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Abstract

:

The development of functional neuroimaging technologies has resulted in a flood of mathematical models that investigate functional brain connections in health and disease. Motor network activity in the resting state and its response to puberty remains to be investigated. Variations between sexes in puberty may appear not just in brain regions involved in sexual and emotional activities, but also in cognitive and motor abilities that are active even when the individual is resting. The aim of this study was to investigate the interactions of the motor subnetwork in the resting state of healthy males and females aged 12 and 16. This study used the OpenNeuro Dataset ds004169:1.0.7, Queensland Twin IMaging. The MRI signals were preprocessed to get adjacency matrices from the sensory/somatomotor and cerebellar networks in the Power atlas. Network topology was analyzed using the centrality measures of strength, hubness, and leverage. The strength of the nodes increases with age in both sex groups. Both sexes had right hemisphere dominance in the cerebellar-mouth subnetwork and left dominance in the cerebellar-hand subnetwork. Eleven leverage centrality regions were common to all groups, the most relevant were the Precuneus, the cingulum postcentral and the supplementary motor area. In both sexes, hubs at age 12 were detected only in the right hemisphere. This dominance was reduced at age 16. Understanding connectivity changes in the brain during rest may enable the identification of neurophysiological mechanisms of cognitive and behavioral development that may contribute to long-term psychological well-being in adolescents.
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1. Introduction


Puberty and adolescence mark a child’s transition into adulthood. Biologists have typically viewed puberty from an endocrine standpoint since the characteristic signs of reproductive maturation are driven by hormonal changes that occur throughout this stage of development. Although puberty and adolescence are commonly used interchangeably, the term puberty is related to the stimulation of the hypothalamic-pituitary-gonadal axis, whereas adolescence refers to the period between childhood and adulthood when there is a significant physical, psychological, cognitive, and social transformation [1].



Hormonal fluctuations lead to essential variations in every tissue and organ, including the human brain. Sex hormone receptors are present in several areas of the brain. Sex-specific reproductive behaviors become more determinant at the beginning of puberty, for example, small hormonal fluctuations during the menstrual cycle predispose females to mood disorders related to brain changes [2]. The brain transition from childhood to puberty is marked by an increase in the main neural fiber tracts prompting new brain area connectivity, caused by an increase in fiber density, myelination, synaptic remodeling, competitive elimination, and apoptosis [3]. Although basic cognitive skills develop during childhood, more complicated self-regulatory abilities such as control of voluntary movement develops after puberty [4]. Development of selective motor response inhibition has been demonstrated to peak at around age 12 [5], whereas retaining an already triggered motor response, known to be a more challenging task, has been observed to peak at around age 16 [6]. Furthermore, it has been demonstrated that the ability to self-regulate proactive or reactive inhibition connected to movement is highly established during puberty [7]. After all, motor control is a very complex mechanism of neural circuitry and integrity of skeletal muscle’s mechanical and sensorial functions, tissue that comprises almost 50% of the body weight.



Myelin production in the central nervous system regulates conduction velocity, which is a critical component of rapid and efficient information processing and functional connectivity in the brain [8,9]. White matter is the main substance in the sensory/somatomotor cortex composed of long myelinated axons, which transfer information between various cortical and subcortical gray matter regions and with distant connections to the cerebellum and spinal cord. Myelination begins during early fetal life and brain size increases rapidly during the first three years [10]. White matter mass increases more than gray matter mass during childhood peaking around puberty [11], which is related to increased gonadal and Glia cell synthesis of sex hormones [12]. Testosterone increases oligodendrocyte proliferation favoring myelination as well as cerebellar cell volume increases in males [13], while estradiol delays the exit of oligodendrocyte progenitor cells from the cell cycle [14], allowing oligodendrocytes to undergo additional rounds of cell division and increase proliferation but reducing the rate of myelinization in females.



The brain is connected to the cerebellum via afferent and efferent pathways, whose myelination is completed early in childhood, through the Superior and Inferior Cerebellar Peduncles. On the other hand, the Middle Cerebellar Peduncle ends development in puberty and only allows afferent information from the pontine nuclei (PN) to reach the cerebellum [15]. The cerebellum contains more than 100 billion neurons, accounting for more than 80% of total brain neurons [16]. The cerebellum and motor cortex network actively participate in the inhibition of voluntary movement, emotional behavior, and cognition. Together, the cerebellum and motor cortex network constitute the motor-subnetwork, a major portion of the resting brain. The resting state brain consumes 20% of the glucose available for all metabolism, therefore, motor-subnetwork connectivity at rest must be highly active. It can particularly be observed when comparing 12-year-old to 16-year-old individuals. Different expressions and responses to sex hormones related to the motor network in the resting brain will be analyzed.



The present work aims to study connectivity on the motor network while awake with eyes closed, providing evidence on the default activity of this network. This network is notable for its extensive connectivity to the rest of the brain involved in decision-making and motor control in a body subjected to continuous sex hormonal changes, particularly during puberty. The motor network is also receiving constant proprioceptive information, the sense that lets us perceive the location, movement, and action of parts of the body. This fMRI analysis would provide a potential standard to compare fMRI data obtained to analyzed behavioral disorders that often occur during puberty and adolescence.




2. Materials and Methods


2.1. Participants


A subset of the OpenNeuro Dataset ds004169:1.0.7 [17], Queensland Twin IMaging (QTIM) was used. The QTIM study was approved by the Human Research Ethics Committees of the QIMR Berghofer Medical Research Institute, University of Queensland, and Uniting Health Care, Wesley Hospital. Written informed consent was obtained for each participant. The selected participants for this study were those ages 12 or 16. The final sample consisted of 107 subjects, 50 12-year-olds (22 males/28 females), and 57 16-year-olds (20 males/27 females).




2.2. Image Acquisition


As reported by Sinclair, et al. [18] a 4 Tesla Bruker Medspec whole-body scanner was used to acquire a T1-weighted (T1w) 3D structural image (MPRAGE, repetition time TR = 1500 ms; echo time TE = 3.35 ms; inversion time TI = 700 ms; flip angle = 8°; field of view FOV = 230 mm3, pixel size 0.9 × 0.9 × 0.9 mm). Additionally, the BOLD (Blood Oxygen Level Dependent) signal was obtained through a T2*-weighted gradient echo and an echo planar imaging (GE-EPI) sequence (TR = 2100 ms; TE = 30 ms; flip angle = 90°; FOV = 230 × 230 mm, pixel size 3.6 × 3.6 mm 36 coronal 3.0 mm slices with 0.6 mm gap, 150 volumes, and a total scan time of 315 s) were acquired under the instructions to remain at rest with their eyes closed, not to fall asleep and not to think of anything in particular. Participants were excluded if they reported any history of psychiatric disease, brain injury, substance abuse, or MR incompatibility.




