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Abstract 432 

Cerebral asymmetry is a core principle of human brain organization, showing dynamic 433 

changes across the lifespan and alterations in brain disorders. However, it remains 434 

unclear whether lifespan trajectories of asymmetry differ across populations. We 435 

compared lifespan structural asymmetry normative charts of 221 cerebral imaging 436 

phenotypes from 43,037 Chinese and 56,339 Western participants aged 0–100 years. 437 

The two populations showed distinct lifespan asymmetry patterns in 26.2% of the 438 

phenotypes. Chinese-minus-Western asymmetry difference curves displayed distinct 439 

patterns across brain phenotypes: rightward (45.7%), leftward (26.2%), rightward-to-440 

leftward (11.8%), leftward-to-rightward (10.0%), and unclassified (6.3%). Population-441 

matched normative models outperformed population-unmatched normative models in 442 

capturing normal asymmetry variability among healthy individuals and in detecting 443 

abnormal asymmetry deviations in patients with Alzheimer’s disease, mild cognitive 444 

impairment, schizophrenia, and major depressive disorder. These findings indicate that 445 

population mismatch can bias chart-based individual-level asymmetry assessment and 446 

underscore the need for population-representative brain asymmetry normative charts. 447 

  448 
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Introduction 449 

Cerebral asymmetry is a core principle of human brain organization1-3 and underlies a 450 

wide range of perceptual and neurocognitive functions4,5, including language6, facial 451 

recognition7, visuospatial processing8, and reasoning9. Inter-individual differences in 452 

cerebral asymmetry are associated with normal variations in behavioral performance5, 453 

while abnormal asymmetries are observed in various neuropsychiatric disorders10, such 454 

as major depressive disorder (MDD)11, schizophrenia (SZ)12, Alzheimer’s disease 455 

(AD)13, and mild cognitive impairment (MCI)14. Despite these advances, most prior 456 

studies have focused on group-level asymmetry changes; the normative landscape of 457 

brain asymmetry across the general population remains incompletely characterized, 458 

limiting our ability to distinguish abnormal deviations from normal individual variation 459 

in cerebral asymmetry. 460 

Brain asymmetry changes dynamically across the lifespan rather than remaining 461 

static. Characterizing normative trajectories of brain asymmetry provide a framework 462 

for understanding age-related variation across development and aging. For example, 463 

using longitudinal structural brain magnetic resonance imaging (MRI) data from 11,270 464 

U.S. children aged 10–14 years with mixed ancestries, a recent study identified age-465 

related, modality-specific development patterns of asymmetry in cortical thickness, 466 

surface area, and subcortical volume, and linked these patterns to cognitive and mental 467 

health5. Using cross-sectional diffusion MRI data from 35,120 participants aged 0-100 468 

years across 50 population-based cohorts with broad geographic representation, another 469 

study showed highly heterogeneous and dynamic lifespan trajectories of asymmetry in 470 
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white matter tracts15. The largest lifespan brain asymmetry study included 138,231 471 

individuals aged from 20 post menstrual weeks to 102 years, aggregated from 128 472 

neuroimaging studies, providing normative models of structural brain asymmetry 473 

across the lifespan16. Although these studies have advanced our understanding of 474 

regional dynamic changes in brain asymmetry across the lifespan, none has examined 475 

differences in these normative trajectories between ancestral populations, which is 476 

critical for determining whether the normative models of brain asymmetry constructed 477 

using data from one population can be generalized to other ancestral groups. 478 

Growing evidence indicates that ancestral populations differ in neuroanatomical 479 

organization17,18 and in developmental trajectories19-22. Regarding structural asymmetry, 480 

a surface-based morphometry study reported differences in cortical asymmetry between 481 

Chinese and Caucasian young adults across cortical thickness, surface area, and cortical 482 

volume23, raising a broader question about the generalizability of population-derived 483 

neuroimaging models. Recent advances in brain modeling have exhibited that ancestry-484 

related sampling bias can influence both prediction accuracy and clinical interpretation. 485 

For example, resting-state functional connectivity models trained primarily on White 486 

participants showed reduced behavioral prediction accuracy in non-White participants24. 487 

Furthermore, Western-centric lifespan normative models for structural brain measures 488 

cannot accurately estimate deviations in these measures in Chinese patients with brain 489 

disorders22, suggesting that their deviations from the norm may arise from demographic 490 

mismatch with the reference population, rather than from disease-related abnormalities 491 

alone25. However, whether and how lifespan normative trajectories of brain asymmetry 492 



15 

 

differ across populations remains unclear, and the practicability of applying asymmetry 493 

normative models derived from one ancestral population to other groups has not been 494 

systematically evaluated. 495 

In the present study, we hypothesized that lifespan trajectories of structural brain 496 

asymmetry exhibit population-specific variation while preserving core features across 497 

populations. Accordingly, population-matched normative models should better capture 498 

normal asymmetry variability among healthy individuals and detect atypical deviations 499 

in patients with neuropsychiatric disorders than population-mismatched models. To test 500 

this hypothesis, we utilized the Phase I dataset of the Chinese Lifespan Brain Mapping 501 

(C-LBM) Consortium—comprising 43,037 healthy Chinese participants aged 0–100 502 

years across 384 sites—to construct population-specific lifespan asymmetry trajectories 503 

for 244 structural brain MRI phenotypes. For comparison, corresponding trajectories 504 

were generated using a Western dataset of 56,339 participants aged 0–100 years from 505 

