal changes in functional network connectivity. Together, these
results suggest a pervasive developmental change in the SMF
motor pathway specifically within the cortico-striato-thalamo-
cortical pathway that does not extend to the SMF network cortico-
ponto-cerebello-thalamo-cortical loop.

Materials and methods
Participants

Two data sets were used for the present analyses. The “WashU”
data set, collected at Washington University in St. Louis School of
Medicine and previously described (Greene et al. 2014), included
120 typical young adults (19-31 years old; 60 males) and 60 typi-
cally developing children (7-12 years old; 33 males). The “OHSU”
data set, collected at Oregon Health & Science University, included
57 typical young adults (19-40 years old; 19 males) and 110
typically developing children (7-11 years old; 52 males) who par-
ticipated as control subjects in ADHD-focused studies (Karalunas
et al. 2014; Cary et al. 2016).

All participants were native English speakers and right-handed.
Participants reported no history of neurological or psychiatric
disease and were not taking psychoactive medications, as
assessed by self-report for adults and parental report for children.
All adults and a parent/guardian for each child gave informed
consent, and all children assented. The Washington University
Human Research Protection Office (WashU data set) and Oregon
Health & Science University Institutional Review Board (OHSU
data set) approved all studies.

Image acquisition

WashU data set

MRI data were acquired on a Siemens 3T Trio scanner with a
Siemens 12-channel Head Matrix Coil located in the Mallinck-
rodt Institute of Radiology at Washington University School of
Medicine. A T1-weighted sagittal MP-RAGE structural image (slice
time echo 3.06 ms; TR 2.4 s, inversion time 1 s, flip angle 8
degrees, 127 slices, 1 mm isotropic voxels) was acquired from each
participant, while they watched a movie or listened to music of
their choice. Resting-state functional images were acquired using
a BOLD contrast-sensitive echo planar sequence (TE 27 ms, flip
angle 90 degrees, in-plane resolution 4 x 4 mm, 32 contiguous
interleaved 4 mm axial slices, TR 2.5 s for 177 participants; TR
2.2 s for 3 child participants). A total of 336+121 functional
volumes (range 184-724) were acquired from the adults, and
377 £ 166 functional volumes (range 260-780) were acquired from
the children. Of these volumes, after motion censoring (see below),
278 £ 10 functional volumes (range 151-719) were included from
the adults, and 266 + 13 functional volumes (range 137-623) were
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included from the children. During the resting-state scans, par-
ticipants were asked to relax and hold as still as possible while
viewing a white crosshair in the center of the screen on a black
background.

OHSU data set

MRI data were acquired on a Siemens 3T Trio scanner with
a Siemens 12-channel Head Matrix Coil, located at OHSU’s
Advanced Imaging Research Center. A T1-weighted sagittal MP-
RAGE structural image (slice time echo 3.58 ms; TR 2.3 s, inversion
time 0.9 s, flip angle 10 degrees, 160 slices, 1 mm isotropic
voxels) was acquired from each participant, during which they
watched a movie or listened to music of their choice. Resting-
state functional images were acquired using a BOLD contrast-
sensitive echo planar sequence (TE 30 ms, flip angle 90 degrees,
resolution 3.75 x 3.75 x 3.8 mm, 36 contiguous interleaved 3.8 mm
axial slices, TR 2.5 s). A total of 464+ 17 functional volumes
(range 300-600) were acquired from the adults, and 337+4
functional volumes (range 246-360) were acquired from the
children. Of these volumes, after motion censoring, 352422
functional volumes (range 23-594) were included from the adults,
and 248+ 6 functional volumes (range 121-354) were included
from the children. During the resting-state scans, participants
were asked to relax and hold as still as possible while viewing
white crosshair in the center of the screen on a black background.