2.3. Anatomical Data Preprocessing


Data preprocessing was carried out using fMRIPrep software v23.0.2 [19]. The T1w image was corrected for intensity non-uniformity, then skull-stripped and used as a reference throughout the workflow. Brain tissue segmentation of cerebrospinal fluid (CSF), white-matter (WM), and gray-matter (GM) was performed using FAST (FSL 5.0.9) [20]. Volume-based spatial normalization to the standard template ICBM 152 Asymmetrical template version 2009c (MNI152NLin2009cAsym).




2.4. Functional Data Preprocessing


A skull-stripped reference volume was generated, this reference was co-registered (with nine degrees of freedom) to the T1w reference using flirt [21]. Head-motion parameters with respect to the BOLD reference volume were estimated using FSL’s MCFLIRT (Motion Correction FSL Linear Image Registration Tool) [22]. These preprocessed BOLD time-series were resampled into the standard space (MNI152NLin2009cAsym). Confounding time-series, such as framewise displacement and standardized derivative of root mean squared variance over voxels (DVARS), were calculated from the generated reference volume using the implementations in Neuroimaging in Python: Pipelines and Interfaces (Nipype) [23]. Additionally, a set of regressors was extracted to allow for component-based noise correction (CompCor) [24] within the CSF, the WM, and the whole-brain masks as well as for a set of physiological regressors.




2.5. Atlas Selection


The functional Power Atlas was selected for this study [25]. A nilearn python [26] code was used to select 5 mm spheres with centers according to the 264 regions. The nilearn function input_data.NiftiSpheresMasker was used to create 5 mm sphere masks with a FWHM smoothing filter of 6 mm and a band pass filter between 0.009–0.08 Hz, and tr = 0.930 s. The time series were extracted using the function parcellation.fit_transform with confounds strategy using “high_pass”, “motion”, “wm_csf” and “global_signal”.



Figure 1 shows a schematic representation of the workflow, alongside anatomical and functional data preprocessing and brain network construction.




2.6. Network Construction


Time series from the Power Atlas were used to calculate an adjacency matrix for each subject using Pearson correlation. In order to use the highest possible density of only positive values, the correlation matrices were thresholded in order to keep a connectivity density of 0.46. The analysis was then limited to the motor subnetwork that comprises regions from the Cerebellar (4 regions), Sensory/Somatomotor Hand (30 regions), and Sensory/Somatomotor Mouth (5 regions) networks. Table 1 shows the selected regions’ coordinates.




2.7. Network Analysis


Each network was obtained from the selected regions’ matrix. The network measure of node strength was then calculated. Node strength is the weighted variant of the degree of the node, which denotes the number of edges connected to a node [28]. Weighted measures account for the heterogeneity of the correlations within network topology.


   k i w  =   ∑   j ∈ N     w  i j    



(1)







A subsequent analysis was done recalculating the node strength for the subnetwork for each independent hemisphere. An analogous analysis was done for the cerebellar-mouth and the cerebellar-hand regions, with their respective hemisphere subnetworks.



Centrality measures of hubness and leverage were calculated for the entire network for each study group. Hubness centrality as defined previously [29], accounts for the highest node strength and betweenness centrality and low characteristic path length and clustering coefficient. In this study, a region was considered to be a hub if the hubness score was equal, or greater than 2 and at least 45% of the subjects in the group had this region as a hub. The leverage centrality (li) [30], accounts for the relationship between the degree of a given node (ki) and the degree of its neighbors (kj) averaged over all neighbors (Ni):


   l i  =  1   k i      ∑    N i        k i  −  k j     k i  +  k j     



(2)




where li can result in values between −1 and 1. Negative values correspond to nodes that are influenced by their neighbors, while positive leverage values correspond to nodes that influence their neighbors. In order to obtain a single measure for each region, the leverage centrality score of each region was added over all subjects, only regions with positive values were reported.




2.8. Statistical Analysis


The node strength values were used to calculate the kernel density estimate for each population (12-year-old males n = 22, 16-year-old males n = 20, 12-year-old females n = 28, and 16-year-old females n = 37). The kernel density estimate, which will be referred to as the probability density function (PDF) estimates the likelihood that a continuous random variable (in this case the node strength) will be in a particular set of values and provides information about the skewness and multimodality in the data. The PDF was calculated using R function density with a Gaussian kernel and a bandwidth of   h = 0.9 m i n   σ ,  R  1.34      n    − 1  5      [31], where σ corresponds to the standard deviation and R to the interquartile range.



The difference between the corresponding PDF of male groups (12- and 16-year-olds) and the PDF of female groups (12- and 16-year-olds) was determined. PDF differences were evaluated using a Kolmogorov-Smirnov test, and D statistic and p-values were reported. The D statistic reports the maximum difference between the cumulative distributions of the compared data; p-values were corrected for multiple comparisons with a false discovery rate. Same sex, age, and interhemispheric analysis was done for the entire motor-subnetwork (MsN). The cerebellar-mouth and cerebellar-hand MsN were also analyzed as described above in Section 2.7.



Principal Component Analysis (PCA) was carried out as a complement to visualize the diversity of the population. PCA is a method to reduce the number of variables in a dataset by using a linear transformation into a coordinate system that explains the variation of the data. It was performed with R function PCA, using the values of the strength and leverage, that is, feature one corresponds to the strength value of region 1 for each subject, feature 39, corresponds to the strength value of region 39, and so on, feature 78 corresponds to the leverage value of region 39.





3. Results


3.1. Differences of the Motor-Subnetwork in 12- and 16- Year-Old Male and Female Groups


Figure 2 shows the comparison between male and female groups at age 12. Figure 2A is a representative coronal view of the MsN of a male and a female at age 12. The nodes in the motor regions were taken from the Power 264 region atlas. These network visualizations display the difference in the edge weight, which is related to the strength of the connections of a node. Figure 2B shows the PDF of the entire MsN, the arrows point to the corresponding comparison, in this case between the male and female group. Node strength values in the male group (solid line) span between 0 and 12, with strength values centered around 6. The female group showed more strength values between 10 and 12 than males, with most connections having a strength value around 5. The difference between the PDF of each sex at age 12 was greater in males than females (D = 0.141, p-value = 0.0001). At age 16, both groups had PDFs with values around 6, and the female group had male and female groups had no statistically significant difference (D = 0.078, p-value = 0.0779).



Figure 2C shows the points of the individuals of the sample in the first and second components from the PCA analysis was carried out using the strength and leverage values; age and sex were considered categorical variables. The first component explains 19.4% of the variance, and the second is 7.8%. The male and female groups at age 12, which were found to have differences in the probability density comparison, correspond to the green and red dots, respectively. The female groups (red and blue) have the closest means. Visually, the male groups show distant means in this space. At age 12, the geometrical mean in the male group has higher negative values in the first component and almost zero in the second component, while at 16 the inverse is true, the mean has negative values in the second component and is zero in the first component. Females are both in the first quadrant at both ages.