174 sites. We quantified Chinese–Western differences in lifespan trajectories of cerebral 506 

asymmetry and compared the predictive performance of population-matched versus 507 

population-mismatched normative asymmetry models in test datasets of both healthy 508 

individuals and patients with brain disorders. Population-matched prediction refers to 509 

cases where both the training and testing datasets are drawn from the same population, 510 

whereas population-mismatched prediction uses training and testing datasets from two 511 

different populations. The contrast was specially designed to test whether population-512 

matched models would more accurately characterize normal individual variability and 513 

more reliably capture pathological deviations than population-mismatched models. An 514 
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overview of the study is presented in Fig. 1. 515 

 516 

 517 

Fig. 1 | The schematic overview of the study design. a, Geographic distribution of the 518 

participants. The 43,037 Chinese participants are recruited from 29 Chinese provinces, 519 

whereas the 56,339 Western participants are recruited from eight Western countries. b, 520 

MRI phenotypes and asymmetry modeling. We include 244 pairs of structural brain 521 

MRI phenotypes shared by both hemispheres: 238 pairs from seven measures of 34 522 
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cortical regions and six pairs from the volumes of six subcortical structures. For each 523 

pair, we calculate an AI phenotype and estimate its lifespan trajectory using GAMLSS. 524 

c, Chinese-Western differences in AI trajectories. In each population, we model lifespan 525 

trajectories of all AI phenotypes and classify them into distinct patterns, then compare 526 

pattern concordance between populations (left two panels). For each AI phenotype, we 527 

compute the inter-population difference curve (Chinese minus Western) of lifespan AI 528 

trajectories, and categorize these curves into distinct classes (right two panels). d, We 529 

compare out-of-sample prediction and distributional calibration of population-530 

matched versus population-mismatched models in healthy participants. e, Using 531 

observed case – control AI differences as references, we compare performance of 532 

population-matched versus population-mismatched models in predicting case–control 533 

AI differences in four brain disorders. AD, Alzheimer’s disease; AI, asymmetry index; 534 

GAMLSS, generalized additive models for location, scale, and shape; L, left; MDD, 535 

major depressive disorder; MCI, mild cognitive impairment; MRI, magnetic resonance 536 

imaging; R, right; SZ, schizophrenia. 537 

  538 
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Results 539 

We established population-specific lifespan normative charts for 244 brain asymmetry 540 

phenotypes quantified using the asymmetry index (AI), based on Chinese (C-LBM: n 541 

= 43,037) and Western (n = 56,339) datasets, respectively (Supplementary Tables 1-542 

3). These charts captured nonlinear age-related variation in brain asymmetry and 543 

provided normative distributions while accounting for site-related effects. 544 

Classification of lifespan asymmetry patterns within populations 545 

To ensure brain asymmetry phenotypes had stable lifespan trajectories, we quantified 546 

stability using the trajectory coverage rate (TCR), defined as the proportion of sampled 547 

points from the full-sample curve that fell within the 95% confidence intervals (CIs) 548 

derived from curves refitted after age-stratified matched subsampling (detailed in 549 

Methods). Six phenotypes in the Chinese population and three in the Western 550 

population had TCR values below the predefined threshold of 0.95 and were therefore 551 

excluded from subsequent analyses (Supplementary Table 4). Of the remaining 238 552 

Chinese and 241 Western phenotypes, we classified them—based on their fitted 553 

trajectories—into six patterns: right asymmetry (right > left), left asymmetry (left > 554 

right), right-to-left (transition from right to left), left-to-right (transition from left to 555 

right), no asymmetry (95% CI of AI includes zero at all lifespan points), and 556 

unclassified (multiple switches among asymmetry types). The 238 Chinese phenotypes 557 

were classified as right (35.71%), left (29.83%), right-to-left (16.81%), left-to-right 558 

(14.29%), and unclassified (3.36%), while the 241 Western phenotypes were classified 559 
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as right (34.02%), left (38.17%), right-to-left (12.03%), left-to-right (12.45%), no 560 

asymmetry (0.41%), and unclassified (2.92%) (Fig. 2a and Supplementary Table 4). 561 

After excluding unstable and unclassified trajectories, 221 asymmetry phenotypes 562 

that were retained in both the Chinese and Western populations were included in the 563 

between-population comparison of lifespan asymmetry patterns. Of these phenotypes, 564 

73.76% showed concordant asymmetry pattern assignments between the two 565 

populations (Fig. 2b). Representative examples included leftward surface area 566 

asymmetry of the pars opercularis, a language-related region1,26, and rightward cortical 567 

thickness asymmetry of the superior temporal gyrus27, both consistently observed in 568 

Chinese and Western populations, in agreement with previous reports (Fig. 2c). By 569 

contrast, the remaining 26.24% showed discordant assignments, including lateral 570 

orbitofrontal surface area, which was rightward asymmetric in Chinese participants but 571 

leftward asymmetric in Western participants (Fig. 2d). 572 
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 573 

Fig. 2 | Lifespan asymmetry patterns and their concordance between Chinese and 574 

Western populations. a, Lifespan asymmetry patterns of 238 Chinese and 241 Western 575 

phenotypes with stable trajectories. Asymmetry patterns include right (AI > 0), left (AI 576 

