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Supplementary Note 1
Methodological variation or defects may cause controversial hub reports.

Methodological variation or defects in prior studies may cause controversial hub reports in
specific regions, such as the primary areas, subcortical structures, and cerebellum. The
controversy may arise from multifaceted sources.

Both unimodal and primary areas have been argued as candidate hub regions'®. Our results
demonstrated that functional connectome hubs were located in many unimodal cortices but not in
the primary cortex. This finding is supported by the functional organization of the human
cerebral cortex, where the primary cortex confines functional connectivity mostly in the primary
cortex and portions of the unimodal cortex, whereas the unimodal cortex bridges the primary and
heteromodal cortices’ 8. Prior study demonstrated that the primary cortex possesses most short-
range functional connections®, which could be systematically but spuriously elevated by subject
head motion® or by unavoidable signal blurring across sulci or gyri'®. These spurious short-range
functional connections can be effectively suppressed by motion scrubbing, global signal
regression, and stringent participant inclusion criteria as well as excluding short-range
correlations®1!, which all have been thoroughly addressed in the present study but were largely
neglected in prior reports. Accordingly, it is reasonable to speculate that functional connectome
hubs in the primary cortex reported in prior studies should be driven by spurious short-range
functional connections.

Most subcortical structures have also been argued as candidate hubs, including the thalamus?® *
12 pasal ganglia® **, amygdala® '3, and hippocampus®®. Nevertheless, no subcortical structure
was identified as a candidate hub in the present study. The inconsistency may be attributed to
more complex sampling error and intercohort heterogeneity in subcortical structures. First, a
prior report'* demonstrated reliable estimation of subcortical-cortical functional connections
requiring more data (~100 min per subject) than conventional quantities of rsfMRI data (5-20
min per subject) adopted by prior reports® > 1213 |n addition, individual features contribute to
~60% of the variance in subcortical-cortical functional connections!*, which is higher than ~35%
in cortical-cortical*® and ~45% in cerebellar-cortical'® functional connections. It precludes
reliable estimation of subcortical functional connections with only dozens of subjects. These two
factors complicate both sampling error and intercohort heterogeneity in subcortical structures,
which is in line with our observation of higher heterogeneity among cohorts in most subcortical
structures than in the cortex (Supplementary Figure 1). In the random-effects meta-analysis
framework, higher sampling error and intercohort heterogeneity will substantially undermine the
effect size in subcortical structures, which may be the main reason of their absence as a
candidate hub in the present study.

A portion of the cerebellum has also been argued as a candidate hub region® > 3. Although the
cerebellum was not included in the present study due to largely incomplete coverage during
rsfMRI scanning in most cohorts, these reports conflicted with the metabolic pattern of the
human brain. The cerebellum has been demonstrated to have the lowest level of aerobic
glycolysis and a lower metabolic rate for glucose than most cortical regions®’, which makes it
unfeasible for the cerebellum to maintain and run dense functional connections during rest.
Combined with previous findings, we speculate that hub reports in the cerebellum should be
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caused by inexplicable negative functional connections'?, spurious short-range functional
connections® 3, or unstable estimation of functional connections due to inadequate data'®.

Functional connectome hubs have been reported in the superior temporal gyrus® 461318 but
rarely in the rolandic operculum. Our results demonstrated the superior temporal gyrus with
subequal FCS levels compared with the rolandic operculum (Figure 2A). However, we identified
significant hub peaks in the rolandic operculum and surrounding regions, such as the left area 43
and right 6r, rather than in the superior temporal gyrus. This finding may result from rsfMRI
signal blurring across sulci because of the close proximity of the superior temporal gyrus and
rolandic operculum’. Signal blurring may result in potential hub peaks in the superior temporal
gyrus merging with those in the rolandic operculum and surrounding regions, causing false-
negative observations of hub peaks in the superior temporal gyrus. Nevertheless, signal blurring
is unavoidable in rsfMRI data processing, such as realignment, resampling, registration, and
subject averaging®. Consequently, limited data resolution complicates the interpretation of
functional connectome hubs in the superior temporal gyrus and rolandic operculum. This issue
should be resolved in future studies using rsfMRI data with higher spatial resolution and greater
signal specificity.

A prior study argued that identifying hub regions based on FCS highlights only members of large
brain networks rather than brain regions playing crucial roles in global brain communication®®,
However, no significant correlation between a voxel’s FCS and the size of the brain network to
which it belongs could be identified in the present study (Supplementary Figure 4). The
conclusion in the study!® may be driven by unreasonable connection threshold (Pearson’s r: 0.20-
0.37) because we observed all hub peaks possessing substantial connections with Pearson’s r less
than 0.2 (Supplementary Figure 7).