Image preprocessing

Functional data from participants from both data sets were
preprocessed using methods described in Shulman et al. (2010)
and Miezin et al. (2000) to reduce artifacts. Image preprocessing
included: (i) sinc interpolation of all slices to the temporal
midpoint of the first slice, accounting for differences in the
acquisition time of each slice, (ii) correction for head movement
within and across runs, and (iii) intensity normalization to a
whole-brain mode value (across voxels and TRs) of 1,000 for each
run. Atlas transformation of the functional images was computed
for each participant via the MP-RAGE T1-weighted scan. Each
run was resampled in atlas space on an isotropic 3 mm grid
combining movement correction and atlas transformation in a
single interpolation. The atlas used in this study (TRIO_KY_NDC)
was generated from MP-RAGE T1-weighted images from 13 7-9-
year-old children (7 male) and 13 21-30-year-old adults (6 male),
and made to conform to the Talairach atlas space as outlined in
previous work (Lancaster et al. 1995; Burgund et al. 2002; Black
et al. 2004; Greene et al. 2014). The images used to generate the
atlas were collected on the same MRI scanner as the WashU data
set included in this study.

FC preprocessing

Additional preprocessing for RSFC data was conducted on each
of the data sets following the procedures in Greene et al. (2014).
These steps included: (i) demeaning and detrending, (ii) multiple
regression of nuisance variables from the BOLD data, including
motion regressors individualized ventricular and white matter
signals, and the derivatives of these signals, and (iii) tempo-
ral band-pass filtering (0.009 Hz < f <0.08 Hz). Consistent with
Greene et al. (2014), the global signal was not included as a
nuisance regressor because the partial correlation approach used
in our analyses (outlined below) accounts for the shared variance
among cortical networks.

Artifacts because of head motion were accounted for using
the volume censoring procedure described in (Power et al. 2012,
2014). Briefly, high motion volumes were flagged for censoring

based on frame-wise displacement greater than a threshold of
0.2 mm. Volumes were included (not censored) only in tempo-
rally contiguous sets of at least 5 volumes, and BOLD runs were
included only if they retained a minimum of 30 such volumes. The
flagged data were then processed following the same procedure
previously described (Greene et al. 2014).

Anatomical definitions

Thalamus and basal ganglia segmentation was performed using
FSL 4.1.8 [Oxford Centre for Functional Magnetic Resonance Imag-
ing of the Brain (FMRIB) Software Library]. FMRIB-integrated reg-
istration and segmentation tool was applied to the T1 structural
images from the WashU data set, delineating the caudate nucleus,
putamen, pallidum, nucleus accumbens, and thalamus. For each
structure, voxels labeled as belonging to that structure in 75% of
the participants were included in a group mask of the structure,
as in Greene et al. (2014), as this mask best overlaps with the
boundaries of the subcortical structures on the anatomical atlas
used for registration. All correlation analyses were conducted
within these voxels.

To create a cerebellum mask, we identified voxels that con-
tained BOLD data and overlapped with a previously defined mask
(Buckner et al. 2011). Participants were selected on the basis
of having BOLD data coverage of the cerebellum above z=—43
(WashU: adults, n=41, children, n=41; OHSU: adults, n=57; chil-
dren, n=110).

Cortical networks were defined as in Greene et al. (2014) to
encompass most cortical regions with known/suspected anatom-
ical connections to the subcortex and cerebellum (Alexander et al.
1986; Haber and Knutson 2010), based on Power et al. (2011)
and (2010). Eleven cortical networks were included: sensorimotor
networks: somatomotor hand (SMH), SMF, auditory (AUD), and
visual (VIS); attention/control networks: dorsal attention (DAN),
ventral attention (VAN), cingulo-opercular (CON), salience (SAL),
and frontoparietal (FPN); the default mode network (DMN); and
the orbitofrontal network (OFN; Supplementary Fig. 1).

FC analyses
Partial correlation analyses

In each of the structures (thalamus, basal ganglia, and cere-
bellum), partial correlations were calculated between the BOLD
time series from each voxel within that structure and the mean
BOLD time series from each of the 11 cortical networks (i.e. a
residual correlation was computed after partialling out the signal
from the other cortical networks). The partial correlations were
then normalized using Fisher's r-to-z transform, and averaged
across the participants in each group (e.g. 120 adults and 60
children from the WashU data set; 57 adults and 110 children
from the OHSU data set). Only positive correlations were used for
subsequent group and winner-take-all analyses. To identify voxels
with significant correlations to a given network, we computed
1 sample t-tests for each voxel and converted the t statistics
to z-scores. We also quantified the similarity between children
and adults by computing the Spearman correlation between the
partial correlation values for each thalamic and cerebellar voxel
in children and adults, separately for each network.