< 0), right-to-left, left-to-right, no (AI ≈ 0), and unclassified. The stacked bar chart 577 

summarizes the proportion of each pattern in the Chinese and Western populations. b, 578 

Brain phenotypes with concordant (yellow) and discordant (green) lifespan asymmetry 579 

patterns between the Chinese and Western populations. The pie chart shows 580 

proportions of phenotypes with concordant (73.76%) and discordant (26.24%) 581 

assignments. c, Two examples of concordant lifespan asymmetry patterns between 582 

populations: surface area asymmetry of the pars opercularis and cortical thickness 583 
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asymmetry of the superior temporal gyrus. d, An example of a discordant lifespan 584 

asymmetry pattern between populations: surface area asymmetry of the lateral 585 

orbitofrontal cortex. AI, asymmetry index; CI, confidence interval. 586 

Chinese-Western differences in lifespan asymmetry trajectories 587 

We calculated Chinese-minus-Western asymmetry difference curves for the 221 brain 588 

phenotypes retained in both populations and assigned these curves to five categories: 589 

rightward (showing Chinese AI < Western AI at age points where the 95% CI of the AI 590 

difference excluded zero), leftward (showing only Chinese AI > Western AI at age 591 

points where the 95% CI of the AI difference excluded zero), rightward-to-leftward, 592 

leftward-to-rightward, and unclassified (Fig. 3a). Across the 221 phenotypes, the most 593 

common difference pattern was rightward (45.7%), followed by leftward (26.2%), 594 

rightward-to-leftward (11.8%), leftward-to-rightward (10.0%), and unclassified (6.3%) 595 

(Fig. 3b). These widespread point-wise AI differences between Chinese and Western 596 

populations indicate that applying normative charts from one population could bias 597 

individual asymmetry assessments in the other. 598 

 599 
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 600 

Fig. 3 | Lifespan asymmetry differences between Chinese and Western populations. 601 

a, Representative example for each lifespan asymmetry difference pattern. Asymmetry 602 

difference curves are defined as Chinese minus Western fitted asymmetry trajectories. 603 

The upper panels show Chinese–Western difference curves with 95% CIs, and the lower 604 

panels show the corresponding population-specific asymmetry trajectories. b, Brain 605 

maps show the asymmetry difference pattern assigned to each phenotype, with colors 606 

indicating distinct patterns. Bar chart summarizes the proportion of each pattern across 607 

the 221 phenotypes. AI, asymmetry index; CI, confidence interval. 608 

 609 
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Sex consistency of between-population asymmetry difference patterns 610 

We recalculated the Chinese–Western asymmetry difference curves of these phenotypes 611 

separately in females and males and compared the resulting pattern assignments. We 612 

found similar assignments between females and males: rightward (44.34% vs. 46.15%), 613 

leftward (27.15% vs. 23.98%), rightward-to-leftward (12.22% vs. 11.77%), leftward-614 

to-rightward (9.50% vs. 10.41%), and unclassified (6.79% vs. 7.69%) (Extended Data 615 

Fig. 1a and Supplementary Table 5). Among the 221 phenotypes, 185 (83.71%) were 616 

assigned to the same asymmetry difference patterns in both sexes (Extended Data Fig. 617 

1b), whereas 36 (16.29%) were assigned to distinct patterns. For instance, the Gaussian 618 

curvature of the supramarginal gyrus showed greater rightward asymmetry in Chinese 619 

males than in Western males, whereas it showed greater leftward asymmetry in Chinese 620 

females than in Western females (Extended Data Fig. 1c). 621 

Population-matched models improved prediction and distributional calibration 622 

To determine whether population-matched normative asymmetry models yielded more 623 

reliable individual deviation estimates than population-mismatched normative models, 624 

we assessed predictive accuracy and distributional calibration of the two models in two 625 

independent test datasets. One comprised 4,041 healthy Chinese participants aged 0.1–626 

96 years from 240 sites, and the other comprised 5,477 healthy Western participants 627 

aged 0–100 years from 65 sites. For each phenotype, we calculated the normalized root 628 

mean squared error (NRMSE) to reflect the accuracy of the estimated center of the 629 

normative distribution, and then computed its NRMSE reduction ratio to quantify the 630 
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predictive improvement of the population-matched model over the population-631 

mismatched model (Fig. 4a). Population-matched models demonstrated more accurate 632 

prediction than population-mismatched models, with mean NRMSE reduction ratios 633 

significantly greater than zero across phenotypes. Specifically, Chinese models 634 

achieved higher predictive accuracy (Cohen’s d = 0.69, P = 2.39 × 10-28) in the Chinese 635 

sample than Western models (Fig. 4b), while Western models achieved higher 636 

predictive accuracy (Cohen’s d = 0.37, P = 3.53 × 10-15) in the Western sample than 637 

Chinese models (Extended Data Fig. 2a). 638 

Adequate calibration of the estimated normative distribution to observed AI values 639 

is crucial for reliable individual inference from normative asymmetry models. For each 640 

of the 221 phenotypes, we employed the D-statistic from the one-sample Kolmogorov–641 

