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A B S T R A C T   

Dorsal striatum, principally comprising of caudate and putamen, is well-known to support motor function but 
also various higher-order cognitive functions. This is enabled by developing short- and long-range connections to 
distributed cortical regions throughout the life span, but few studies have examined developmental changes from 
young children to adults in the same cohort. Here we investigated the development of dorsal-striatal network in a 
large (n = 476), single-site sample of healthy subjects 3–42 years of age in three groups (children, adolescence, 
adults). The results showed that the connectivity within the striatum and to sensorimotor regions was established 
at an early stage of life and remained strong in adolescence, supporting that sensory-seeking behaviours and 
habit formation are important learning mechanisms during the developmental periods. This connectivity 
diminished with age, as many behaviours become more efficient and automated. Adolescence demonstrated a 
remarkable transition phase where the connectivity to dorsolateral prefrontal cortex emerged but connectivity to 
the dorsomedial prefrontal and posterior brain, which belong to the ventral attentional and default mode net-
works, was only seen in adults. This prolonged maturation in between-network integration may explain the 
behavioural characteristics of adolescents in that they exhibit elaborated cognitive performance but also 
demonstrate high risk-taking behaviours.   

1. Introduction 

The striatum is a set of subcortical brain regions that are structurally 
connected to distributed brain areas across the human cortex as part of 
cortico-striatothalamo-cortical circuitry. Through parallel and over-
lapping loops, the striatum integrates information from functionally 
distinct higher-order cortical brain regions, driving behavioural outputs 
(Averbeck et al., 2014; Haber, 2003). As such, it has been associated 
with extensive higher-order cognitive and affective processing beyond 
its initial attribution to motor-related functions (Gerardin et al., 2004). 
The dorsal striatum, composed of the bilateral caudate and putamen, is 
primarily responsible for the motor and cognitive functions, while the 
ventral striatum, including the nucleus accumbens, is involved in 
motivation, affective and reward processing (Chen et al., 2020; Pauli 
et al., 2016). 

With its importance in diverse cognitive and motor functions, the 
striatum is frequently implicated in neurodevelopmental, neuropsychi-
atric and motor disorders that emerge throughout the lifespan, such as 
autism spectrum disorder, obsessive-compulsive disorder, major 
depressive disorder and Parkinson’s disease (Shepherd, 2013). Given the 
preferential involvement of the dorsal striatum in these functions, 
establishing its typical developmental trajectory is of critical importance 
for identifying and understanding deviations in psychopathology. In 
typical development, mature functional connectivity in the dorsal 
striatum starts to emerge in adolescence (Peters and Crone, 2017) but 
long-range connectivity to anterior (e.g., prefrontal cortex) and poste-
rior (e.g., posterior cingulate gyrus) parts of the brain is still not 
observed until adulthood (Porter et al., 2015). The adolescence period is 
known for greater risk-taking behaviours and the associated negative 
outcomes, but it is also a critical phase of life to develop elaborate 
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cognitive learning performance and goal-directed decision-making 
strategies, which may be linked to maturity of functional connectivity in 
the dorsal striatum (Peters and Crone, 2017; Shan et al., 2022). 

Resting-state functional magnetic resonance imaging (rs-fMRI) ex-
amines functional networks in the brain and provides considerable 
insight into human brain function. rs-fMRI analyses blood oxygen level- 
dependent (BOLD) signals which are temporally correlated in resting 
state, with the underlying assumption that brain regions that show 
BOLD fluctuations in synchrony communicate (Biswal et al., 1995b; Fox 
and Raichle, 2007). Only a few studies have used rs-fMRI to establish 
typically developing trajectories of cortico-dorsal striatal functional 
connectivity, identifying primarily decreasing functional connectivity 
between the dorsal striatum and cortical regions with age. Through 
childhood and adulthood, functional connectivity between dorsal 
striatum and the somatomotor network was reported to decrease 
(Barber et al., 2019; Greene et al., 2014; Porter et al., 2015), and these 
decreases were also found between early to mid-adulthood (Manza 
et al., 2015a) and extended to other subcortical, visual and limbic re-
gions with age (Barber et al., 2019). Higher connectivity with the 
sensorimotor systems in childhood would underlie the period of acqui-
sition of a wide range of motor skills (e.g., Graybiel and Grafton, 2015), 
with a decrease from adolescence to adulthood as skills become stable or 
habitual behaviours. Increased connectivity of the dorsal striatum with 
age was reported with regions engaged in higher-order cognitive per-
formance such as the default-mode and fronto-parietal networks (Barber 
et al., 2019; Manza et al., 2015a; Porter et al., 2015). These bidirectional 
changes align with the developmental model of decreasing 
stimulus-driven (sensorimotor) to increasing goal-directed (higher--
order cognitive) processing with age in the brain (Casey et al., 2005). 