We employed the FCS to identify hub regions because of its wide usage in prior studies®® 213,18
and its high spatial similarity compared with other measures?®. There are other useful hub
identification measures, like the participation coefficient that may report more candidate hubs in
subcortical structures because of their involvements in diverse functional domains, such as the
basal ganglia?® and the thalamus?.



Supplementary Note 2
Global signal effect on spatial distribution of functional connectome hubs.

To examine the effect of global signal regression on hub distribution, we repeated identifying
functional connectome hubs using preprocessed rsfMRI data without global signal regression.
Supplementary Figure 10a shows that hub distribution was largely shifted by rsfMRI data
preprocessing without global signal regression, of which some canonical hubs were absent, such
as the inferior parietal gyrus, anterior insula, medial prefrontal cortex, and post cingulate cortex;
more middle and anterior cingulate, visual, and auditory cortices were identified as hubs. This
shifted hub distribution corresponds well with the report of brain regions with a global signal
correlation significantly higher than the average?. It is compatible with our analysis of the global
signal localization (GSL) score, which localizes the spatial distribution of the global signal
(Supplementary Figure 10b). Specifically, for each individual, we computed the Fisher’s z
transformed Pearson’s correlation coefficient between the global signal and preprocessed rsfMRI
time series of each voxel. Next, we constructed a general linear model on these Fisher’s z value
maps within each cohort to reduce age and sex effects and performed a random-effects meta-
analysis on these Fisher’s z value maps across cohorts to address the across-cohort heterogeneity,
resulting in a consistent GSL map (Supplementary Figure 10b). We observed that brain regions
with GSL scores greater than 0.5 significantly overlapped with the shifted hub distribution (Dice
=0.833, p <0.001, Supplementary Figure 10c, d).

Considering prior observations of a tight coupling between FCS and blood supply?® 24, we
examined differences between connectome hubs and non-hubs in metabolic measurements of
blood supply (the cerebral blood flow) using the hub distribution in Supplementary Figure 10a.
But one-sided Wilcoxon rank-sum test shown no significant difference between connectome
hubs and non-hubs in the cerebral blood flow (p = 0.077, Supplementary Figure 10e).

Together, the hub distribution identified using preprocessed rsfMRI data without global signal
regression was more likely derived from physiological artifacts rather than by the intrinsic or
ongoing neuronal activity.
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Hub voxels’ distribution
in brain networks
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Supplementary Figure 2. Highly consistent and reproducible functional connectome hubs
using a connection threshold of 0.05. a, b Robust FCS pattern (a) and its corresponding
variance (standard error, SE) map (b) estimated using a harmonized voxelwise random-effects
meta-analysis across 61 cohorts. ¢ The most consistent functional connectome hubs (p < 0.001,
cluster size > 200 mm?3). White spheres represent hub peaks. d Hub voxels’ distribution in eight
large-scale brain networks. Insets depicts the seven large-scale cortical networks’. e
Heterogeneity measurement 12 estimated through the random-effects meta-analysis. f Cumulative
distribution function plot of I12. g Heatmap of displacements of the 35 hub peaks after leaving one
cohort out. h Bar plot of the probability across the 35 hub peaks whose displacement was less
than 6 mm after leaving one cohort out. i, j Hub occurrence probability map (HOP) across all
subjects (i) and all cohorts (j). White lines delineate boundaries of the identified hubs in c. k; |
Dice’s coefficient of the identified hubs in ¢ compared with the top N (voxel number of the
identified hubs in c) voxels with the highest hub occurrence probability values across randomly
selected subjects (k) and randomly selected cohorts (I). Blue shading represents the standard
deviation across 2,000 random selections. a.u., arbitrary unit.



