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Extended Data Fig. 6 | Sex differences in the normative growth curves of the 
functional connectome at global, system, and regional levels. a, Sex-stratified 
growth curves for global functional metrics. The solid line represents the 50th 
centile, with the two surrounding dotted lines denoting the 95% confidence 
interval, which were estimated by bootstrapping 1,000 times. The subplots from 
left to right represent the global mean of the connectome, global variance of the 
connectome, and global system segregation, respectively. b, Sex-specific growth 
curves for system segregation in each network. The solid line represents the 
50th centile, with the two surrounding dotted lines denoting the 95% confidence 

interval. c, Sex differences in the growth curves of regional-level FCS, where 
red colors indicate that the values of males are significantly higher than those 
of females, and blue colors denote that the values of females are significantly 
higher than those of males. Among the 4,609 vertices, 3,872 exhibited significant 
sex differences (p < 0.05, Benjamini-Hochberg FDR corrected). FCS, functional 
connectivity strength; VIS, visual; SM, somatomotor; DA, dorsal attention; VA, 
ventral attention; LIM, limbic; FP, frontoparietal; DM, default mode. M, male; F, 
female. **, p < 0.01, ***, p < 0.001, Benjamini-Hochberg FDR corrected. The exact 
p-values is provided in Supplementary Table 3.
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Extended Data Fig. 7 | A series of sensitivity analyses for the validation 
of lifespan normative growth curves and growth rates of the functional 
connectome. a, Global mean of the connectome. b, Global variance of the 
connectome. c, Global system segregation. d, System segregation in each 
network. These sensitive analyses included the validation of the potential effects 
of head motion using more strict head motion threshold (mean framewise 
displacement (FD) < 0.2 mm, N = 24,494), the impact of uneven sample and 
site distributions across ages using a balanced sampling strategy that ensures 
uniformity in participant and site numbers (N = 6,770, resampling 1,000 times), 
the reproducibility of the results using a split half approach (Nsubgroup1 = 16,663, 

Nsubgroup2 = 16,587), the potential effects of data samples using a bootstrap 
resampling analysis (1,000 times), and the potential effects of specific sites using 
a leave-one-site-out (LOSO) analysis. For the balanced resampling analysis, the 
figure showed the average of the 1,000 resampled median centile lines. For the 
bootstrapping resampling analysis, the figure showed the average of the 1,000 
bootstrapped median centile lines. For the LOSO analysis, the figure displays the 
average of the 132 median centile lines. VIS, visual; SM, somatomotor; DA, dorsal 
attention; VA, ventral attention; LIM, limbic; FP, frontoparietal; DM, default 
mode; yr, year.

http://www.nature.com/natureneuroscience
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Extended Data Fig. 8 | Lifespan normative growth patterns of negative 
functional connectivity. a, Global mean of negative functional connectivity 
by calculating averaged negative connectivity across all edges. The left panel 
shows the averaged median (50th) centile as a solid line, surrounded by the 
averaged 5th, 25th, 75th, and 95th centiles as dotted lines. In the right panel, the 
solid line illustrates the growth rate of the averaged median centile, with its 95% 
confidence interval highlighted by gray shaded areas. b, Global mean of negative 
connectivity by calculating averaged negative connectivity across only non-zero 
edges. The left panel shows the averaged median (50th) centile as a solid line, 
surrounded by the averaged 5th, 25th, 75th, and 95th centiles as dotted lines. In 
the right panel, the solid line illustrates the growth rate of the averaged median 
centile, with its 95% confidence interval highlighted by gray shaded areas. c, The 
median centiles (top panel) and their growth rates (bottom panel) for all vertices 

at several key age points. d, The lifespan growth axis of negative functional 
connectivity, represented by the first principal component (accounting for 
53.5% of the variance) from a PCA on regional-level FCS curve. e, Based on the 
lifespan principal axis, all vertices across the brain were equally divided into 20 
bins. The zero-centered curves of all vertices within each bin were averaged. The 
first vigintile (depicted in darkest blue) represents one pole of the axis, while the 
twentieth vigintile represents the opposite pole (depicted in darkest yellow). 
f, A strong negative correlation was observed between the lifespan principal 
growth axis and the sensorimotor-association (S-A) axis (r = -0.50, pspin < 0.0001, 
one-sided) (linear association shown with a 95% confidence interval). FCS, 
functional connectivity strength; PCA, principal component analysis; wk,  
week; yr, year.