Top ten regions in the first component:



Precentral.R2_Strength, Parietal_Inf.L1_Strength, Paracentral_Lobule.L1_Strength, Precentral.R3_Strength, Supp_Motor_Area.R2_Strength, Cingulum_Post.L1_Strength, Precuneus.R1_Strength, Supp_Motor_Area.R1_Strength, Postcentral.L4_Strength, Precuneus.L1_Strength



Top ten regions in the second component:



Insula.R1_Strength, Postcentral.R7_Strength, Precentral.R4_Strength, Postcentral.L7_Strength Paracentral_Lobule.R1_Strength, Postcentral.L6_Strength, Precentral.R5_Strength Precentral.L2_Strength, Paracentral_Lobule.R1_Leverage, Postcentral.R6_Strength



In conclusion, when the entire MsN was evaluated, there was a statistically significant difference in the node strength at age 12: the male group’s node strength values are greater than those in the female group, while differences at age 16 are not significant. In the PCA analysis, 12-year-old females and males have visually different geometrical mean in the first and second component space. Female groups have a very similar geometrical mean, and 16-year-old males have almost orthogonal geometrical means, which suggests these populations undergo significant connectivity pattern changes.




3.2. Hemisphere Differences of the MsN in 12- and 16-Years-Old Male Groups


Figure 3A shows a representative coronal, left, and right view of MsN in a male at age 12 and a male at age 16. The first row corresponds to the male group at age 12 (n = 22) and the second to the male group at age 16 (n = 20). Figure 3B is a comparison between the left (solid line) and right (dashed line) hemisphere node strength PDFs of the male groups age 12 and age 16 of the entire MsN. At age 12, the right hemisphere had greater node strength than the left hemisphere, with node strength values around 3 (D = 0.193, p-value of 0). At age 16, both hemispheres had more connections than at age 12, with node strength values above 4. The PDF shows that the left hemisphere had an evenly distributed thicker right tail, while the right hemisphere had a PDF with three peaks: one centered around 0, 3, and 5. The PDFs of right hemisphere node strength were statistically greater when compared to the left (D = 0.143, p-value of 0.0001).



Figure 3C shows the comparison of the male subnetwork for age 12 and 16 groups. With age, the entire MsN (D = 0.133, p-value = 0.0003), left hemisphere (D = 188, p-value of 0), and right hemisphere (D = 0.100, p-value = 0.0124) had different distributions. The plot following the vertical arrow in the first column corresponds to the PDFs of the entire MsN (below the coronal view) for each age group; at age 16, there were more connections than at age 12, with node strength values above 8. The second column corresponds to the comparison of the left hemisphere node strength PDFs for each age group. At age 16, there were more node strength values above 5. The third column corresponds to the comparison of the right hemisphere node strength PDFs for each age group. The main differences occur around a node strength of 4, for which there were more connections with this value at age 12, while the values in the tail are very similar.



In conclusion, at both ages, the right hemisphere had higher node strength values. The right hemisphere decreased node strength from 12 to 16 years of age, while the left hemisphere and the entire MsN increased node strength values from 12 to 16.




3.3. Hemisphere Differences of the MsN in 12- and 16-Year-Old Female Groups


Figure 4A shows a representative coronal, left, and right view of a female MsN at age 12 and a female at age 16. The first row corresponds to the female group at age 12 (n = 28) and the second to the female group at age 16 (n = 37). Figure 4B is a comparison between the left (solid line) and right (dashed line) hemisphere node strength PDFs of the female groups aged 12 and 16 of the entire MsN. Female groups at age 12 and 16 had higher node strength values in the right hemisphere (D = 0.109, p-value = 0.0109; D = 0.100, p-value = 0.0155, respectively).



Figure 4C shows the comparison of the female MsN for age 12 and 16 groups. The plot following the vertical arrow in the first column corresponds to the PDFs of the entire MsN (below the coronal view) for each age group, the second and third columns correspond to the hemispheric comparisons where no statistically significant differences were found (p-values 0.0862, 0.0732, 0.0732, respectively).



In conclusion, in both age groups the right hemisphere had higher node strength values. Age comparisons showed no significant differences.




3.4. Hemisphere Differences of the Cerebellar-Mouth MsN in Male Groups at Ages 12 and 16


Figure 5A shows a representative coronal, left and right view of the cerebellar-mouth MsN of a male at age 12 and a male at age 16. Figure 5B is a comparison between the left (solid line) and right (dashed line) hemisphere node strength PDFs of the male groups age 12 and 16 of the subnetwork. In both age groups, the right hemisphere had greater node strength values (D = 0.422, p-value = 0; D = 0.344, p-value = 0, respectively).



Figure 5C shows the comparison of the male cerebellar-mouth MsN for age 12 and 16 groups. The plot following the vertical arrow in the first column corresponds to the PDFs of the entire cerebellar-mouth subnetwork (below the coronal view) for each age group, node strength values were higher at age 12 (D = 0.117, p-value = 0.0022). The second column corresponds to the comparison of the left hemisphere node strength PDFs for each age group; at age 16, there were significantly greater node strength values (D = 0.131, p-value of 0.0003). The third column corresponds to the comparison of the right hemisphere node strength PDFs for each age group; at age 12, there were significantly greater node strength values (D = 0.145, p-value = 0.0001).



In conclusion, at both ages, the right hemisphere had greater node strength values. When comparing changes with age per hemisphere, the entire cerebellar-mouth MsN and the right hemisphere, node strength values were greater at age 12, while at 16 the left hemisphere had greater node strength values.




3.5. Hemisphere Differences of the Cerebellar-Mouth MsN in Female Groups at Ages 12 and 16


Figure 6A shows a representative cerebellar-mouth MsN in coronal, lateral left, and right views of a female at age 12 and a female at age 16. Figure 6B is a comparison between the left (solid line) and right (dashed lines) hemisphere node strength PDFs of the female groups aged 12 and 16 of the subnetwork. In both age groups, the right hemisphere had greater node strength values (D = 0.326, p-value = 0; D = 0.391, p-value = 0, respectively).



Figure 6C shows the comparison of the female cerebellar-mouth MsN for age 12 and 16 groups. The plot following the vertical arrow in the first column corresponds to the PDFs of the entire cerebellar-mouth MsN (below the coronal view) for each age group, node strength values were higher at age 12 (D = 0.217, p-value = 0.0022). The second column corresponds to the comparison of the left hemisphere node strength PDFs for each age group; at age 16, there were greater node strength values (D = 0.170, p-value of 0). The third column corresponds to the comparison of the right hemisphere node strength PDFs for each age group; at age 12, there were greater node strength values (D = 0.254, p-value = 0).



In conclusion, at both ages the right hemisphere had greater node strength values.