Few studies have examined the full age range encompassing chil-
dren, adolescents and adults and they have had either a relatively small 
sample size (n = 106, with only 27 participants under 19 years of age) 
(Porter et al., 2015) or included data from public databases collected 
across multiple sites (n = 926), with the study’s focus on the relation 
between striatal development and psychopathology (Barber et al., 
2019). Thus, there exists a significant gap in the literature to establish 
the precise changes that occur between childhood and adolescence, and 
adolescence and adulthood, and to capture functional connectivity 
features that may be related to behavioural characteristics in each 
developmental stage. Furthermore, given the growing awareness of the 
importance of large sample sizes to establish reliable and replicable 
neuroimaging findings, there is a need for a larger single-site samples to 
examine the typical development of cortico-dorsal striatal connectivity 
(Cui and Gong, 2018; Xia et al., 2019). 

Thus, we examined the development in cortico-striatal network in a 
large (n = 476), single-site sample of healthy subjects aged 3–42 years of 
age with a focus on the dorsal striatum. We hypothesized that cortico- 
striatal functional connectivity, particularly to motor areas, would 
change most rapidly early in the childhood period when many motor 
skills are being acquired. In addition, long-range connections to anterior 
and the posterior regions would continue to develop through adoles-
cence and adulthood. In particular, the adolescents would demonstrate a 
developmental transition in establishing long-range striatal connectiv-
ity, supporting their behavioural characteristics. 

2. Materials and methods 

2.1. Participants and ethics statement 

We collected rs-fMRI scans from 476 healthy children, adolescents 
and adults who participated as controls for a variety of studies at the 
Hospital for Sick Children in Toronto. The exclusion criteria included 
intellectual, learning, language, neurological or developmental disabil-
ities and participants 43 years and older, leaving 464 participants. The 
participants were grouped into children (3–10 years old), adolescents 
(11–19 years old) and adults (20–42 years old). Written informed 

consent was obtained from adults and adolescents and the parents of 
younger children; younger children gave informed verbal assent. All 
studies were approved by the Research Ethics Board of the Hospital for 
Sick Children. 

2.2. Image data acquisition 

Three hundred fifty six of the 476 subjects were scanned using a 3.0- 
T MRI scanner (MAGNETON Trio with a 12-channel head and neck coil, 
Siemens Medical Systems, Germany) and remaining 120 subjects were 
scanned using a post 3.0-T MRI scanner upgrade (MAGNETOM Pris-
maFIT with a 20-channel head coil, Siemens Medical Systems, Ger-
many). The high resolution structural T1 images (whole brain) were 
acquired using a three-dimensional magnetization-prepared rapid 
gradient-echo imaging (3D MP RAGE) on the Trio in a maximum of 192 
axial slices (TR = 2300 ms, TE = 2.96 ms, resolution = 1.0 mm isotropic, 
flip angle = 9◦, FOV = 240 × 256 mm, scan time =5:03 min), and on the 
PrismaFIT in a maximum of 192 axial slices (TR = 1870 ms, TE = 3.14 
ms, resolution = 0.8 mm isotropic, flip angle = 9◦, FOV = 240 × 256 
mm, scan time = 5:01 min). Resting state images were collected with 
eyes open and looking at a fixation cross within a circle, using an echo- 
planar imaging pulse sequence on the Trio (TR = 2340 ms, TE = 30 ms, 
resolution = 3.5 mm, flip angle = 70◦, FOV = 224 × 224 mm, number of 
slices = 40, volumes = 120, scan time = 5 min), and on the PrismaFIT 
(TR = 1500 ms, TE = 30 ms, resolution = 3.0 mm, flip angle = 70◦, FOV 
= 222 × 222 mm, number of slices = 50, volumes = 206, scan time =
5:10 min). 