Regressing out cortical signal adjacent to the structure of
interest

To account for possible signal bleed between subcortical or cere-
bellar structures and the cortical networks, we regressed out
proximal cortical signal (as in Buckner et al. 2011; Choi et al.
2012; Greene et al. 2014). We identified voxels in the cortical
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networks of interest that were spatially located within 5 mm of
the subcortical structure mask and the cerebellum mask, and
regressed out the mean signal of those overlapping voxels (i.e.
cortical voxels proximal to the subcortical structure).

Group comparisons

To compare the adults and children in each data set, 2-sample
t-tests (accounting for unequal group variance) were computed
on the Fisher z-transformed r-values for each cortical network
within the thalamus and cerebellum, correcting for multiple com-
parisons across networks using false discovery rate (FDR; P 0.05)
and a minimum cluster size of 10 voxels.

Network specificity and integration

We implemented a modified winner-take-all approach to charac-
terize the functional organization of the thalamus, as in Greene
et al. (2020). This analysis was not conducted in the cerebellum
given the high degree of network specificity previously demon-
strated (Marek et al. 2018). We averaged the partial correlation
values between each thalamic voxel and each cortical network
across the participants in the 4 groups (WashU adults, WashU
children, OHSU adults, and OHSU children). We then identified the
cortical network with which each thalamic voxel was most highly
correlated based on the averaged partial correlation values, and
designated that network as the “winning” network. Next, we com-
pared the partial correlations of the winning network with the 10
remaining networks in each voxel. If the partial correlation value
of at least 1 other network was within 2/3 (66.7%) of the winning
network’s partial correlation value, that voxel was categorized
as “integrative,” having its strongest correlations with multiple
networks. If the partial correlation values with the remaining 10
networks were all <2/3 of the winning network’s correlation, that
voxel was categorized as “network-specific,” having its strongest
correlation with a single network. This procedure determined
integrative voxels affiliated with multiple networks (minimum
2 networks; maximum 3 networks) and network-specific voxels
affiliated with only 1 network. We previously validated this proce-
dure with alternative procedures (e.g. effect sizes) and thresholds
for labeling voxels as integrative or network-specific (Greene et al.
2020). Modified winner-take-all maps were generated by color
coding the voxels within the thalamus according to the winning
network(s), with integrative voxels denoted by colored stripes
representing the multiple networks.

Age-related differences in integration

To determine whether integration varied across development, we
used 2-sample t-tests to compare the number of integrative voxels
between child and adult subjects in each data set. To preview
results, we observed significant decreases in both SMF FC strength
(as calculated above) and integration in adults compared with
children. Given that the determination of a voxel as integrative
depended in part on the strength of SMF FC, we tested whether
the difference in integration was explained by SMF FC by entering
categorical age group and SMF FC into an ANCOVA model explain-
ing the number of integrative voxels.

Results

Children and adults show similar topography in
cortico-thalamic FC

Group-averaged partial correlation maps for each of the 11 cor-
tical networks from each data set are displayed in Fig. 1. Qual-
itatively, children and adults showed similar spatial patterns of
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A. WashU B. OHSU

Adults Children Adults Children

SMH
z=8

SMF
z=4

AUD
z=0

VIS
z=2

DAN
z=15

VAN
z=15

CON
z=6

SAL
z=12

FPN
z=9

DMN
z=12

OFN
z=15

z(r)

0.10

Fig. 1. FC maps in the thalamus for 11 cortical networks for the WashU
data set A) and for the OHSU data set B) based on peak z-transformed
partial correlation values between thalamic voxels and each cortical
system. Network labels: SMH, SMF, AUD, VIS, DAN, VAN, CON, SAL, FPN,
DMN, and OFN.