http://www.nature.com/natureneuroscience
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Extended Data Fig. 9 | Lifespan normative growth patterns of regional 
system segregation of subcortical structures. a, The subcortical parcellation 
(scale I) proposed by Tian et al.81, including eight regions: Hippocampus (HIP), 
Amygdala (AMY), Posterior thalamus (pTHA), Anterior thalamus (aTHA), Nucleus 
accumbens (NAc), Globus pallidus (GP), Putamen (PUT), Caudate nucleus 
(CAU). b, The left panel showed the normative growth curves of mean system 
segregation in the whole-subcortex. The median (50th) centile is represented 
by a solid line, while the 5th, 25th, 75th, and 95th centiles are indicated by dotted 

lines. The right panel showed the growth rates of mean system segregation in the 
whole-subcortex. The growth peak occurred at the third decade of life (32.1 years, 
95% bootstrap confidence interval 31.0–33.2). The gray shaded areas represent 
the 95% confidence interval, which were estimated by bootstrapping 1,000 
times. c, Normative growth curve (top panel, showed as centile lines) and growth 
rate (bottom panel, showed as the central line) of system segregation for each 
subcortical region. The gray shaded areas represent the 95% confidence interval. 
yr, year.

http://www.nature.com/natureneuroscience
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Reporting Summary
Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 

in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 

Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 

AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 

Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection No software used for Data collection. The neuroimaging data were from existing datasets (detailed below) which acquisition's are presented 

detailed in previous work.

Data analysis Quality control for raw T1-weighted, T2-weighted, and task-free functional MRI images: MRIQC (v0.15.0).The structural MRI and functional 

MRI images from most datasets were preprocessed using the HCP minimal preprocessing pipeline (v4.4.0-rc-MOD-e7a6af9). This included 

Freesurfer (v6.0.0), FSL (v6.0.5), MSM (v3.0), and HCP Connectome Workbench (v1.5.0). The HCP pipeline is encapsulated within a 

containerized environment provided by the QuNex platform (v0.93.2). For the ABCD datasets,  the structural MRI and functional MRI images 

were preprocessed using the ABCD-HCP preprocessing pipeline (v1). For the dHCP datasets, the structural MRI and functional MRI images 

were preprocessed using the dHCP structural and functional pipeline (v1). For the BCP datasets, the structural MRI images were preprocessed 

using the iBEAT pipeline (v1.0.0). The postprocessed procedure was achieved using MATLAB (R2018b), SPM12 toolbox (v6470), GRETNA 

toolbox (v2.0.0), cifti-matlab toolbox (v2), HFR_ai toolbox (v1.0-beta-20181108), System segregation code (https://github.com/mychan24/

system-segregation-and-graph-tools), Python (v3.8.3), neuroharmonize package (v2.1.0), scikit-learn package (v1.1.3). Normative Model 

analyses were performed using R (v4.2.0) and GAMLSS package (v5.4-3). The sex difference were assessed using the summary function of R 

based package. Visualization was performed using BrainNet Viewer toolbox (v20191031), Connectome Workbench (v1.5.0), and ggplot2 

package (v3.4.2). 

 

Analysis code is available here: https://github.com/sunlianglong/BrainChart-FC-Lifespan

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 

reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 

- Accession codes, unique identifiers, or web links for publicly available datasets 

- A description of any restrictions on data availability 

- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

We requested and used the following public datasets: the Adolescent Brain Cognitive Development Study (https://nda.nih.gov/), the Autism Brain Imaging Data 

Exchange Initiative (https://fcon_1000.projects.nitrc.org/indi/abide/), the Alzheimer's Disease Neuroimaging Initiative (https://adni.loni.usc.edu/), the Age_ility 

Project (https://www.nitrc.org/projects/age-ility), the Baby Connectome Project (https://nda.nih.gov/), the Brain Genomics Superstruct Project (https://

doi.org/10.7910/DVN/25833), the Calgary Preschool MRI Dataset (https://osf.io/axz5r/), the Cambridge Centre for Ageing and Neuroscience Dataset (https://

www.cam-can.org/index.php?content=dataset), the Developing Human Connectome Project (http://www.developingconnectome.org/data-release/second-data-

release/), the Human Connectome Project (https://www.humanconnectome.org), the Lifespan Human Connectome Project (https://nda.nih.gov/), the Nathan Kline 

Institute-Rockland Sample Dataset (https://fcon_1000.projects.nitrc.org/indi/pro/nki.html), the Neuroscience in Psychiatry Network Dataset (https://nspn.org.uk/), 

the Pediatric Imaging, Neurocognition, and Genetics (PING) Data Repository (http://pingstudy.ucsd.edu/), the Pixar Dataset (https://openfmri.org/dataset/

ds000228/), the SRPBS MRI Dataset (https://bicr-resource.atr.jp/srpbsopen/), the Southwest University Adult Lifespan Dataset (http://fcon_1000.projects.nitrc.org/

indi/retro/sald.html), the Southwest University Longitudinal Imaging Multimodal Brain Data Repository (http://fcon_1000.projects.nitrc.org/indi/retro/

southwestuni_qiu_index.html), and the UK Biobank Brain Imaging Dataset (https://www.ukbiobank.ac.uk/). Other datasets came from several research working 

groups or consortium:  the Connectivity-based Brain Imaging Research Database (CBIRD), the Chinese Brain Development Project (CBDP), the Disease Imaging Data 

Archiving: major depressive disorder (DIDA-MDD) Working Group, and the Multi-center Alzheimer Disease Imaging (MCADI) Consortium. For details on participant 

demographics and imaging scan parameters for each dataset, please see Supplementary Table 1 and 2. 