2.3. Image preprocessing 

All rs-fMRI data preprocessing was performed using AFNI (Analysis 
of Functional Neuro-Images) (Cox, 1996; Cox and Hyde, 1997; Gold 
et al., 1998), FMRIB’s Software Library (FSL) (Jenkinson et al., 2012; 
Smith et al., 2004; Woolrich et al., 2008) and locally developed soft-
ware. The first four volumes of each scan series were discarded for BOLD 
signal stabilization, and then motion and slice timing correction were 
implemented. For motion correction, the 3 displacement and 3 rotation 
realignment parameters were estimated. The fMRI data were smoothed 
with a Gaussian filter (FWHM 7 mm) and a bandpass temporal filter 
(0.01 < f < 0.2 Hz) to remove very low frequency drifts and to minimize 
high frequency physiological noise. The signal contributions from the 
whole-brain, white matter, CSF and six rigid-body parameters derived 
from motion correction were bandpass filtered and regressed from the 
data (Hallquist et al., 2013). 

Head motion was evaluated using framewise displacement (FD; 
Power et al., 2012) for each participant. Participants who had greater 
than 50 % of volumes with FD > 0.3 mm were excluded from further 
analyses. In addition, mean FD was used as a covariate in subsequent 
analyses. 75 participants did not pass quality control process, resulting 
in 389 participants in the final analysis. In addition, mean FD was used 
as a covariate in subsequent analyses. 

The pre-processed rs-fMRI data were submitted to independent 
component analyses (ICA) using single-session ICA with Multivariate 
Exploratory Linear Decomposition into Independent Components 
(MELODIC, part of the FMRIB Software Library: FSL), which were then 
further denoised using FMRIB’s ICA-based X-noiseifier. The ICA-FIX is 
an automatic approach (once hand-trained) for component classifying 
and denoising motion or physiological artefact. Linear registration to the 
MNI-152 (T1 = 2 mm) standard template was performed by using each 
participant’s skull stripped T1-weighted anatomical image. 

2.4. Data analyses 

We used a standard seed-based functional connectivity approach 
(Biswal et al., 1995a) to compare the functional connectivity of the 
subcortical network between the three age groups. The subcortical ROIs 
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included the putamen (MNI coordinates: 28, 5, 2) and the caudate (15, 
12, 9). To interpret inter-subject variance, the exact seed coordinates 
were dilated within a 10 mm spherical ROI until the internal correlation 
dropped below 0.7 or the number of voxels exceeded 300 (see Supple-
mentary Fig. 1 for example). The first level analysis was implemented 
using FMRIB’s expert analysis tool (FEAT: https://fsl.fmrib.ox.ac.uk/fsl 
/fslwiki/FEAT) by correlating the mean time series of the ROIs with the 
time series of all voxels in the brain for single-participant analysis. To 
identify differences in functional connectivity in the brain between age 
groups, the second level analysis was then implemented to contrast the 
first level subcortical network connectivity maps between the three age 
groups. We used 6 contrasts (children > adolescents, children < ado-
lescents, adolescents > adults, adolescents < adults, children > adults, 
children < adults) to capture group-specific features while controlling 
for sex, scanner, and mean FD. All statistical analyses were thresholded 
using clusters determined by Z > 3.5 and a corrected cluster significance 
threshold of FWE p < .05. The statistical significance across all findings 
were corrected over six contrasts for multiple comparisons. In the sub-
sequent analysis, the sex differences across the age groups were also 
explored. The statistical significance across all findings was corrected 
over six terms (three age groups [children, adolescents, adults] × two 
contrasts [male > female, female > male]). The significance was held at 
pcorrected < 0.05. Both uncorrected and corrected p-values for all findings 
are now presented in the Tables. 

2.5. Supplementary analysis 

Additional analyses were conducted for age-related continuous in-
crease or decrease in the caudate and putamen networks. These findings 
were largely similar to the group findings and are presented in the 
Supplementary Table 1 and Supplementary Fig. 2. 

3. Results 

3.1. Participant characteristics 

After excluding subjects whose resting state data failed the motion 
criteria (>50% volumes labeled as motion corrupted via FD), 389 sub-
jects remained (110 aged 3–10 years; 133 aged 11–19 years; 146 aged 
20–42 years) in the final analysis. The descriptive statistics for the three 
age groups are summarized in Table 1. There were no significant dif-
ferences in sex (see Supplementary Fig. 2 for age and sex distribution in 
the final sample) or scanner ratios, but the youngest group demonstrated 
greater head motion and larger ROI volumes. 