Smirnov (KS) test to evaluate distributional calibration in the test samples by assessing 642 

how closely model-derived deviation z-scores matched the expected standard normal 643 

distribution. In the Chinese sample, the Chinese models produced deviation z-score 644 

distributions that significantly departed from the expected standard normal distribution 645 

for only one phenotype (KS test: P < 1.13 ×10-4, Bonferroni corrected); by contrast, 646 

the Western models produced significant departures for 42 phenotypes (Fig. 4c). Across 647 

phenotypes, Chinese models showed better calibration than Western models, as 648 

indicated by lower D-statistics (Cohen’s d = 0.95, P = 2.79× 10-30; Fig. 4c). In the 649 

Western sample, Western models also produced fewer phenotypes (15 vs. 68) with 650 

departures and smaller D-statistics (Cohen’s d = 0.72, P = 7.33 × 10-30) than Chinese 651 

models (Extended Data Fig. 2b). We further used absolute skewness and absolute 652 
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excess kurtosis to determine the patterns of departure from the standard normal 653 

distribution. Chinese models yielded lower absolute excess kurtosis (Cohen’s d = 0.50, 654 

P = 1.73 × 10-14) and similar absolute skewness (Cohen’s d = -0.06, P = 0.09) in the 655 

Chinese sample compared with Western models (Fig. 4d), and Western models also 656 

yielded lower excess kurtosis (Cohen’s d = 0.51, P = 4.44 × 10-21) and similar skewness 657 

(Cohen’s d = 0.16, P = 0.004) in the Western sample compared with Chinese models 658 

(Extended Data Fig. 2c). These findings indicate that population-matched normative 659 

models yield more reliable out-of-sample deviation estimates than population-660 

mismatched models, with higher predictive accuracy and better distributional 661 

calibration. 662 

 663 
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 664 

Fig. 4 | Predictive accuracy and distributional calibration of Chinese and Western 665 

normative asymmetry models in an independent healthy Chinese sample. a, The 666 

pipeline for evaluating predictive accuracy. We utilize Chinese and Western normative 667 

models to predict AI values for all phenotypes in each participant of an independent 668 

healthy Chinese test sample. We assess predictive accuracy using NRMSE and quantify 669 

the improvement of Chinese over Western models using the NRMSE reduction ratio. b, 670 
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Lollipop plot shows NRMSE reduction ratios for brain asymmetry phenotypes. Positive 671 

values indicate better predictive performance of the Chinese model compared with the 672 

Western model. Points are color-coded by phenotype category. c, Distributional 673 

calibration of Chinese and Western models in the Chinese test sample. The left panel 674 

shows -log10(P) values from phenotype-wise Kolmogorov–Smirnov tests assessing 675 

whether deviation z-scores in the test sample conform to the expected normal 676 

distribution; the horizontal dashed line indicates the Bonferroni-corrected significance 677 

threshold of P = 1.13 × 10-4. Overall, Chinese models yield fewer phenotypes with 678 

significant departures than Western models (1 vs. 42). The right panel compares D-679 

statistics of all phenotypes between the two models. d, Violin plots show phenotype-680 

wise differences in absolute excess kurtosis (left panel) and skewness (right panel) of 681 

deviation z-scores (Western minus Chinese). Positive values indicate better calibration 682 

for Chinese models than for Western models. AI, asymmetry index; KS, Kolmogorov–683 

Smirnov; NRMSE, normalized root mean squared error. 684 

 685 

Population-matched models better recapitulated case-control differences 686 

We also investigated whether population-matched normative models more accurately 687 

recapitulated pathology-associated asymmetry deviations than population-mismatched 688 

models. We included 304 Chinese case–control pairs for Alzheimer’s disease (AD), 273 689 

for mild cognitive impairment (MCI), 663 for schizophrenia (SZ), and 1,319 for major 690 

depressive disorder (MDD), and 804 Western case–control pairs for AD, 576 for MCI, 691 
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and 306 for SZ. For the 221 phenotypes, we calculated their case–control AI differences 692 

for disorders as references for disorder-associated AI deviations. For each disorder, we 693 

computed patient deviation z-scores for these phenotypes using Chinese and Western 694 

normative asymmetry models, respectively. For each phenotype, we used one-sample 695 

Cohen’s d to represent normative-derived AI deviation, which quantified the deviation 696 

of patient z-scores from the normative expected value of zero. For each disorder, we 697 

calculated the intraclass correlation coefficient (ICC) between AI deviations across 698 

phenotypes derived from each normative model and the reference to determine which 699 

normative model (population-matched or population-mismatched) better predicts the 700 

observed disorder-related AI deviations using a permutation test with 1,000 iterations. 701 

In the Chinese case–control pairs, disorder-associated AI deviations estimated by 702 

Chinese models showed stronger concordance with case–control references than those 703 

from Western models, with higher ICCs across disorders: SZ (0.87 vs. 0.69; Fig. 5a), 704 

AD (0.87 vs. 0.65; Fig. 5b), MCI (0.82 vs. 0.63; Fig. 5c), and MDD (0.86 vs. 0.55; Fig. 705 

5d). All disorders showed significant ICC differences (permutation test: all P < 0.001) 706 

between the two models. In the Western case–control pairs, disorder-associated AI 707 

deviations estimated by Western models also showed stronger concordance with case–708 

control references than those from Chinese models, with higher ICCs for SZ (0.82 vs. 709 

0.67; Extended Data Fig. 3a), AD (0.76 vs. 0.57; Extended Data Fig. 3b), and MCI 710 