3.6. Hemisphere Differences of the Cerebellar-Hand MsN in Male Groups at Ages 12 and 16


Figure 7A shows a representative cerebellar-hand MsN in coronal, lateral left, and right views of a male at age 12 and a male at age 16. Figure 7B is a comparison between the left (solid line) and right (dashed lines) hemisphere node strength PDFs of the male groups aged 12 and 16 of the subnetwork. In both age groups, the left hemisphere had greater node strength values (D = 0.211, p-value = 0; D = 0.152, p-value = 0, respectively).



Figure 7C shows the comparison of the male cerebellar-hand MsN for age 12 and 16 groups. The plot following the vertical arrow in the first column corresponds to the PDFs of the entire cerebellar-hand MsN (below the coronal view) for each age group, node strength values were higher at age 12 (D = 0.250, p-value = 0). The second column corresponds to the comparison of the left hemisphere node strength PDFs for each age group; at age 12, there were greater node strength values (D = 0.221, p-value of 0). The third column corresponds to the comparison of the right hemisphere node strength PDFs for each age group; at age 16, there were greater node strength values with a statistically significant difference (D = 0.127, p-value = 0.0004).



In conclusion, at both ages, the left hemisphere had greater node strength values. In the entire cerebellar-hand MsN and in the right hemisphere node strength values are greater at age 12, while at age 16, the left hemisphere has greater node strength values.




3.7. Hemisphere Differences of the Cerebellar-Hand MsN in Female Groups at Ages 12 and 16


Figure 8A shows a representative cerebellar-hand MsN in coronal, lateral left, and right views of a female at age 12 and a female at 16. Figure 8B is a comparison between the left (solid line) and right (dashed lines) hemisphere node strength PDFs of the female groups aged 12 and 16 of the subnetwork. In both age groups, the left hemisphere had greater node strength values (D = 0.115, p-value = 0; D = 0.152, p-value = 0, respectively).



Figure 8C shows the comparison of the female cerebellar-hand MsN for age 12 and 16 groups. The plot following the vertical arrow in the first column corresponds to the PDFs of the entire cerebellar-hand MsN (below the coronal view) for each age group, node strength values were higher at age 12 (D = 0.074, p-value = 0.0745). The second column corresponds to the comparison of the left hemisphere node strength PDFs for each age group; at age 12, there were greater node strength values (D = 0.090, p-value of 0.0267). The third column corresponds to the comparison of the right hemisphere node strength PDFs for each age group; there was no statistically significant difference between age groups (p-value = 0.1724).



In conclusion, at both ages, the left hemisphere has greater node strength values. In the entire cerebellar-hand MsN node strength values were greater at age 12, the left hemisphere had greater node strength values at age 16, and there was no significant difference in the right hemisphere node strengths.




3.8. Sex and Age Differences in Leverage Centrality in the MsN


Figure 9 shows the brain regions with positive leverage values. Figure 9A (left) corresponds to the male groups at ages 12 and 16, which had 17 and 15 positive leverage-valued regions, respectively. At age 12, the three largest valued regions were the Precuneus.L1, Postcentral.R4, Paracentral_Lobule.L2, and at age 16, the two largest valued regions were the Supp_Motor_Area.R1, Cingulum_Post.L1. In the cerebellum, four regions are present, the Vermis_6.1 being the largest at age 12. At age 16, only two regions were present, the Cerebellum_6.L1 being the largest.



Figure 9A (right) corresponds to the female groups at ages 12 and 16, which had 15 and 19 positive leverage-valued regions, respectively. At age 12, the three largest regions were the Supp_Motor_Area.R1, Precuneus.L1, Precentral_R4, and at age 16, the three largest regions were the Precentral.L1, Postcentral.R4, Precentral_R4. In the cerebellum, only two regions were present, with the Cerebellum_6.L1 being the largest at age 12. At age 16, three regions were present, with the Cerebellum_6.L1 being the largest. When comparing the strength of the cerebellar region between ages, Cerebellum_6.L1 at age 16 is larger than Cerebellum_6.L1 at age 12. Figure 9B shows the common eleven positive leverage-valued regions in female and male groups for both age groups.




3.9. Sex and Age Differences in Hub Centrality in the MsN


Figure 10 shows the regions with a hubness score greater or equal to 2 in at least 45% of individuals in each group. Figure 10A corresponds to the male groups of age 12 and 16, which had 7 and 4 hub regions, respectively. At age 12, the 7 hubs were in the right hemisphere and only one in the cerebellum at Vermis_6.1. At age 16, there were two hubs in the right and two in the left hemisphere, none present in the cerebellum. Figure 10B corresponds to the female groups of age 12 and 16 which had 5 and 4 hub regions, respectively. At age 12, the 5 hubs were in the right hemisphere and at age 16, there were three hubs in the right hemisphere and one in the left at Precentral.L1. There were no hubs present in the cerebellum for the female groups.





4. Discussion


Puberty is an essential stage in sexual development as sexual hormones reach their highest levels. Sexual hormones influence metabolism in a variety of tissues, including the brain. Four major findings from this study will be discussed: (1) Comparative changes in motor network connectivity between males and females during puberty, (2) sex-related changes in MsN connectivity at rest, (3) asymmetry of the cerebellar-mouth and cerebellar-hand MsN, and (4) the centrality variation of MsN regions in by age and sex.



	(1)

	
Comparative changes in MsN connectivity in males and females during puberty.







When comparing same sex groups by age we found that there were changes in node strength values in the male group and no significant change in the female group between ages 12 and 16. A close examination of the PDFs between ages 12 and 16 shows there was an increase in node strength. Puberty is characterized by two main phases: adrenarche and gonadarche. Both phases have different onset ages depending on sex, normally occurring earlier in females. As a result, the concentration and influence of released hormones in the brain are sex-specific between ages 12 and 16. In males, adrenarche begins around 7 years old and in females around 6 years old, while gonadarche can begin between 10–15 years of age and in females between 9–14 years of age [32,33]. Adrenarche and gonadarche are associated with the secretion of adrenal androgen, which is indexed by a rise in dehydroepiandrosterone sulfate (DHEAS) and testosterone secretion.



The differences observed in our results between the MsN connectivity of males at age 12 and 16 may be associated with the levels of DHEAS and testosterone, since it has been reported to be lower in males between 6 and 13 years old compared to males between ages 13 and 16 [33,34]. Brain DHEAS concentration participates in several neurodevelopmental processes, such as modulation of neurotransmitter synaptic transmission, postsynaptic receptor activity, dendrite outgrowth, neuronal motility, and formation of gap junctions [35]. Also, testosterone increases the volume of motor-related regions such as the cerebellar cortex, caudate, putamen, and pallidum [34].