3.2. Caudate network 

Comparisons between the different age groups revealed distinct 
developmental patterns in caudate connectivity across the life span. In 
the caudate network, children demonstrated strong within-caudate 
connectivity and increased connectivity with somatosensory and 
motor regions, compared to both adolescents (Supplementary Table 2 
and Fig. 1A) and adults (Supplementary Table 3 and Fig. 1B). 

Adolescents showed the development of connections between the 
caudate and the dorsal attentional network as well as dorsolateral pre-
frontal cortex, compared to children (Supplementary Table 2 and 
Fig. 1C), but the connectivity with somatosensory and motor regions still 
remained stronger compared to adults (Supplementary Table 4 and 
Fig. 1D). 

In the adult caudate network, the caudate had strong connectivity 
with the default mode network (DMN), particularly the posterior part of 
DMN, such as posterior cingulate cortex (PCC) and precuneus, compared 
to both children (Supplementary Table 3, Fig. 1E) and adolescents 
(Supplementary Table 4 and Fig. 1F). 

3.3. Putamen network 

Comparisons between the different age groups also revealed some 
shared and distinct connectivity patterns in the putamen network. 

In the putamen network, both children (Supplementary Table 6 and  
Fig. 2B) and adolescent (Supplementary Table 7 and Fig. 2D) demon-
strated strong within-putamen connectivity and the connectivity be-
tween the putamen and the sensorimotor regions, compared to adults. 
Although these patterns of connectivity were stronger in children, the 
overall patterns were similar and showed minimal changes in adoles-
cence (Supplementary Table 5 and Figs. 2A and 2C). 

In the adult network, the putamen showed strong connectivity with 
the ventral attentional network as well as dorsolateral and dorsomedial 
prefrontal cortex, compared to both children (Supplementary Table 6 
and Fig. 2E) and adolescents (Supplementary Table 7 and Fig. 2F). 

3.4. Sex differences 

In the caudate network, significant sex differences were seen only in 
children, where males demonstrated greater functional connectivity in 
parietal visuo-motor coordination regions and the supramarginal gyrus, 
while females showed greater connectivity with the inferior frontal 
gyrus and dorsolateral prefrontal cortex. No sex differences passed 
correction in the adolescents nor in the adults (see Table 2). 

Sex differences were observed over the three age groups in the pu-
tamen network, with females demonstrating greater functional con-
nectivity to sensorimotor regions and the cingulate cortex. This pattern 
was similar in children and adults, although findings were localized 
more laterally in the adults, while in adolescence, females showed 
greater functional connectivity to the posterior and isthmus cingulate 
cortices (Table 2). 

4. Discussion 

We examined developmental changes of corticostriatal connectivity 
in caudate and putamen networks in a large single-site sample of 

Table 1 
Participant characteristics.   

Children (C) Adolescents 
(AS) 

Adults 
(AD) 

Statistics 

N 110 133 146 - 
Age range 

(years) 
3–10 11–19 20–42 - 

Mean age (years 
± sd) 

7.53 ± 2.15 14.42 ± 2.29 28.98 ± 
6.67 

- 

Sex (M:F) 62:48 71:62 90:56 χ2 = 2.00, p 
= .37 

Mean FD (mm, 
± sd) 

0.14 ± 0.03 0.12 ± 0.03 0.11 ± 
0.03 

F = 14.49, p 
< .001 
(C > AS, C >
AD) 

Scanner (pre: 
post) 

73:37 101:32 113:33 χ2 = 4.44, p 
= .11 

Left Caudate 
ROI (mm3) 

949.09 ±
481.82 

756.21 ±
341.35 

668.71 ±
363.59 

F = 16.24, p 
< .001 
(C > AS, C >
AD) 

Right Caudate 
ROI (mm3) 

967.42 ±
510.37 

740.87 ±
347.94 

678.36 ±
431.77 

F = 15.07, p 
< .001 
(C > AS, C >
AD) 

Left Putamen 
ROI (mm3) 

761.96 ±
418.08 

558.44 ±
290.49 

526.19 ±
303.08 

F = 17.32, p 
< .001 
(C > AS, C >
AD) 

Right Putamen 
ROI (mm3) 

777.02 ±
405.01 

576.42 ±
259.84 

528.60 ±
292.19 

F = 20.57, p 
< .001 
(C > AS, C >
AD)  
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participants from 3 to 42 years of age using rs-fMRI and comparing three 
age groups (children, adolescents and adults). We found that earlier in 
life both the caudate and putamen shared features of strong within- 
striatum connectivity and short-range connectivity with sensorimotor 

regions, consistent with our first hypothesis. In line with our second 
hypothesis, long-range connectivity to distributed cortical regions 
increased with age in both networks, which would support higher-order 
cognitive functions (e.g., Pauli et al., 2016). Interestingly, the final 

Fig. 1. Age differences in caudate network.  