FC. Quantitatively, the average Spearman correlation in thalamic
partial correlation values between children and adults across all
networks was 0.66 (WashU data set) and 0.70 (OHSU data set;
correlations by network are listed in Supplementary Table 1).
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Fig. 2. Developmental differences in thalamic-SMF network FC. Voxels with a significant difference between children and adults in the WashU data set
A) and the OHSU data set B). Within these voxels, FC with the SMF network decreased with age in both data sets C, D).

The SMH and SMF networks were correlated with the ventral
and lateral portions of the thalamus, corresponding to the loca-
tions of the ventral lateral and ventral posterior nuclei. The AUD
network correlated with the ventral thalamus, corresponding to
locations of the medial geniculate nucleus. The VIS and DAN net-
works were correlated with the lateral thalamus, corresponding
to the locations of the pulvinar and lateral geniculate nuclei. The
VAN correlated with the medial thalamus, with a larger effect
in the left than in the right hemisphere. The CON correlated
with the ventral thalamus. The SAL network, FPN, DMN, and
OFN correlated with the medial thalamus. The OFN network
is included here for completeness, though its cortical location
(Supplementary Fig. 1) potentially overlaps with known fMRI sus-
ceptibility artifact, and its thalamic (Fig. 1) and particularly its
cerebellar (Fig. 4) representations suggest it may reflect primarily
non-neuronal artifact.

Children have stronger SMF FC in the thalamus
than adults

Direct group comparisons revealed significant differences
between children and adults in FC between the SMF network
and the ventrolateral parts of the thalamus, corresponding to
known locations of motor nuclei (ventral lateral and ventral
posterior nuclei; Morel et al. 1997). Specifically, FC was stronger
in the children than in the adults in both data sets (FDR corrected
P <0.05; Fig. 2A and B). The SMH network and OFN also showed
stronger correlations in ventral lateral and medial thalamus,
respectively, in children compared with adults in the WashU
data set, whereas the AUD and VIS networks showed stronger
correlations in ventral and lateral thalamus, respectively, in
children compared with adults in the OHSU data set (not shown
because group differences did not replicate across data sets).
However, the only differences that replicated across data sets
involved the SMF. Group comparisons were not significant for any
of the other functional networks.

Given the consistent effect with the SMF network across both
data sets, and our previous finding of an age-related decrease in
SMF FCin the putamen (Greene et al. 2014), we tested the relation-
ship between SMF network-thalamus FC and age. Within those
voxels in the ventrolateral thalamus that showed a significant

group difference (Fig. 2A and B), we computed the Pearson corre-
lation between age and the mean partial correlation coefficient—
representing FC between the SMF network and the thalamus—
separately for the child and adult groups from each data set.
We found a significant negative correlation with age within the
children in the WashU (r=-0.27, P=0.04) and OHSU (r=-0.26,
P=0.01) data sets, and no significant correlation within the adults
in the WashU (r=0.08, P=0.42) or OHSU (r=—0.20, P=0.13) data
sets. Figure 2C and D shows that FC between the SMF network
and the thalamus decreased with age during childhood but did
not change during adulthood.

This specific developmental effect in the thalamus with the
SMF network extends our previous findings in the basal ganglia,
in which we found stronger FC between the putamen and the
SMF network in children compared with adults in the WashU
data set (Greene et al. 2014). Here, we further replicated this puta-
men effect in the OHSU data set (Supplementary Fig. 2). Together,
these results support the idea of developmental changes in SMF
FC within the striatal and thalamic components of the cortico-
striato-thalamo-cortical loop.