(0.75 vs. 0.46; Extended Data Fig. 3c). These between-model ICC differences were 711 

also significant for all disorders (permutation test: all P < 0.001). These results indicate 712 

that population-matched normative models can more accurately recapitulate disorder-713 
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related deviations in brain asymmetry in clinical samples than population-mismatched 714 

models. 715 

 716 

 717 

Fig. 5 | Differences in disorder-associated AI deviations estimated by Chinese and 718 

Western normative models in Chinese case – control pairs. a, Schizophrenia-719 

associated AI deviations estimated by Chinese and Western normative models in 720 
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Chinese case–control pairs. Brain maps (left panel) show the observed case–control 721 

Cohen’s d values and the Cohen’s d values predicted by the Chinese and Western 722 

models. Scatter plots (upper right panel) depict the concordance between normative-723 

derived and observed Cohen’s d values across phenotypes; each point represents a 724 

phenotype and concordance is quantified by the ICC. Histogram (lower right panel) 725 

shows the permutation-based null distribution of ICC differences between models, 726 

with the observed ICC difference marked by a red line. b-d, AI deviations for 727 

Alzheimer’s disease (b), mild cognitive impairment (c), and major depressive 728 

disorder (d) estimated by Chinese and Western normative models in Chinese case–729 

control pairs. The upper panels display scatter plots of the observed and predicted 730 

Cohen’s d values, and the lower panels show histograms of permutation distributions 731 

of ICC differences. AI, asymmetry index; ICC, intraclass correlation coefficient. 732 

  733 
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Sensitivity analyses 734 

To assess the impact of age-specific sample-size imbalance, we conducted age-stratified 735 

matched subsampling to equalize sample sizes between the two populations within each 736 

age group, yielding 20,770 participants per population (NChinese = NWestern = 20,770), and 737 

re-estimated the between-population asymmetry difference trajectories for all 221 738 

phenotypes. Robustness was quantified by TCR, defined as the proportion of age points 739 

on the original difference trajectory that fell within the 95% CIs of the trajectory derived 740 

from age-matched resampling. All 221 phenotypes showed TCR values greater than 741 

0.96 (Supplementary Table 6). Among the 221 phenotypes, 180 (81.45%) 742 

demonstrated the same assignments of Chinese–Western asymmetry difference patterns 743 

before and after age-stratified subsampling (Extended Data Fig. 4). 744 

Discussion 745 

We performed the first large-scale study comparing lifespan normative trajectories of 746 

structural brain asymmetry across ancestral populations. We found both shared (73.8%) 747 

and divergent (26.2%) patterns of lifespan normative asymmetry trajectories between 748 

Chinese and Western populations, and further revealed widely occurring and strikingly 749 

diverse patterns of between-population differences in asymmetry curves. We illustrated 750 

the practical implications of these between-population differences by identifying that 751 

population-matched models outperformed population-mismatched models in capturing 752 

normal variability among healthy individuals and in detecting abnormal deviations in 753 

patients with brain disorders. The biased population-mismatch normative-chart-based 754 
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prediction of brain asymmetry indicates that normative models should not be assumed 755 

to be directly applicable across populations without prior evaluation of their suitability 756 

and calibration in the target population. 757 

A previous study reported differences in structural brain asymmetry between 45 758 

Chinese and 45 Caucasian young adults aged 22-29 years23. We extended these earlier 759 

findings by identifying the dynamic evolution of Chinese–Western differences in brain 760 

asymmetry across the lifespan. The two populations exhibited broadly similar lifespan 761 

asymmetry trajectories in 74% of structural brain phenotypes, consistent with the 72% 762 

proportion of replicated ancestry-shared genetic associations with 3,414 brain imaging 763 

phenotypes between the White British and Han Chinese populations28. Previous genetic 764 

studies have further suggested that that genetic factors are potential determinants of 765 

structural brain asymmetry7,29,30; however, the genetic architecture of the ancestry-766 

shared lifespan asymmetry trajectories requires further investigation. Besides overall 767 

pattern differences in 26% of structural brain phenotypes, almost all phenotypes 768 

exhibited differences in lifespan asymmetry trajectories between the Chinese and 769 

Western populations, with distinct difference-patterns across phenotypes. The between-770 

population differences may reflect differences in genetic structure and effect, 771 

environmental exposures, and sociocultural experiences across populations. For 772 

example, the between-population asymmetry differences may be associated with 773 

differences in allele frequencies and linkage disequilibrium structure across ancestral 774 

populations31; significant heterogeneity in genetic effects on brain imaging phenotypes 775 

observed between White British and Han Chinese populations28,32; and differences in 776 
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environmental and sociocultural exposures across populations33,34. 777 