Fig. 2. Age differences in putamen network.  
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regions to which the caudate and putamen developed connections, and 
the overall maturational trajectories over time to those connections, 
differed between the networks. We also found prolonged maturation 
with age, with distal brain regions becoming more strongly integrated 
throughout adolescence, gradually developing more connections with 
the prefrontal areas in adulthood. Adolescence demonstrated a unique 
transition period as there remained strong connections to sensorimotor 
regions but also increasing connections to prefrontal cortex. 

Sensory learning is critical for early stages of development and our 
finding with respect to increased connectivity to the sensorimotor areas 
in young children compared with adults is in line with previous litera-
ture. In rs-fMRI studies in infancy and early childhood, cortical networks 
were largely confined to primary sensory and motor brain regions 
(Fransson et al., 2011; Lee et al., 2013). Our results showed that con-
nections to the sensorimotor regions in the dorsal-striatal network ten-
ded to be stable from childhood to adolescence, and then reduced with 
age, which was consistent with the previous findings in both functional 
connectivity (Manza et al., 2015b; Taniwaki et al., 2007) and structural 
connectivity (Ystad et al., 2010). Dorsal striatum, particularly the 
dorsolateral part of the striatum, receives massive inputs from somato-
sensory and motor cortices and has a critical role in forming habitual 
behaviours and the performance of action sequences (Graybiel and 
Grafton, 2015; Lipton et al., 2019; Malvaez and Wassum, 2018). Habit 
formation is a key mechanism for learning at an early stage of life as 
children learn about their environment through imitating and repeating 
behaviours of the people around them and processes underlying highly 
repeated actions in their daily lives require less and less mental effort 
and eventually become habitual (Yin and Knowlton, 2006). Decreased 
connectivity to sensorimotor regions with age in the dorsal striatal 
network may reflect an increase of automated behavioural repertoire 
and a switch from sensory-based learning to more cognitive, 
goal-directed learning strategies. 

In early adolescence, we found connections emerged between the 
caudate and dorsal attentional network. The frontal cortex myelination 
continues throughout adolescence, accelerating after puberty, but 
myelination is not completed until early adulthood, in contrast to the 
sensorimotor regions which become fully myelinated in the first years of 
life (Blakemore and Frith, 2005). The integration of striatum with the 
dorsal attentional network would facilitate selective attention, such that 
individuals can prioritize and filter sensory information based on its 
relevance (Lanssens et al., 2020; Vossel et al., 2014). The ability to 
incorporate top-down attentional processes, which are regulated by the 

dorsal attentional network, shows substantial improvement through 
childhood and adolescence (Rohr et al., 2017), allowing adolescents to 
engage in sustained attention for longer periods of time and decrease 
distractions (Dye and Bavelier, 2010; Zhan et al., 2011). 

Connections to the DMN in the caudate network, however, devel-
oped more slowly and adolescents demonstrated weaker connectivity to 
the posterior part of the DMN, such as the posterior cingulate cortex 
(PCC) and precuneus compared to adults. In contrast, the mature pu-
tamen network did not show connections with DMN in our study, but 
instead developed connections with ventral attentional network as well 
as the dorsolateral and dorsomedial prefrontal cortices. The relations 
with the DMN in corticostriatal connectivity was reported in the puta-
men network in a previous study (Manza et al., 2015b); they observed 
that anti-correlations between DMN and a test-positive network, such as 
the putamen network, diminished with age from young to middle-aged 
adulthood. Of note, other investigations have reported that the 
anti-correlation between cognitive control networks and the DMN were 
strengthened over adolescence (Barber et al., 2013; Bo et al., 2014; Chai 
et al., 2014; Uddin et al., 2011). Taken together, the connectivity be-
tween the striatum and the DMN is not established in earlier stages of life 
and demonstrates segregated functions. The increased connectivity 
observed in early and later adulthood is indicative of greater integration 
between the networks. 