 

The brain charts and lifespan developmental atlases are shared online via GitHub (https://github.com/sunlianglong/BrainChart-FC-Lifespan). 

 

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation), 

and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender We reported the sex-stratified growth curves of the functional connectome.

Reporting on race, ethnicity, or 

other socially relevant 

groupings

Race, ethnicity and other socially relevant information were not analyzed in this study. 

Population characteristics We initially collected 44,576 scans from 42,428 participants with multimodal structural MRI and task-free fMRI data in total. 

After a stringent quality control process, the final sample included 33250 healthy participants (46.3% males) from 132 sites 

(33250 cross-sectional scans and 1481 longitudinal scans). 

Recruitment Data for the current study were not directly recruited by our research team but were instead aggregated from existing 

databases. Subjects in these databases were recruited by various research initiatives. Specific recruitment details are 

presented in the original papers of these studies.

Ethics oversight Ethical approval and oversight were managed by the respective institutions that contributed to the neuroimaging datasets. 

Written informed consent of participants or their guardians was approved by the local ethics committees for each dataset. 

For details on ethical considerations, readers are referred to the ethical statements provided in the original studies.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size No sample size calculations were performed. Initially, we aimed to collect as much multimodal MRI data from global sources as possible. In 

the sensitivity analysis, we ensured consistent sample sizes and numbers of sites across different age groups, and we used 6,770 participants 

to replicate our findings. This project leverages both publicly accessible data and data provided by collaborators. We initially collected 42,428 

participants with multimodal structural MRI and task-free fMRI data in total. After quality control, the sample consists of 33,250 participants 

ranging in age from 32 postmenstrual weeks to 80 years and across 132 scanning sites. The sample size of each site is detailed in 



3

n
atu

re p
o

rtfo
lio

  |  rep
o

rtin
g

 su
m

m
ary

A
p

ril 2
0

2
3

Supplementary Table 1. 

Data exclusions In this study, we adopted a comprehensive four-step data quality control framework, combining automated assessment approaches and 

expert manual review to assess both structural and functional images across all 42,428 participants. Exclusions were as follows: Step 1 (quality 

control of raw images) led to the removal of 822 structural and 951 functional scans; Step 2 (data processing) eliminated 2,731 structural and 

2,816 functional scans; Step 3 (surface and head motion quality control) resulted in the exclusion of 2,012 structural and 3,442 functional 

scans; and Step 4 (visual check) excluded 636 structural and 1,103 functional scans. Only scans that successfully passed quality control for 

both functional and structural images were retained. Ultimately, applying the above rigorous criteria led to the exclusion of 9,845 scans in 

9,178 participants. 

Replication The lifespan growth patterns of functional connectomes were validated at the global, system, and regional levels using various analysis 

strategies. Each validation strategy yielded growth patterns that closely matched the main results. (i) To validate the potential effects of head 

motion, the analyses were reperformed using data from 24,494 participants with a stricter quality control threshold for head motion (mean 

FD < 0.2 mm). (ii) To mitigate the impact of uneven sample and site distributions across ages, a balanced sampling strategy was employed to 

ensure uniformity in participant and site numbers (N = 6,770, resampling 1,000 times). (iii) To validate reproducibility of our results, a split half 

approach was adopted. (iv) To examine the potential effects of data samples, a bootstrap resampling analysis was performed (1,000 times). 

(v) To examine the potential effects of specific sites, a leave-one-site-out analysis was conducted. The results of these sensitive analyses were 

quantitatively assessed in comparison to the main results. Specifically, a series of 80 points at one-year intervals was sampled for each curve, 

and Pearson's correlation coefficients were then calculated between the corresponding curves. At both global and system levels, all growth 

curves in the sensitivity analyses exhibited a high degree of correlations with those shown in the main results (r = 0.97-1 for global mean of 

FC; r = 0.98-1 for global variance of FC; r = 0.99-1 for global system segregation; r = 0.98-1 for system segregation of VIS, DA, VA, FP, and DM 

networks; r = 0.91-1 for system segregation of SM networks; r = 0.8-1 for system segregation of LIM networks, except for r = 0.51 of the 

balanced resampling analysis; all pFDR < 10-5). The similar results were observed for growth rate. We observed consistent results when the 

sampling was obtained with six-month intervals (160 points) and monthly intervals (1,000 points). At the regional level, the lifespan growth 

axes in the sensitivity analyses were highly spatially associated with that shown in the main results (all r = 0.94-1, p < 0.0001). All these 

validation strategies replicated our main results.