Children have increased SMF network
integration in the thalamus despite overall
similar functional network organization to adults
The modified winner-take-all analysis generated thalamus maps
showing regions with network specificity (i.e. FC with primarily
1 network) and regions with network integration (i.e. FC with
multiple networks) for children and adults in each data set (Fig. 3).
For visualization, network-specific voxels were colored according
to their affiliated network, and integrative voxels were colored
with stripes according to the multiple affiliated networks.
Qualitatively, the modified winner-take-all maps looked similar
across adults and children both within and between the different
data sets (Fig. 3). As in Greene et al. (2020), there were integrative
voxels in multiple regions of thalamus. In the ventral lateral
thalamus, the strongest correlations were with the CON, SMF,
and SMH networks, consistent with the motor integration zone
described in individual adults (Greene et al. 2020). In the dorsal
thalamus, the strongest correlations were with the DMN, FPN,
VAN, and SAL network, consistent with the cognitive integration
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A. WashU

Children

Adults
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B. OHSU

Children Adults

swi [sve [llao P vis

Bceon Psn

oan [ van
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Fig. 3. Functional network organization in the thalamus in children and adults in the WashU data set A) and in the OHSU data set B). Network-specific
voxels (preferential FC to 1 network) shown in solid colors corresponding to the network; integrative voxels (preferential FC to multiple networks)
shown with cross-hatching of the colors corresponding to those networks. Voxels in which there was a significant difference between children and
adults, defined by the white outlines (see Fig. 2), are enlarged for clarity. Network labels: SMH, SMF, AUD, VIS, DAN, VAN, CON, SAL, FPN, DMN, and OFN.

zone previously described. Finally, in the posterior thalamus, the
strongest correlations were with the DAN and VIS network, con-
sistent with the visual attention integration zone also previously
described.

The ventrolateral part of the thalamus includes the motor
integration zone as well as voxels in which we observed a devel-
opmental difference in SMF network FC. Visually, adults appeared
to have fewer integrative SMF network voxels than children in
this developmental region (Fig. 2A and B). Statistical comparisons
between the number of integrative voxels within this region ver-
ified significant differences between children and adults. Chil-
dren exhibited more integrative voxels (specifically with conver-
gence of the CON and SMF network) than adults in both the
WashU (t(178) =6.78, P < 0.001) and OHSU data sets (£(165)=4.61,
P <0.001).

In the children, the number of integrative voxels within this
region was significantly correlated with SMF FC in both data sets
(WashU: r=0.49, P <0.001; OHSU: r=0.34, P <0.001), suggesting
that age-related changes in SMF FC may drive age-related changes
in network integration. Indeed, the ANCOVA model showed that
SMF FC predicted integration (number of integrative voxels) when
controlling for effects of age group (Ps < 0.001), but that age group
no longer predicted integration when controlling for SMF FC
(WashU: P=0.42; OHSU: P=0.07). Thus, age-related decreases in
integration between CON and SMF networks in the ventrolateral
thalamus were driven by age-related decreases in SMF FC.

Children and adults show similar topography in
cerebello-cortical FC

The cerebellum is also connected to cortical networks via cortico-
ponto-cerebello-thalamo-cortical loops. To test the specificity of
the developmental effects found in the nodes of cortico-striato-
thalamo-cortical circuitry (i.e. current results in the ventral tha-
lamus and previous results in the putamen), we performed the
same group comparisons in cerebellum FC. Partial correlations
we computed between each voxel in the cerebellum and the 11
cortical networks of interest in both the WashU and OHSU data
sets (AUD and VIS networks are not shown because no consistent
network correlations were present; Fig. 4A and B).

Adults and children, across both data sets, showed qualitatively
similar FC patterns in the cerebellum. Quantitatively, the aver-
age Spearman correlation in cerebellar partial correlation values
between children and adults across all networks was 0.47 (WashU
data set) and 0.60 (OHSU data set; correlations by network are
listed in Supplementary Table 2).