The strong connections to prefrontal cortex in the putamen network 
were observed only in adulthood, which is consistent with previous 
findings that the human brain, in particular frontal regions, is not fully 
mature until individuals reach 20- to 30-years of age (Arain et al., 2013; 
Johnson et al., 2009; Sowell et al., 2003). The prefrontal cortex has an 
important role in cognitive control, and specifically the dorsolateral 
prefrontal cortex (dlPFC) is a crucial region involved in reinforcement 
learning in corticostriatal connectivity (Jarbo and Verstynen, 2015). 
Reinforcement learning requires the integration of reward, attention 
and executive processes as key components of habit formation (Lee and 
Neuroscience, 2013). The developmental studies have shown that the 
dlPFC connectivity strengthened with age at an early stage but also 
declined with age later in life, although several studies have demon-
strated that cognitive training can enhance connectivity and better 
performance (Faraza et al., 2021). Additionally, the dorsomedial pre-
frontal cortex is critical to social cognition, such as understanding theory 
of mind, and in demonstrating cognitive empathy and altruistic behav-
iours (Mitchell, 2009; Preckel et al., 2018; Waytz et al., 2012). Activity 
patterns in the social brain network showed particularly marked 

Table 2 
Sex difference in age groups.  

Network Age group  Cluster peak Regions 

Voxels puncorr pcorr Z x y z 

Caudate Children Male > Female 2926 0.000172 0.002** 4.05 -30 -48 42 Visuo-motor coordination area (BA7) 
Supramarginal gyrus (BA40) 

Female > Male 2162 0.00139 0.005** 4.19 -28 30 16 Triangular part of inferior frontal gyrus (BA45) 
Dorsolateral prefrontal cortex (BA46) 

Adolescent Male > Female 1132 0.0274 N.S. 3.79 -44 38 28 Anterior prefrontal cortex (BA10) 
Dorsolateral prefrontal cortex (BA9) 

Female > Male - - - - - - - - 
Adults Male > Female - - - - - - - - 

Female > Male - - - - - - - - 
Putamen Children Male > Female - - - - - - - - 

Female > Male 2020 0.00157 0.005** 3.84 -12 10 30 Premotor and supplementary motor cortex (BA6) 
Dorsal anterior cingulate cortex (BA32) 
Primary motor cortex (BA4) 

Adolescents Male > Female - - - - - - - - 
Female > Male 1501 0.00646 0.016* 3.96 -4 -34 14 Isthmus cingulate gyrus (BA30) 

Posterior cingulate gyrus (BA23) 
Adults Male > Female - - - - - - - - 

Female > Male 1997 0.000361 0.002** 3.7 -16 10 60 Premotor and supplementary motor cortices (BA6) 
Primary somatosensory cortex (BA1) 
Supramarginal gyrus (BA40) 

Only significant results from uncorrected p < .05 presented in the Table; N.S., Not Significant; **p < .01, *p < .05. 
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changes during adolescence (Blakemore, 2012). 
The results of our study may help to explain child and adolescent 

learning and how habits are formed. Sensorimotor learning is a critical 
component of development for young children as they learn a wide 
range of skills from riding a bicycle, writing, sports to playing a musical 
instrument, and the increased connectivity in networks between dorsal- 
striatal and sensorimotor regions seen in young children in this study 
would support this period of intense acquisition of motor skills. 

Adolescence is a unique period and there remained strong connec-
tivity to sensorimotor regions but also development of long-range 
functional connectivity particularly to frontal areas. Our results extend 
our understanding of how the brain continues to develop in adolescence; 
the adolescent brain had more connections to attentional networks and 
prefrontal regions than younger children, yet was not fully developed 
compared to the adult population (Dumontheil et al., 2010). These 
features would support adolescents in developing different sensory 
preferences and activities but also in experiencing the full range of 
changes due to transformations in physical, hormonal, cognitive and 
social maturation (Foulkes and Blakemore, 2018). This combination of 
major growth in brain structure and function may underlie and support 
higher-order cognitive learning and performance but the changes also 
present a risk, experienced as perception of reduced stability, 
sensation-seeking and risk-taking behaviours (Foulkes and Blakemore, 
2016; Fuhrmann et al., 2015; Tamnes et al., 2017). 