In females, no significant change occurred between the ages of 12 and 16. This result must be carefully interpreted, since DHEAS and estradiol levels are higher at age 16 and estrogen and progesterone cycles are regular when compared to age 12 in females. The connectivity of the MsN observed in this study is consistent with changes during the maturation of the cerebellum in the pubertal female [34,36], where cerebellar trajectories to the anterior lobe (primarily concerned with motor function), superior posterior, and inferior posterior lobes reach their highest volume at 11.8 years of age [36]. During this peak, volumetric changes are caused by increased neuropil, neuronal size, dendritic or axonal arborization, glia, and angiogenesis [37]. After this point, cerebellar volume decreases, which can be related to our observed decrease in cerebellar connectivity in females between these ages. Cerebellar structural change along with concentrations of hormones resulted in no significant differences in MsN connectivity when compared to females at age 12 and 16.



	(2)

	
Sex-related changes in MsN connectivity at rest.







At the age of 12, there were higher node strength values in the male group than female group. Differential connectivity was expected due to onset of puberty phases in males and females [38].



The higher connectivity of age 12 males than females of the same age can be associated with the higher secretion levels of DHEAS and testosterone in males between 6 and 13 years old than in females [33]. The increased node strength in the male group over the female group of the same age could be attributed to these hormones as well, since testosterone has been related to neural and behavioral indices of complex motor cortical dynamics and performance [39,40].



Additionally, testosterone has been associated with increased volume of cortical and subcortical structures in the brain and cerebellum of males during adolescence [34]. Thus, node strength increases in males at age 12 can be related to distinct trajectories of regional brain maturation produced by hormonal effects on the sensory and motor cortices and cerebellum.



Between ages 15 and 16 DHEAS levels are equivalent in males and females [33], although testosterone is lower in females, they have higher estradiol levels, which is relevant in cerebellum development due to its capability of increasing dendritic spine density and of modulating synaptic connectivity, synaptogenesis, and neurogenesis [41].



	(3)

	
Asymmetry of the cerebellar-mouth and cerebellar-hand MsN







The cerebellar-mouth MsN showed higher node strength values in the right hemisphere at both ages and sexes. The right lateralization in the cerebellar-mouth MsN was attributed to right and left node asymmetry; with two postcentral regions in each hemisphere and an additional posterior insula region in the right. The insula is involved in somatosensory, vestibular, and motor integration [42] and is activated during swallowing [43], therefore, it is a region with high functionality in cerebellar-mouth MsN even when the subject is registered at rest. Additionally, the cerebellar regions that were selected in the atlas of this study activate during lip and tongue movement [44], hence, they have a functional relationship with the insula, strengthening right subnetwork connectivity.



The cerebellar-hand MSN showed higher node strength values in the left hemisphere at both ages and sexes. The left lateralization was related to the greater number of node connections of the hand subnetwork. The cerebellar nodes (HVI and VI areas) used in this study are not related to hand and finger movement, except for the vermis, which is associated with contralateral motor activity in right-handed individuals. Therefore, the contralateral dorsolateral premotor cortex and primary motor cortex activity support our findings of greater connectivity of right-handers in the resting state, as expected and previously seen [45].



	(4)

	
The centrality variation of the regions in the MsN by age and sex.







The most relevant MsN brain areas for leverage centrality were the Cerebellum _6.L1, Vermis_6.1, Precuneus.L1, Cingulum_Post.L1, and Supp_Motor_Area.R1.



The Precuneus consistently exhibits high leverage values in the 4 groups studied. According to studies done in macaque, this region has substantial connections in both hemispheres with the dorsal premotor area [46], the supplementary motor area (SMA), and the anterior cingulate cortex [47]. The precuneus’s major subcortical connections include corticostriatal projections to the dorsolateral caudate nucleus and putamen (basal ganglia), as well as efferent projections to brainstem structures with connections to the pontine nuclei (PN). Because PN projections reach a specific set of cerebellar regions, the precuneus gains access to multiple cerebellar circuits. Myelination of afferent connections from the PN to the cerebellum is one of the last to develop and is completed during puberty and flows through the Middle Cerebellar Peduncle, establishing somatomotor network connectivity [15]. Precuneus function has been found to be more responsive during motor imagery than during real-world movement execution [48]. More recently, using fMRI to compare the functional neuroanatomy of motor execution and motor imagery, subjects were required to perform sequential finger-tapping as either a movement execution or an imagery mode in response to visually presented stimuli. The frontal precentral sulcus zone and the posterior superior parietal cortex, which extended bilaterally to the precuneus, were imagery-dominant areas [49]. It has been observed that the precuneus has no connections with the sensory thalamic nuclei, implying that the precuneus does not share thalamic connectivity pattern of the parietal somatosensory cortical regions. This implies adolescent subjects exposed to fMRI in a resting state are actively engaged in virtual movement execution without sensory input. Therefore, it is expected that this region will function as an influencer node in all groups.



The Cingulum_Post.L1 and Supp_Motor_Area.R1 showed high leverage values and similar dynamics when compared by sex and age. The dorsal anterior cingulate cortex is hypothesized to play a role in behavior regulation by serving as a primary interface between sensory and cognitive processing [50]. Motor control is an important and distinct type of control that supports a variety of complex activities, particularly the integration of motor responses with cognitive assessment. The dorsal anterior cingulate cortex is known to be neurodevelopmentally dynamic throughout adolescence [51] and to play a role in modulating fundamental motor control [52]. Therefore, the cingulum may contribute to motor control by enhancing the execution of suitable responses and/or preventing the execution of unsuitable ones. Such a modulatory impact would be especially useful for changing behavior in demanding contexts such as a voluntary resting state. Our findings suggest that males at age 12 may have lesser motor control than females at age 12 and that males at age 16 have stronger motor control than females at age 16 at rest.



Evidence points to a functional link between the cingulum motor regions with the motor system and the origin of limb movements and finger force exertion [53]. Additionally, there are neurophysiological connections between the cingulum and the supplementary motor area (SMA); where neurons with movement activity were more common in the cingulum and neurons with both fixed and movement activity were more common in SMA [54]. In addition, it has been demonstrated that movement activity begins in the SMA and lasts less than movement activity in the cingulum [54]. The earlier average onset and shorter length of movement activity in SMA suggest that this area plays a major role in initiating movement, whereas the later onset and longer duration of movement activity in the Cingulum suggests that this area plays a more influential role in movement execution. Whereas the SMA is thought to be involved in higher-order organization and preparation of voluntary movements [55], the Cingulum motor cortex is thought to be important in cognitive aspects of intentional motor control and preparation for contextually adaptive actions [56]. Voluntary motor control and voluntary movement inhibition are two types of control that support a wide range of complex brain activities, particularly the integration of motor responses with cognitive decisions that shape behavior.