The SMF and SMH networks were correlated with the anterior
cerebellum, with the SMF network correlations being located
slightly posterior to the SMH, consistent with known organiza-
tion of motor connections. The DAN and VAN were correlated
with the medial parts of the cerebellum, with some differences
along the anterior—posterior axis: the DAN was correlated with
the anterior cerebellum and the VAN was correlated with the
posterior cerebellum. The CON and SAL network were correlated
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B. OHSU

Adults Children

0.10

Fig. 4. FC maps in the cerebellum for 9 cortical networks for the WashU data set A) and for the OHSU data set B) based on peak z-transformed partial
correlation values between cerebellar voxels and each cortical network. Network labels: SMH, SMF, AUD, VIS, DAN, VAN, CON, SAL, FPN, DMN, and OFN.

with lateral portions of the anterior cerebellum, and the FPN
was correlated with medial and lateral areas. The DMN and
OFN were correlated with the posterior cerebellum along the
medial-lateral axis. A winner-take-all analysis generated cerebel-
lum maps displaying the networks with the strongest correlations
in different regions of the cerebellum (Supplementary Fig. 3). Net-
work integration was not investigated since previous work in
adults shows increased network specificity in the cerebellum
(Marek et al. 2018).

Unlike our findings in the basal ganglia and thalamus, there
were no significant differences (FDR corrected P < 0.05) between
children and adults in FC between any cortical networks and
cerebellar voxels, in either data set.

Discussion

In this study, we found stronger thalamo-cortical SMF network FC
in children compared with adults, which decreased continuously
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with age before plateauing in adulthood. These FC decreases
drove developmental differences in network integration within
the thalamus, such that children exhibited greater integration
between the CON and SMF network than adults. We did not
observe any developmental differences in cortico-cerebellar con-
nectivity. All results were replicated in a separate data set of
children and adults. These findings, along with our previous
results of stronger cortico-striatal SMF network FC in children
compared with adults (Greene et al. 2014), indicate that the
maturation of FC in somatomotor pathways continues through-
out childhood and adolescence within cortico-striatal-thalamo-
cortical circuits. Notably, this effect does not seem extend to
cortico-ponto-cerebello-thalamo-cortical circuits within the age
ranges studied here.

The brain undergoes highly specific architectural changes
through pruning of axonal projections (Cowan et al. 1984; Kantor
and Kolodkin 2003; Luo and O’Leary 2005; Low and Cheng 2006)
and dendritic projections (Brown et al. 1995), including thalamo-
cortical projections, as part of typical development and learning.
Given the correlations between anatomical connectivity and
FC (Honey et al. 2009; Zhang et al. 2010), and previous work
demonstrating developmental changes in thalamic FC that mirror
anatomical maturation (Fair et al. 2010), the decrease in FC
between the ventrolateral thalamus and the SMF network could
reflect the removal of unneeded connections and increased
specificity of neural tuning curves.

Parallel with our previous findings on cortical FC with the
putamen (Greene et al. 2014), we found an age-related decrease
in FC in the thalamus that was specific to the SMF network.
This effect was localized to the ventral part of the thalamus,
consistent with the location of motor nuclei, namely, the ventral
lateral and ventral posterolateral nuclei. Recent work has shown
largely consistent results, reporting decreased thalamo-cortical
FC specific to the ventral posterolateral nucleus of the thalamus
and the somatosensory cortex (part of which falls in the SMF
network) from childhood to adulthood (Huang et al. 2021). This
previous study also found age-related decreases in FC between
the occipital cortex and lateral geniculate nucleus. While we
did not find this additional developmental difference here, it is
possible that our methods were not sensitive enough to detect
more subtle effects given our use of stringent multiple compar-
isons correction. Still, we show that the effect in thalamo-SMF
network FCis particularly strong, and thatit relates to age. Indeed,
recent demonstrations that reliable brain-phenotype correlations
require very large samples (Marek et al. 2022) raises the question
of whether or not we have sufficient power for a reliable measure
of relationships between FC and age. However, it has been noted
that out-of-sample replication is an appropriate way to validate
brain-behavior effects in moderate sample sizes (e.g. Gratton et al.
2022). Therefore, the replication of the FC-age correlations in an
independent data set and similar effect sizes lend support to the
reliability of our findings.