Randomization Randomization was not performed because participants were not placed into experimental groups.

Blinding Blinding is not relevant to this study because participants were not placed into experimental groups.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 

system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems

n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Plants

Methods

n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Magnetic resonance imaging

Experimental design

Design type Structural MRI, task-free functional MRI

Design specifications No trials

Behavioral performance measures No behavioral measures 

Acquisition

Imaging type(s) fMRI, sMRI

Field strength 3.0T

Sequence & imaging parameters Described in Supplementary Table 2 for each site

Area of acquisition Whole brain
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Diffusion MRI Used Not used

Preprocessing

Preprocessing software HCP pipeline (https://github.com/Washington-University/HCPpipelines/releases), ABCD-HCP pipeline (https://github.com/

DCAN-Labs/abcd-hcp-pipeline), dHCP pipeline (https://github.com/BioMedIA/dhcp-structural-pipeline, https://

git.fmrib.ox.ac.uk/seanf/dhcp-neonatal-fmri-pipeline), iBEAT pipeline (https://github.com/iBEAT-V2/iBEAT-V2.0-Docker).

Normalization The surface registration.During the the PostFreeSurfer stage of HCP/ABCD-HCP pipeline, the cortical surface were mapped to 

the standard fs_LR_32k space through spherical registration and surface downsampling. For the individual cortical surface 

obtained from the dHCP and iBEAT V2.0 structural pipelines, we employed a three-step registration method to align with the 

fs_LR_32k standard space of adults. For participants aged 32 to 44 postmenstrual weeks, we implemented the following 

steps: (1) individual surfaces were registered to their respective postmenstrual week templates; (2) templates for 32-39 

postmenstrual weeks and 41-44 postmenstrual weeks were registered to the 40-week template; and (3) the 40-week 

template was subsequently registered to the fs_LR_32k surface template. For participants aged 0-24 months, the steps 

involved were as follows: (1) individual surfaces were registered to their corresponding monthly age templates; (2) all 

monthly templates were registered to the 12-month template; and (3) the 12-month template was then registered to the 

fs_LR_32k surface template. Finally, all individual's surface were downsampled to fsaverage4 space.  

 

The volume registration. For participants aged 32 to 44 postmenstrual weeks, a three-step volume registration procedure 

was employed: (1) individual T2w images were mapped to their corresponding postmenstrual week templates; (2) the 32-39 

and 41-44 postmenstrual week templates were registered to the 40-week template; and (3) the 40-week template was 

registered to the MNI template. For participants aged 0-24 months: (1) individual T2w or T1w were aligned with their 

monthly age templates. For the individual less than 6 months we used T2w images, and for the individual larger than 6 

months we used T1w images. (2) all monthly templates were registered into the 12-month template; and (3) this 12-month 

template was then registered to the MNI template. For participants aged larger than two years, the individual structural MRI 

were registered to the standard MNI space.

Normalization template Surface template: the dhcpSym cortical surface templates, the UNC infant cortical surface templates, the fs_LR_32k surface 

template, the fsaverage4 surface template. 

Volume template:  the dHCP 4D volume templates, the UNC 4D infant volume templates, MNI152 volume template.

Noise and artifact removal The 24 motion parameters, including six frame-wise estimates of motion, the derivatives of each of these six parameters, and 

quadratic terms of each of the six parameters and their derivatives; global time series; WM time series; CSF time series.

Volume censoring Volumes with FD greater than 0.5 mm and their adjacent volumes (1 prior and 2 subsequent) were replaced with linearly 

interpolated data. These interpolated data were retained in the time series prior to the construction of functional 

connectivity matrices.

Statistical modeling & inference

Model type and settings Mass univariate. To estimate the normative growth curves for various metrics of the functional brain connectome in healthy 

individuals, we implemented the generalized additive models for location, scale, and shape (GAMLSS). For each individual 

functional connectome metric (at the global, system, and regional level), we constructed the GAMLSS procedure with setting 

individual connectome metric as the dependent variable, age as a smooth term (using the B-spline basis function), sex and in-

scanner head motion as other fixed effects, and scanner sites as random effects. .

Effect(s) tested Pearson correlation was used to measure the strength of functional connectivity.

Specify type of analysis: Whole brain ROI-based Both

Statistic type for inference

(See Eklund et al. 2016)

vertex-wise

Correction False discovery rate correction (FDR, q=0.05) was used to account for multiple comparisons. 

Models & analysis

n/a Involved in the study

Functional and/or effective connectivity

Graph analysis

Multivariate modeling or predictive analysis

Functional and/or effective connectivity Functional connectivity was measured as the Pearson correlation between regional time series.