Hub voxels’ distribution
in brain networks
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Supplementary Figure 3. Highly consistent and reproducible functional connectome hubs
using a connection threshold of 0.2. a, b Robust FCS pattern (a) and its corresponding variance
(standard error, SE) map (b) estimated using a harmonized voxelwise random-effects meta-
analysis across 61 cohorts. ¢ The most consistent functional connectome hubs (p < 0.001, cluster
size > 200 mm?q). White spheres represent hub peaks. d Hub voxels’ distribution in eight large-
scale brain networks. Insets depicts the seven large-scale cortical networks’. e Heterogeneity
measurement 12 estimated through the random-effects meta-analysis. f Cumulative distribution
function plot of 12. g Heatmap of displacements of the 35 hub peaks after leaving one cohort out.
h Bar plot of the probability across the 35 hub peaks whose displacement was less than 6 mm
after leaving one cohort out. i, j Hub occurrence probability map (HOP) across all subjects (i)
and all cohorts (j). White lines delineate boundaries of the identified hubs in c. k, | Dice’s
coefficient of the identified hubs in ¢ compared with the top N (voxel number of the identified
hubs in c¢) voxels with the highest hub occurrence probability values across randomly selected
subjects (k) and randomly selected cohorts (I). Blue shading represents the standard deviation
across 2,000 random selections. a.u., arbitrary unit.



FCS vs Network size
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Supplementary Figure 4. Relationship between FCS and network size. Scatter plot showing
no significant correlation between the FCS of voxels and the size of the brain network to which
they belong. The p value was estimated through a nonparametric permutation test with 10,000
iterations and was Bonferroni-corrected. For each iteration, the voxel number of each network
was reshuffled. Each dot represents a voxel. For illustration purposes, dots were jittered along
the x axis (uniform jitter of £50 voxels). a.u., arbitrary unit.
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Supplementary Figure 5. Functional connectivity profile of the right 8Av region. White
spheres represent the right 8Av seed (MNI coordinates: 45, 18, 45). Blue lines delineate
boundaries of the seven cortical networks shown in Figure 1d. a.u., arbitrary unit.
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Supplementary Figure 6. Brain hubs’ connectivity profiles with subcortical nucleus.
Percentage matrix showing brain hubs’ heterogeneous connectivity profiles with subcortical
nucleus. Each item of the percentage matrix represents the voxel percentage of one subcortical
nucleus connected with one hub.

12



Connections

Functional connections of 35 hub peaks
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Supplementary Figure 7. Histogram plot of the connection strength of each hub’s robust
functional connectivity map shown in Figure 3. Intranetwork and iternetwork connections are
displayed as stacked.
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Supplementary Figure 8. Transcriptomic data cannot distinguish surrogate hubs from surrogate
non-hubs. a Schematic diagram of generating surrogate hub identification and using XGBoost and SVM
classifiers to distinguish surrogate hub samples from surrogate non-hub samples. b, ¢ Performance of the
XGBoost and SVM classifier. Each dot represents one repetition in a. The horizontal gray dashed line

represents the chance level accuracy rate (50%).
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Supplementary Figure 9. Analysis of developmental trajectory of transcription level using
only neocortical regions. a Developmental trajectory of transcription level in hub and non-hub
regions for genes involved in key neurodevelopmental processe? and main neuronal metabolic
pathways?®. b Differences in the developmental trajectory of transcription level between hub and
non-hub regions shown in a. MAD, the median absolute deviation of transcription level across
brain regions. w, post-conceptional week; y, postnatal year; a.u., arbitrary unit.
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Supplementary Figure 10. Global signal effect on spatial distribution of functional
connectome hubs. a Functional connectome hubs identified using preprocessed rsfMRI data
without global signal regression. Brain regions with FCS significantly higher than zero were
identified as hubs (p < 0.001, cluster size > 200 mm?q). b Global signal localization (GSL) score
distribution. Brain regions with GSL scores greater than 0.5 were delineated with white lines. ¢
Overlap of brain regions with GSL scores greater than 0.5 on the identified hubs in a. d Dice’s
coefficient obtained by comparing brain regions with GSL scores greater than 0.5 with the
identified hubs in a and its corresponding null distribution that was constructed by generating
1,000 surrogate maps of the hub distribution map in a with the spatial autocorrelations being
corrected using a generative model?’. e Difference in cerebral blood flow between the identified
hub and non-hub regions in a. The cerebral blood flow of 82 Brodmann areas and seven
subcortical structures were provided by a prior study’. White lines delineate boundaries of the
identified hubs in a. Boxplot left and right edges, vertical black lines, and whiskers and dots
depict the 25th and 75th percentiles, median, and extreme nonoutlier and outlier values,
respectively. Brodmann areas with more than 50% vertices or subcortical structures with more
than 50% voxels identified as hubs were regarded as hub regions (n=21), vice versa as hon-hub
regions (n=68). The statistical significance of one-sided Wilcoxon rank-sum test was determined
by 1,000 permutation tests. a.u., arbitrary unit.
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Supplementary Figure 11. Age distribution of brain samples from the BrainSpan Atlas
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