Our results also converge with findings in very early stages
of development showing attenuation of sensorimotor thalamo-
cortical FC by age 1 year, with further thalamic definition of FC
at age 2 years (Alcauter et al. 2014). Our results show continued
reduction in this connectivity from age 7 years to adulthood. This
reduced connectivity may reflect developmental specialization
of thalamic regions that begins in infancy and stabilizes only
in early adulthood. Further work filling in the ages of early
childhood (ages 2-6 years) would allow us to understand the
complete trajectory of thalamo-somatomotor (as well as cerebello-
somatomotor) connectivity maturation.
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Other prior work has reported increasing thalamo-motor/
premotor FC with age (Fair et al. 2010), or no developmental
differences in thalamo-motor network connectivity (Steiner
et al. 2020), inconsistent with our findings. However, Fair et al.
(2010) defined cortical regions of interest as large anatomical
divisions, and the motor network used by Steiner et al. (2020)
encompassed all somatomotor regions. Here, we used well-
characterized functional networks (Power et al. 2011) that
separate somatomotor regions subserving facial movements and
sensations and those subserving movements and sensations in
the rest of the body (Meler et al. 2008; Power et al. 2011). It is
possible that this delineation allowed us to uncover a selective
developmental effect in FC with the SMF network.

The present results also further our understanding of the
differential maturational trajectories of functional circuits involv-
ing the thalamus, including cortico-striato-thalamo-cortical
and cortico-ponto-cerebello-thalamo-cortical loops. Together
with our previous work showing age-related attenuation of
FC between the putamen and the SMF network (Greene et al.
2014), we illustrate that this reduced FC with age is present
in both the thalamic and striatal components of the cortico-
striato-thalamo-cortical motor circuit. Interestingly, we did not
find age-related FC differences in the somatomotor circuits
that involve the cerebellum for the measured age ranges. It is
possible that this developmental change is not pervasive through
the entire somatomotor system, but is selective to particular
cortico-subcortical circuits. Previous work has shown that cortico-
striatal-thalamo-cortical and cortico-ponto-cerebello-thalamo-
cortical loops have areas of overlap as well as divergence in
function and topography (Hoshi et al. 2005; Kuramoto et al.
2009; Hintzen et al. 2018). For example, while the basal ganglia
and the cerebellum were both involved in motor learning tasks,
the cerebellum was selectively activated for tasks associated
with passive movements and the basal ganglia was selectively
activated for movement selection (Jueptner 1998). This work
suggests that the cerebellum may play a role in monitoring or
the sensory component of movements, whereas the basal ganglia
play a role in active movement. Perhaps, this theory speaks to
different developmental trajectories, such that the cerebellum
has pathways that are established earlier in maturation.

The behavioral significance of decreasing SMF network-
thalamus FC during development is unclear. One intriguing
possibility relates to what we know about motor development
during childhood and adolescence. While many motor functions
are adult-like by age 7 years (e.g. balance and gait), subtle
motor deficits are still present and show gradual improvement
with maturation throughout later childhood and adolescence
(Largo et al. 2003; Gidley Larson et al. 2007). One example is
“overflow,” referring to extraneous movements in which body
parts not needed for the current task move along with those
body parts that are needed (Denckla 1985). Overflow movements
can involve extraneous orofacial, proximal, or mirror movements
and follow a similar decreasing developmental trajectory from
age 7 to 14 years as the SMF network-thalamus FC reported
here (Gidley Larson et al. 2007). Given the cortico-striato-
thalamo-cortical circuitry involved in motor control, it is possible
that overflow movements in children may be facilitated by SMF
network-thalamic FC. Hence, age-related reductions in overflow
movements, especially orofacial overflow movements, may relate
to attenuating SMF network-thalamic FC, representing normative
refinement of motor control during childhood and adolescence.