Sex differences in connectivity with the caudate were seen in the 
youngest group and across age groups with the putamen, suggesting sex- 
related influences on brain function. Although structural sex differences 
have been widely reported (Lenroot and Giedd, 2010, 2006; Ruigrok 
et al., 2014), there have been fewer investigations regarding brain 
function, with respect to development. A study with a large normative 
sample (N = 674, age range = 9–22 years) found that males had more 
between-module functional connectivity with motor and spatial tasks, 
while females demonstrated more within-module functional connec-
tivity with emotional identification and nonverbal reasoning tasks 
(Satterthwaite et al., 2015). These differences may support our caudate 
network findings in children, where we observed greater functional 
connectivity to parietal visuo-motor regions in males and the inferior 
frontal and dorsolateral frontal region in females. 

In contrast, the sex differences in the putamen network persisted 
across age groups, with females having greater functional connectivity 
to sensorimotor regions compared to males. Previous literature shows 
that the putamen network is not only involved in motor control but also 
closely engaged in attention, memory and affect, and pain processing, 
contributing to individuals’ positive and negative sensory-related ex-
periences (Cottam et al., 2016; Starr et al., 2011), and studies have 
implicated sex disparities in this network function (Hofer et al., 2007; 
Murray et al., 2021; Whittle et al., 2011). Of note, female adolescents in 
our study demonstrated greater functional connectivity in the posterior 
part of cingulate cortex (isthmus and posterior cingulate cortices), 
which is known for its involvement in memory and pain processing as 
well as mood symptoms, such as depression (Nielsen et al., 2005; Wei 
et al., 2021; Whitford et al., 2014) Our findings extend these prior re-
sults, showing that sex differences in 
putamen-to-sensorimotor-connectivity from childhood through to 
adulthood; future studies could explore this finding in relation to sex 
disparities in psychiatric conditions, which often begin in adolescence 
(Aleman et al., 2003; Slewa-Younan et al., 2004). 

Several reports have highlighted the importance of this fronto- 
striatal connectivity during this vulnerable period of development. 
Studies have shown that social experiences in adolescence had unique 
effects on brain development (Andrews et al., 2021; Orben et al., 2020). 
In particular, adversity, such as social isolation, had a direct impact on 
the dorsomedial striatal pathway, and predicted a shift in the balance of 
decision-making strategies between goal-directed action and habitual 
responses in adulthood (Shan et al., 2022). Atypical connection between 
dorsal striatum and middle frontal gyrus was implicated in internet 

gaming disorder (Dong et al., 2021). Finally, several recent reports 
revealed how the COVID-19 pandemic impacted negatively on adoles-
cents’ mental health (Becker et al., 2020; Blackburn et al., 2022; Cost 
et al., 2021; Thorell et al., 2021; Viner et al., 2022); it would be 
important future work to determine how these difficulties are related to 
brain functional organization and behaviour and what interventions 
would be needed (Dunning et al., 2022). 

5. Limitations 

The current data have the huge benefit of being collected at one 
geographic location; however, a scanner upgrade occurred during the 
study period. We controlled for the scanner effect in the model, but the 
interpretation of the results should be made carefully in this regard. 

Although we examined developmental changes over age in dorsal 
striatal functional connectivity, care should be taken to interpret the 
results as they represent differences between three age groups, not 
developmental changes within each group. Nevertheless, children, ad-
olescents and adults are considered qualitatively different develop-
mental stages and the results should be interpreted in this light. 

In addition, developmental processes are complex entities repre-
senting both linear and non-linear changes in any developmental period. 
Although non-linear models have provided new information about 
developmental changes with multiple inflection points (Grimm et al., 
2011; Harring et al., 2021), each model describes a specific pattern of 
changes over time that requires assumptions based on prior observations 
and needs extensively large samples (Rutherford et al., 2022). Future 
studies a much larger number of participants. could address both linear 
and non-linear changes, not only with age increases but also in con-
nectivity features across the brain regions. 

6. Conclusions 

Our study provides evidence of age-related changes in caudate and 
putamen networks across three developmental age ranges (children, 
adolescents and adults). With age, the caudate network developed 
connections with the attentional network and stronger connections with 
the DMN. The putamen network developed connections with the 
attentional network more slowly and ultimately showed stronger con-
nections with prefrontal cortices. These patterns of development reflect 
the complexity over these developmental periods. The results of our 
study have important implications for explaining child and adolescent 
learning and behaviours such as sensorimotor learning, attention, and 
habit formation. Future studies should explore sub-divisions of the 
striatum in association with the evolution of specific cognitive and social 
skills. 
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