Cerebellar nodes in both female groups show greater positive values in both age groups when compared to males. Estradiol improves cerebellum connection with the motor and premotor cortices, as well as neuronal cerebellar processes relevant to females’ puberty [41]. It is interesting to note that the cerebellar nodes selected in this work have been reported to exhibit bilateral activation during movement of the lips and tongue [44,57]. Considering that in this study, the task is to remain at rest with eyes closed, it comes to attention that the regions with the highest negative values are the mouth regions, which suggests that in females these regions are more influenced than in males. The cerebellum responds to steroid, sexual, and adrenocortical hormones and produces both estradiol and progesterone during development. Estrogens regulate both excitatory and inhibitory balance in the developing cerebellum and affect not just motor coordination but also memory and mood regulation [58]. With respect to male cerebellum sex difference, there is a noticeable increased cerebellum volume due to testosterone. However, our study shows cerebellar volume is not necessarily associated with greater leverage values in the MsN of adolescents from the QTIM dataset. It is still possible that leverage nodes in males can be associated with cerebellar mass given that there is correspondence between structural and resting state functional connectivity but these were not contemplated in this analysis [59]. Although the cerebellum has traditionally been associated with balance, motor control, and the ability to learn complex motor sequences, a growing body of literature indicates that the cerebellum also plays a prominent role in higher cognitive functions. In accordance with this, our findings indicate that cerebellar areas in females had greater leverage values than males, which could be associated with cognitive and emotional functions rather than motor skills since the highest leverage values were found in the precuneus.



Concerning hubness, it was interesting to note that at the age of 12, all nodes were lateralized to the right side in both sexes, which was not expected given that all participants were right-handed and side preference corresponds to the contralateral hemisphere. Left hemispheric dominance in planned motor control and force development in right-handed individuals is well documented during motor execution. However, specifically in the default motor activity at rest, there is no available information. Using resting state data, another study classified hubs by connectivity or by high information traffic in the entire brain network in participants between 10- and 20-years-old, their results show that high connectivity and traffic hubs were predominantly in the right hemisphere, while hubs with only high traffic were predominantly in the left [60]. This supports what was observed in the right hemisphere for both sexes in our study. Although we found a statistically significant variation in the strength of the nodes of the total motor network between the sexes, it is minor. All other factors analyzed reveal no substantial difference between the sexes, which is interesting to investigate from the biological point of view. The brain, like other tissues in the human body, has distinct receptors for sex hormones that express differently between sexes. The current variability in our results could be due to a variety of factors, ranging from genetic to psychosocial, that we did not intentionally account for in our study.




5. Conclusions


Our study aimed to investigate the characteristics of motor network connectivity in an eyes-closed resting state in adolescents at the onset of puberty when registered by fMRI. The resting state brain connectivity in motor areas showed differences between 12- and 16-year-olds. At age 12, a statistically detectable variation in the node strength of the total motor network between the sexes was found, this difference was not observed at age 16. Males had increased node strength in the entire and left networks and decreased node strength in the right hemisphere network with age, in contrast with females who showed no significant change. When considering cerebellar-mouth and cerebellar-hand subnetworks, males and females showed right and left lateralization, respectively, at both ages. Males and females have a similar distribution in connectivity centrality at ages that changes with age in both sexes.



During resting state MRI acquisition, which is a stressful condition that results in voluntary inhibition of movement, we recognized the activity of the motor network, which is perhaps the most extensively connected network in the brain for it receives constant proprioceptive information and is connected to areas involved in decision-making and motor control. This work highlights the fact that the motor network does not comprise brain regions alone, but also consists of the input received from a large body source, the muscle, accounting for at least 50% of the body. Input sensors, located in muscle and skin cells, as well as glia, are influenced by hormonal production during puberty. The connectivity differences, slight as they might be, were found to be significant, even during a resting state task, where movement is actively inhibited during an MRI scan. The current variability in our results could be due to a variety of factors, ranging from genetic to psychosocial, that we did not intentionally account for in our study.