  Normative modeling provides a statistical framework for examining individual 778 

deviations from covariate-adjusted population reference distributions, thereby enabling 779 

single-subject inference35,36. Critically, such deviation scores are inherently tied to the 780 

characteristics of the reference population used for normative model training. We found 781 

that population-matched normative models predicted normal variability in structural 782 

brain asymmetry among healthy individuals and abnormal deviations in structural brain 783 

asymmetry among patients with four brain disorders more accurately than population-784 

mismatched normative models. These findings align with previous studies showing that 785 

normative models derived from one population cannot accurately estimate abnormal 786 

echocardiographic alterations37, delayed fetal growth38, and bone mineral density-based 787 

disease diagnoses39 in another population. These results highlight a broader principle: 788 

normative standards reflect the distributional characteristics of their source population 789 

and should not be assumed to represent a universal baseline of all populations. While 790 

developing population-specific normative models of structural brain asymmetry for 791 

every population may be infeasible, constructing normative models for major ancestral 792 

groups is necessary for identifying abnormal deviations in structural brain asymmetry 793 

among patients with brain disorders, and therefore improving diagnosis and assessment 794 

of these conditions. 795 

Several limitations should be considered when interpreting our findings. First, we 796 

did not include handedness as a covariate in this study because this information was not 797 

routinely recorded at many participating centers, particularly those in China. Although 798 
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the association between handedness and brain asymmetry remains debated40,41, future 799 

studies should include handedness as a covariate to clarify its effects on structural brain 800 

asymmetry trajectories. Second, we constructed cortical asymmetry trajectories at the 801 

regional level using the Desikan–Killiany atlas; its limited spatial resolution prevented  802 

detection of subtle, localized asymmetry patterns. While vertex-wise modeling provides 803 

finer spatial granularity, it imposes prohibitive computational demands. How to balance 804 

spatial granularity and computational burden therefore remains an important challenge 805 

for large-scale normative modeling. Third, the constructed lifespan brain asymmetry 806 

normative charts of Chinese and Western populations cannot be applied to populations 807 

not included in the normative modelling without careful assessment. Finally, neither the 808 

Chinese dataset nor the Western dataset captures within-population ancestral diversity. 809 

Among Chinese participants with self-reported ethnicity information, 98.8% were Han 810 

Chinese, higher than the 91% proportion of Han Chinese in the national population. 811 

Whether the resulting normative charts are applicable to ethnic minority groups in 812 

China requires further investigation. Similarly, among Western participants with self-813 

reported ethnicity information, 87.8% were White. The resulting Western normative 814 

charts may not be applicable to Western ethnic minority groups. 815 

Methods 816 

Study populations 817 

Ethics. This study was a secondary analysis of existing data pooled from multiple sites. 818 

For each acquisition site, recruitment procedures were approved by the respective local 819 
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ethics committees, and written informed consent was obtained from all participants or 820 

their legal guardians. 821 

Chinese neuroimaging dataset. To construct Chinese lifespan normative trajectories of 822 

structural brain asymmetry, we integrated structural MRI data collected from multiple 823 

sites across China. The final Chinese sample included 43,037 healthy participants aged 824 

0–100 years (24,425 females) from 29 provinces and 384 sites (Supplementary Table 825 

1). Of the 20,486 participants with self-reported race and ethnicity information, 20,232 826 

(98.76%) were Han Chinese (Supplementary Table 2). 827 

Western neuroimaging dataset. To construct Western lifespan normative trajectories of 828 

structural brain asymmetry, we integrated MRI data collected from 174 scanning sites 829 

across eight Western countries: Australia, Belgium, Canada, Ireland, the Netherlands, 830 

Switzerland, the United Kingdom, and the United States. After excluding definite Asian 831 

participants and applying quality control, the final Western sample comprised 56,339 832 

healthy participants aged 0–100 years (28,356 females) from 174 scanning sites (Fig. 833 

1a and Supplementary Table 3). Of the 51,321 participants with self-reported race and 834 

ethnicity information, 45,036 (87.75%) were White.  835 

Although neither the Chinese sample nor the Western sample can be interpreted as 836 

genetically homogeneous ancestry groups, the two samples represent two nearly non-837 

overlapping ancestral populations. 838 

Structural MRI data processing 839 

To account for age-dependent differences in brain anatomy and MRI tissue contrast, we 840 
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used different pipelines to process structural MRI data from participants aged 0–2 years 841 

and from participants aged 2–100 years.  842 

Structural MRI data from participants aged 2 years and older were processed using 843 

FreeSurfer-based pipelines. We used officially released structural MRI data from the 844 

Adolescent Brain Cognitive Development (ABCD) dataset processed with FreeSurfer 845 

v6.0.0 and from the UK Biobank (UKB) dataset processed with the UKB FreeSurfer 846 

pipeline42. For all other datasets, structural MRI data were preprocessed using the 847 

PreFreeSurfer43 and FreeSurfer pipelines recommended by the Human Connectome 848 

Project (HCP). The PreFreeSurfer pipeline mainly included: distortion correction; rigid 849 

alignment of structural images to MNI space; brain extraction; T2-to-T1 registration 850 

when T2 weighted scans were available; and bias field correction. The FreeSurfer 851 

pipeline primarily included: segmentation of cortical and subcortical structures; cortical 852 

surface reconstruction; correction of topological defects in reconstructed cortical 853 

surfaces; and projection of the surface onto a sphere for surface registration. 854 