Understanding the typical development of somatomotor
thalamo-cortical circuits provides context for understanding
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developmental disorders in which these pathways are disrupted.
Given our result of decreasing SMF network-thalamic FC during
typical development, disorders in which symptoms emerge or
reach heightened severity during childhood, adolescence, or
young adulthood may reflect a failure of this normative cortico-
subcortical maturation. For example, there is evidence that
youth with psychosis have slightly reduced FC between motor
cortex and thalamic motor regions compared with healthy
controls (Huang et al. 2021), whereas adults with psychosis
show increased FC between these regions (Woodward et al. 2012;
Anticevic et al. 2015). Tic disorders, which have childhood onset
and peak symptom severity around 10-12 years of age, involve
atypical subcortical volumes and cortico-striato-thalamo-cortical
structural connectivity (Miller et al. 2010; Worbe et al. 2015;
Greene et al. 2017). In childhood dyslexia, there is evidence of
stronger thalamo-somatomotor cortex structural connectivity
compared with controls. In fact, this altered connectivity was
located specifically in areas of the thalamus corresponding to the
ventral lateral and ventral posterolateral nuclei, similar to the
present study. Again, this dyslexia-related increase in connectivity
may represent a failure of the normative attenuation we observed
in typical development. Moreover, the specificity of this develop-
mental effect with the SMF network is particularly intriguing,
given that the refinement of these circuits is important for
articulation-related aspects of reading (Fan et al. 2014). Increased
connectivity in dyslexia may indicate a prolonged learning phase
in which the stronger connectivity required for initially acquiring
a skill is not attenuated as seen in typically developing children.
Generally, relating these findings in neuropsychiatric disorders
to the typical trajectory of cortico-thalamic connectivity could
provide further insight into how deviations in brain structure and
function relate to clinical phenotypes.

While cortico-striato-thalamo-cortical loops have been previ-
ously described as parallel and segregated, there is accumulating
evidence for cortical network integration at the level of the stria-
tum and the thalamus (Haber et al. 2006; Cho et al. 2015; Haber
2016; Greene et al. 2020). Human neuroimaging studies have
examined integration in the thalamus by identifying regions with
strong FC to multiple cortical networks (Hwang et al. 2017; Greene
et al. 2020). The current study replicated the presence of these
regions, notably the motor integration zone previously observed
in the adult thalamus, in which FC was strongest with the CON
and somatomotor networks (Greene et al. 2020). This finding
corroborates other recent work demonstrating a link between the
CON and somatomotor regions (Gratton et al. 2018; Rinne et al.
2018; Newbold et al. 2021).

Here, we demonstrated that integration in particular regions
of the thalamus is also present in children. Moreover, we found
greater integration between the CON and SMF network in children
compared to adults. Integration of these cortico-striato-thalamo-
cortical circuits is argued to be important for learning, coordina-
tion, and modification of behavior (Haber 2003, 2016; Haber and
Calzavara 2009), key aspects of development. Therefore, greater
integration in the children may be associated with a greater need
to impose top-down control over the motor system in childhood,
which declines to some extent with age as fine motor precision
develops and becomes more automatized. However, given the
resolution limitations of BOLD imaging, we must also consider
alternative mechanistic explanations for our measures of integra-
tion and the differences between adult and children. For example,
increased integration in childhood could represent incomplete
differentiation between networks in children that become refined
into adulthood.

Previously, we posited that the motor integration zone may be
clinically relevant for movement disorders, as it coincides with
deep brain stimulation (DBS) sites for treating essential tremor
(Perlmutter and Mink 2006; Greene et al. 2020). Our current obser-
vation of greater motor integration in the thalamus in children
suggests that treatment could extend to pediatric disorders such
as cerebral palsy (Wolf et al. 2019), epilepsy (Valentin et al. 2017),
and Tourette syndrome (Xu et al. 2020). For example, DBS targeting
the palladium and thalamus has shown promise for treating
pediatric dystonia (Olaya et al. 2013; Cif and Coubes 2017; Luciano
et al. 2020). However, individual response rates are unpredictable
and vary, with some patients experiencing minimal or no improve-
ment (Krause et al. 2016; Luciano et al. 2020). This variability in
treatment efficacy may be because of a lack of validated treat-
ment sites that could be addressed with a greater understanding
of pediatric thalamic motor integration hubs. Additionally, tar-
geting stable integration zones that are consistent between adult
and children may help increase treatment efficacy with increased
specificity of target.
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