The results of this fMRI research could provide a clinical tool for often occurring behavioral disorders during adolescence, some of which are more common in females, such as depression, or in males, such as autism, attention deficit hyperactivity disorder, addiction, or schizophrenia. Nevertheless, male and female brain routes underlying behavioral changes expressed by motor control are partially distinct in healthy conditions and should be considered. It is shown that there are variations in brain connectivity between males and females as well as age differences in puberty, therefore, the treatment approach to adolescent behavioral disorders, a growing public health concern, should consider this fact.
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Figure 1. Workflow of graph construction. (A) Atlas selection. (B) Extraction of the time series of each region of the selected networks. (C) Adjacency matrix construction from Pearson correlation. (D) Graph construction and analysis. 
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Figure 2. Sex and age differences in MsN of adolescents. (A) MsN coronal view of a representative male and female at ages 12 and 16. (B) The curves are the probability density function of the node strength for the MsN for males at age 12 (solid line) n = 22 and females at age 12 (dashed line) n = 28 (D = 0.141, p-value = 0). For males at age 16 (solid line) n = 20 and females at age 16 (dashed lines) n = 37 (D = 0.078, p-value = 0.044). Hand regions (30 blue spheres), mouth regions (5 green spheres) and cerebellar regions (4 red spheres). (C) Principal Component Analysis (PCA) using the strength and leverage values from the 39 regions. The colors as shown correspond to the 12- and 16-year-old female (F) and male (M) groups. The ellipses represent the confidence around the geometrical mean. 
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Figure 3. Node strength brain asymmetry of the MsN in male adolescents. (A) Coronal, left and right views of the MsN from 12 and 16-year-old males, respectively. (B) The curves following the horizontal arrows represent the probability density function of the node strength for the entire network. Comparison of the networks of the left (solid line) and right (dashed line) hemispheres in the 12 year-old male group (n = 22, left hemisphere greater node strength D = 0.193, p-value = 0.0) and comparison of the networks of the left (solid line) and right (dashed line) hemispheres in the 16 year-old male group (n = 20, right greater node strength, D = 0.143, p-value = 0.0001). (C) The curves following the vertical arrows represent the probability density function of the node strength for the entire network (D = 0.133, p-value = 0.0003). Comparison of the entire MsN (coronal view) between 12 (solid line) and 16-year-old (dashed line) males. Comparison of the left hemisphere nodes between 12 (solid line) and 16-year-old (dashed line) male groups (D = 0.188, p-value = 0.0); comparison of the networks of the right hemisphere nodes between 12 (solid line) and 16-year-old (dashed line) male groups (D = 0.100, p-value = 0.0078). Hand regions (30 blue spheres), mouth regions (5 green spheres) and cerebellar regions (4 red spheres). 
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Figure 4. Node strength brain asymmetry of the MsN in female adolescents. (A) Corresponds to a coronal, left and right views of the MsN from 12- and 16-year-old females, respectively. (B) The curves following the horizontal arrows represent the probability density function of the node strength for the entire network. Comparison of the networks of the left (solid line) and right (dashed line) hemispheres in the 12-year-old female group (n = 28, right hemisphere greater node strength values D = 0.109 p-value = 0.0109); comparison of the networks of the left (solid line) and right (dashed line) hemispheres in 16-year-old male group (n = 37, right hemisphere had greater node strength values D = 0.100, p-value = 0.0155). (C) The curves following the vertical arrows represent the probability density function of the node strength for the entire MsN. Comparison of the entire network (coronal view) between 12-year-old (solid line) and 16-year-old (dashed line) female groups (no significant differences p-value = 0.0862) groups. Comparison of the left hemisphere nodes between 12- (solid line) and 16-year-old (dashed line) female groups (no significant differences p-value = 0.0732). Comparison of the networks of the right hemisphere nodes between 12- (solid line) and 16-year-old (dashed line) female groups (no significant differences p-value = 0.0732). Hand regions (30 blue spheres), mouth regions (5 green spheres) and cerebellar regions (4 red spheres). 
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Figure 5. Cerebellar-mouth MsN node strength asymmetry in male adolescents. (A) Corresponds to a coronal, left and right views of the MsN from 12- and 16-year-old males, respectively. (B) The curves following the horizontal arrows represent the probability density function of the node strength for the entire network. Comparison of the networks of the left (solid line) and right (dashed line) hemispheres in the 12-year-old male group (n = 22, right hemisphere greater node strength values D = 0.422, p-value = 0.0); comparison of the networks of the left (solid line) and right (dashed line) hemispheres in 16 year-old male group (n = 20, D = 0.344, p-value = 0.0). (C) The curves following the vertical arrows represent the probability density function of the node strength for the entire network. Comparison of the entire subnetwork (coronal view) between 12- (solid line) and 16-year-old (dashed line) (16 year-olds greater node strength values D = 0.117, p-value = 0.0022) groups. Comparison of the left hemisphere nodes between 12- (solid line) and 16-year-old (dashed line) male groups (12-year-olds greater node strength values D = 0.131, p-value = 0.0003) and comparison of the networks of the right hemisphere nodes between 12-year-old (solid line) and 16-year-old (dashed line) male groups (12-year-olds greater node strength values D = 0.145, p-value = 0.0001). Mouth regions (5 green spheres) and cerebellar regions (4 red spheres). 
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Figure 6. Cerebellar-mouth MsN node strength asymmetry in female adolescents. (A) Corresponds to a coronal, left and right representation of the motor network from 12- and 16-year-old female groups, respectively. (B) The curves following the horizontal arrows represent the probability density function of the node strength for the entire network. Comparison of the networks of the left (solid line) and right (dashed line) hemispheres in the 12-year-old female group (n = 28, right hemisphere had greater node strength values, D = 0.326, p-value = 0.0) and comparison of the networks of the left (solid line) and right (dashed line) hemispheres in 16-year-old male group (n = 37, right hemisphere had greater node strength values D = 0.391 p-value = 0.0). (C) The curves following the vertical arrows represent the probability density function of the node strength for the entire subnetwork. Comparison of the entire subnetwork (coronal view) between 12 (solid line) and 16-year-old (dashed line) (12-year-olds greater node strength values D = 0.217, p-value = 0.0) groups. Comparison of the left hemisphere nodes between 12- (solid line) and 16-year-old (dashed line) female groups (16-year-olds greater node strength values D = 0.170, p-value = 0.0) and comparison of the networks of the right hemisphere nodes between 12 (solid line) and 16-year-old (dashed line) female groups (12-year-olds greater node strength values D = 0.254, p-value = 0.0). Mouth regions (5 green spheres) and cerebellar regions (4 red spheres). 






Figure 6. Cerebellar-mouth MsN node strength asymmetry in female adolescents. (A) Corresponds to a coronal, left and right representation of the motor network from 12- and 16-year-old female groups, respectively. (B) The curves following the horizontal arrows represent the probability density function of the node strength for the entire network. Comparison of the networks of the left (solid line) and right (dashed line) hemispheres in the 12-year-old female group (n = 28, right hemisphere had greater node strength values, D = 0.326, p-value = 0.0) and comparison of the networks of the left (solid line) and right (dashed line) hemispheres in 16-year-old male group (n = 37, right hemisphere had greater node strength values D = 0.391 p-value = 0.0). (C) The curves following the vertical arrows represent the probability density function of the node strength for the entire subnetwork. Comparison of the entire subnetwork (coronal view) between 12 (solid line) and 16-year-old (dashed line) (12-year-olds greater node strength values D = 0.217, p-value = 0.0) groups. Comparison of the left hemisphere nodes between 12- (solid line) and 16-year-old (dashed line) female groups (16-year-olds greater node strength values D = 0.170, p-value = 0.0) and comparison of the networks of the right hemisphere nodes between 12 (solid line) and 16-year-old (dashed line) female groups (12-year-olds greater node strength values D = 0.254, p-value = 0.0). Mouth regions (5 green spheres) and cerebellar regions (4 red spheres).



[image: Applsci 13 10006 g006]







[image: Applsci 13 10006 g007] 





Figure 7. Cerebellar-hand MsN node strength asymmetry in male adolescents. (A) Corresponds to a coronal, left and right representation of the cerebellar-hand subnetwork from 12- and 16-year-old males, respectively. (B) The curves following the horizontal arrows represent the probability density function of the node strength for the entire subnetwork. Comparison of the networks of the left (solid line) and right (dashed line) hemispheres in the 12-year-old male group (n = 22, left hemisphere had greater node strength values D = 0.211, p-value = 0); comparison of the networks of the left (solid line) and right (dashed line) hemispheres in 16-year-old male group (n = 20, left hemisphere had greater node strength values D = 0.152, p-value = 0). (C) The curves following the vertical arrows represent the probability density function of the node strength for the entire network. Comparison of the entire network (coronal view) between 12- (solid line) and 16-year-old (dashed line) (12-year-old greater node strength values D = 0.250 p-value = 0.0) groups. Comparison of the left hemisphere nodes between 12- (solid line) and 16-year-old (dashed line) male groups (12-year-olds greater node strength values D = 0.221, p-value = 0.0) and comparison of the networks of the right hemisphere nodes between 12- (solid line) and 16-year-old (dashed line) male groups (12-year-olds greater node strength values D = 0.127, p-value = 0.0004). Hand regions (30 blue spheres) and cerebellar regions (4 red spheres). 
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Figure 8. Cerebellar-hand MsN node strength asymmetry in female adolescents. (A) Corresponds to a coronal, left and right representation of the cerebellar-hand subnetwork from 12- and 16-year-old females, respectively. (B) The curves following the horizontal arrows represent the probability density function of the node strength for the entire network. Comparison of the networks of the left (solid line) and right (dashed line) hemispheres in 12-year-old female group (n = 28, left hemisphere had greater node strength values D = 0.115, p-value = 0.0028); comparison of the networks of the left (solid line) and right (dashed line) hemispheres in 16-year-old male group (n = 37, left hemisphere had greater node strength values D = 0.152, p-value = 0.0). (C) The curves following the vertical arrows represent the probability density function of the node strength for the entire network. Comparison of the entire network (coronal view) between 12-year-old (solid line) and 16-year-old (dashed line) (no significant difference was found p-value = 0.0745) groups. Comparison of the left hemisphere nodes between 12- (solid line) and 16-year-old (dashed line) female groups (12-year-olds greater node strength values D = 0.090, p-value = 0.0267) and comparison of the networks of the right hemisphere nodes between 12- (solid line) and 16-year-old (dashed line) female groups (16-year-olds greater node strength values D = 0.098, p-value = 0.0379). Hand regions (30 blue spheres) and cerebellar regions (4 red spheres). 
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Figure 9. Male and female positive leverage nodes at each age group. (A) Coronal view of the nodes with leverage positive group sum values. Hand regions (blue spheres) and cerebellar regions (red spheres). (B) Leverage values of each sex group, the dark bars correspond to the 12-year-olds and the light bars to the 16-year-olds. 
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Figure 10. Male and female hub nodes at each age group. Coronal view of the nodes that were a hub in at least 45% of the population in each group. Hand regions (blue spheres) and cerebellar regions (red spheres). (A) male groups, (B) female groups. 
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Table 1. Region names, coordinates, and anatomical location from the Cerebellar, Sensory/Somatomotor Hand and Sensory/Somatomotor Mouth networks from the Power atlas as reported in brainGraph R package [27].
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Network