For participants aged less than 2 years, structural MRI data were processed using 855 

the iBEAT v2.0 pipeline 44, except for neonates from the developing HCP (dHCP) study, 856 

who were processed using the dHCP pipeline45. The iBEAT pipeline mainly included: 857 

intensity inhomogeneity correction of T1-images and, when available, T2-images; brain 858 

extraction; automatic cerebellar removal, followed by slice-by-slice manual correction 859 

when removal was incomplete; tissue segmentation; and cortical surface reconstruction, 860 

including topological correction and reconstruction of the inner and outer cortical 861 

surfaces. 862 
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To extract cortical phenotypes in a common surface space across the full age range, 863 

cortical surfaces from participants aged 0–2 years were further aligned to the standard 864 

fsaverage surface space. Specifically, for neonates aged 40–44 postmenstrual weeks, 865 

surface registration included three steps: individual cortical surfaces were registered to 866 

their corresponding postmenstrual-week templates46; the pre-registered individual 867 

surfaces were registered to the 40-week template; and all individuals’ surfaces were 868 

aligned to the standard fsaverage surface template. For infants and young children aged 869 

1–24 months, the procedure included: individual cortical surfaces were registered to 870 

their corresponding monthly age templates47; the monthly pre-registered individual 871 

surfaces were registered to the 12-month template; and all individuals’ surfaces were 872 

aligned to the standard fsaverage surface template. 873 

Neuroimaging data quality control 874 

A unified quality control (QC) pipeline was applied to structural images before and after 875 

preprocessing48. Prior to data preprocessing, raw structural images were screened using 876 

quantitative image-quality metrics, such as contrast-to-noise ratio (CNR) and signal-to-877 

noise ratio (SNR), together with site-specific quality scores when available. After data 878 

preprocessing, expert visual QC was performed to identify imaging artifacts that could 879 

affect brain tissue segmentation, and to evaluate the quality of segmentation and cortical 880 

surface reconstruction. Postprocessing QC also included quantitative assessment using 881 

the Euler number derived from cortical surface reconstruction. Details are provided in 882 

our prior study48 and on the website: https://github.com/sunlianglong/BrainChart-FC-883 

Lifespan/blob/main/QC/README.md. 884 
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Structural brain phenotypes and asymmetry indices  885 

Structural brain phenotypes comprised two major categories: regional cortical measures 886 

and subcortical volumes. For each participant, the Desikan–Killiany atlas (68 regions; 887 

34 per hemisphere) was used to extract seven measures (volume, surface area, thickness, 888 

mean curvature, Gaussian curvature, folding index, and curvature index) from each 889 

cortical region. Subcortical volumes were extracted using age-specific procedures. For 890 

participants aged 2–100 years, we extracted volumes of the bilateral caudate, putamen, 891 

pallidum, thalamus, amygdala, and hippocampus using FreeSurfer-based automated 892 

subcortical segmentation. For participants aged 0–2 years, individual structural images 893 

were registered to a 12-month template using age-specific registration strategies48, and 894 

a standard subcortical atlas was used to extract individual subcortical volumes. 895 

We included 244 pairs of structural MRI phenotypes shared by both hemispheres: 896 

238 pairs from seven measures of 34 cortical regions and six pairs from the volumes of 897 

six subcortical structures. For each pair, the asymmetry index (AI) was calculated as (L 898 

− R) / (L + R), where L and R represent the left and right values, respectively. Positive 899 

and negative values indicate left and right asymmetry, respectively. 900 

Modelling lifespan trajectories of brain asymmetry 901 

We modeled lifespan trajectories of these 244 structural brain asymmetry phenotypes 902 

using Generalized Additive Models for Location, Scale and Shape (GAMLSS)49,50, 903 

implemented with the gamlss package in R (version 5.4-3). GAMLSS is a flexible 904 

distributional regression framework that allows the location, scale, and shape of the 905 

response distribution to vary as functions of explanatory variables. 906 
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Selection of response distribution families. Although WHO guidelines recommend the 907 

Box–Cox t-distribution as an appropriate starting point for modeling anthropometric 908 

growth charts51, we did not assume that structural brain asymmetry followed the same 909 

distribution. We therefore evaluated candidate distributions using the gamlss R package 910 

for seven representative global cortical asymmetry measures and six subcortical volume 911 

asymmetry phenotypes in the pooled Chinese and Western sample52. We evaluated 912 

candidate response distribution families with at least three parameters. Among models 913 

for which GAMLSS fitting converged, the optimal distribution was selected using the 914 

Bayesian information criterion (BIC).  915 

We found the optimal distribution for each asymmetry phenotype (Extended Data 916 

Fig. 5). The generalized t-distribution (GT) was selected for all cortical phenotypes and 917 

for amygdala and hippocampal phenotypes, while the skew-t-distribution (ST) family 918 

was selected for other subcortical asymmetry phenotypes, including ST5 for the caudate, 919 

ST1 for the pallidum, SST for the putamen, and ST3 for the thalamus. 920 

Model specification and fitting. For each asymmetry phenotype, AI was modeled using 921 

GAMLSS with the phenotype-specific distribution (GT or ST). Both distributions were 922 

parameterized by four distributional parameters: μ, σ, ν, and τ. In general, μ and σ 923 

describe the location and scale of the response distribution, respectively, while ν and τ 924 

are shape parameters, with ν mainly related to skewness and τ mainly related to kurtosis. 925 

Fractional polynomials were used to model nonlinear age-related changes in all 926 

asymmetry phenotypes. Compared with flexible non-parametric smoothers, fractional 927 

polynomials provide a more constrained and stable functional form, helping to reduce 928 
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model complexity and convergence difficulties in multi-parameter models with random 929 

effects. The general model specification was as follows: 930 𝐴ߤ)ܦ ~ ܫ, ,ߪ ,ߥ τ),  D∈{GT, ST} 931 