	
Name

	
Anatomical Location

	
x

	
y

	
z






	
Cerebellar

	
Cerebellum_6.L1

	
Cerebellum Exterior

	
−16

	
−65

	
−20




	
Cerebellum_6.L2

	
Cerebellum Exterior

	
−32

	
−55

	
−25




	
Cerebellum_6.R1

	
Cerebellum Exterior

	
22

	
−58

	
−23




	
Vermis_6.1

	
Cerebellar Vermal Lobules I-V

	
1

	
−62

	
−18




	
Sensory/Somatomotor Hand

	
Precuneus.L1

	
Cerebral White Matter

	
−7

	
−52

	
61




	
Cingulum_Post.L1

	
Supplementary Motor Cortex

	
−14

	
−18

	
40




	
Supp_Motor_Area.L1

	
NA

	
0

	
−15

	
47




	
Supp_Motor_Area.R1

	
Supplementary Motor Cortex

	
10

	
−2

	
45




	
Paracentral_Lobule.L1

	
Precentral Gyrus Medial Segment

	
−7

	
−21

	
65




	
Paracentral_Lobule.L2

	
Precentral Gyrus

	
−7

	
−33

	
72




	
Postcentral.R1

	
Postcentral Gyrus

	
13

	
−33

	
75




	
Parietal_Inf.L1

	
Postcentral Gyrus

	
−54

	
−23

	
43




	
Precentral.R1

	
Precentral Gyrus

	
29

	
−17

	
71




	
Precuneus.R1

	
Precuneus

	
10

	
−46

	
73




	
Postcentral.L1

	
Postcentral Gyrus

	
−23

	
−30

	
72




	
Precentral.L1

	
Precentral Gyrus

	
−40

	
−19

	
54




	
Postcentral.R2

	
Superior Parietal Lobule

	
29

	
−39

	
59




	
Postcentral.R3

	
Postcentral Gyrus

	
50

	
−20

	
42




	
Postcentral.L2

	
Postcentral Gyrus

	
−38

	
−27

	
69




	
Precentral.R2

	
Postcentral Gyrus

	
20

	
−29

	
60




	
Precentral.R3

	
Precentral Gyrus

	
44

	
−8

	
57




	
Postcentral.L3

	
Superior Parietal Lobule

	
−29

	
−43

	
61




	
Supp_Motor_Area.R2

	
Precentral Gyrus

	
10

	
−17

	
74




	
Postcentral.R4

	
Postcentral Gyrus

	
22

	
−42

	
69




	
Postcentral.L4

	
NA

	
−45

	
−32

	
47




	
Postcentral.L5

	
Postcentral Gyrus

	
−21

	
−31

	
61




	
Paracentral_Lobule.L3

	
Precentral Gyrus

	
−13

	
−17

	
75




	
Precentral.R4

	
Precentral Gyrus

	
42

	
−20

	
55




	
Precentral.L2

	
Precentral Gyrus

	
−38

	
−15

	
69




	
Parietal_Sup.L1

	
Postcentral Gyrus

	
−16

	
−46

	
73




	
Paracentral_Lobule.R1

	
NA

	
2

	
−28

	
60




	
Supp_Motor_Area.R3

	
Precentral Gyrus Medial Segment

	
3

	
−17

	
58




	
Precentral.R5

	
Postcentral Gyrus

	
38

	
−17

	
45




	
Postcentral.R5

	
NA

	
47

	
−30

	
49




	
Sensory/Somatomotor Mouth

	
Postcentral.L6

	
Precentral Gyrus

	
−49

	
−11

	
35




	
Insula.R1

	
Posterior Insula

	
36

	
−9

	
14




	
Postcentral.R6

	
Precentral Gyrus

	
51

	
−6

	
32




	
Postcentral.L7

	
Postcentral Gyrus

	
−53

	
−10

	
24




	
Postcentral.R7

	
Postcentral Gyrus

	
66

	
−8

	
25








Coordinates are in MNI space.



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check CrossRef













media/file13.jpg
12

POF

Male Cerebellar-hand motor subnetwork

Node Strength





media/file4.png
Male and Female motor subnetwork

i g & L R 12M @
e | o . 1 12F @
.' . 16M @

‘ . 16F @

12

Dim1 (19.4%)





media/file18.png
Male and Female positive leverage nodes

F em al e male group

N
@
o
o
12 Zo I]
— O
O
| .
4
| ==
()]
V)
)
8’ female group
-
Da_
0 e
—
o
- ul
® A \, a \0 2 5 3 3
o) o\ postt N@ \_o‘°° \«\ ‘g?\ A& .a\?\ AP M
o \g(/ B o 3 o o'~
\le‘dﬁ (\Q“\“ )\oaw““@?‘@evoﬁ@e?@ Q0% \*99}"‘0





media/file3.jpg
Male and Female motor subnetwork

on2 %)

ot (105)

uis)
wr e

ous
e @





media/file19.jpg
Male and Female Hub nodes

A B
Male Female






media/file7.jpg
Female brain assymetry of the motor subnetwork






media/file10.png
Male Cerebellar-mouth motor subnetwork

PDF

Node Strength

.‘, v0 ~1
01 2 3 4 0 1 2

Node Strength






media/file14.png
12

16

PDF

Male Cerebellar-hand motor subnetwork

Coronal

0 4 8 12 16 0 4

Node Strength

Node Strength






media/file11.jpg
Female Cerebellar-mouth motor subnet