ߤ = ఓߙ + (ݔ݁ݏ)ఓߚ + ௦௜௧௘ߛ + ∑ ఓ݂௝௠ഋ௝=1 (ܽ݃݁)௣ഋೕ 932 

(ߪ) ݃݋݈ = ఙߙ + (ݔ݁ݏ)ఙߚ + ∑ ఙ݂௝௠഑௝=1 (ܽ݃݁)௣഑ೕ (ߥ) ݃݋݈ 933  = (߬) ݃݋݈ ఔ 934ߙ =  935 ߬ߙ

In this model specification, age and sex were modelled for both the μ and σ parameters, 936 

with nonlinear age effects represented by fractional-polynomial functions; scanner site 937 

was included only for the μ parameter as a site-specific random intercept. The ν and τ 938 

parameters were modelled as intercept-only terms to reduce potential model instability, 939 

given the lack of strong rationale for age- or site-dependent variation in distributional 940 

shape52. The α-term denotes the parameter-specific fixed intercept, the β-term denotes 941 

the fixed effect of sex, the f-term denotes the coefficient of the fractional polynomial 942 

age-term, and the γ-term denotes the site-level random effect. The m-term denotes the 943 

number of polynomial terms, and the p-term denotes the polynomial power. 944 

To ensure comparability between Chinese and Western models, we selected the 945 

optimal number of fractional-polynomial terms (1, 2, or 3) for each phenotype by 946 

modelling age effects in the pooled Chinese and Western sample. The power of each 947 

term was selected automatically during iterative fitting from the standard set p ∈ {-2, -948 

1, -0.5, 0, 0.5, 1, 2, 3}, with p = 0 denoting a logarithmic transformation. 949 

Candidate GAMLSS models were fitted using the standard iterative maximum 950 
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likelihood-based procedure implemented in the gamlss R package. Model convergence 951 

was assessed using the default GAMLSS criterion based on changes in global deviance 952 

between successive iterations, with a convergence threshold of 0.001 and a maximum 953 

of 200 iteration cycles. For each asymmetry phenotype, the convergent candidate model 954 

with the lowest BIC was selected as the optimal model specification. The selected 955 

specification was then used to fit lifespan normative models separately in the Chinese 956 

and Western samples, with fixed-effect coefficients and site-level random effects re-957 

estimated within each sample. 958 

Age-stratified matched subsampling 959 

Age-stratified matched subsampling was performed to assess the stability of lifespan 960 

asymmetry trajectories within each sample (Chinese or Western) and to account for age-961 

specific sample-size imbalance between the two samples. Age was stratified into 26 962 

periods: 0–3, 3–6, and 6–12 months; 1–2 years; 2-year intervals from 2 to 10 years; and 963 

5-year intervals from 10 to 100 years. For each age period, the population with the 964 

larger sample size was resampled to match the size of the population with the smaller 965 

sample size, with replacement. This procedure was repeated 100 times, resulting in a 966 

fixed total sample size of 20,700 participants per population in each iteration. For each 967 

iteration, normative models were refitted in the resampled Chinese and Western datasets 968 

for each asymmetry phenotype. For each population and each phenotype, resampling-969 

derived age-specific 95% CIs were computed from the empirical distribution of the 100 970 

resampled trajectories. We applied the trajectory coverage rate (TCR) to assess within-971 
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sample trajectory stability. For each phenotype, the full-sample trajectory was sampled 972 

at 1,000 equally spaced age points between 0 and 100 years. TCR was defined as the 973 

proportion of full-sample trajectory values at these sampled points that fell within the 974 

corresponding age-specific 95% CIs from age-stratified resampling. Phenotypes with a 975 

TCR below 0.95 were considered unstable and excluded from subsequent analyses. 976 

Age-stratified matched subsampling was also applied in a sensitivity analysis to assess 977 

the robustness of our findings to age-specific sample-size imbalance between samples. 978 

Classification of lifespan asymmetry patterns 979 

For each sample (Chinese or Western), stratified bootstrap resampling (100 iterations, 980 

maintaining the original sample size) was performed with replacement while preserving 981 

site- and sex-specific proportions. Population-specific normative models were refitted 982 

for all asymmetry phenotypes within each bootstrap sample, yielding 100 bootstrap-983 

derived trajectories per phenotype. For each phenotype, bootstrap-derived 95% CIs for 984 

the fitted lifespan asymmetry trajectory were computed from the empirical distribution 985 

of the 100 bootstrap-derived trajectories. 986 

We sampled the within-sample lifespan asymmetry trajectory of each phenotype 987 

at 1,000 equally spaced age points between 0 and 100 years. We then divided age points 988 

into left asymmetry (95% CI entirely above zero), right asymmetry (95% CI entirely 989 

below zero), and no asymmetry (95% CI including zero). Phenotypes were assigned to 990 

six lifespan asymmetry patterns: left asymmetry (including left-asymmetry points and 991 

not including right-asymmetry points); right asymmetry (including right-asymmetry 992 
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points and not including left-asymmetry points); left-to-right (shifting from left to right 993 

asymmetry); right-to-left (shifting from right to left asymmetry); no asymmetry (the 994 

absence of asymmetry at any point); and (6) unclassified (two or more shifts between 995 

left and right asymmetry across the lifespan). 996 

Chinese-Western differences in asymmetry trajectories 997 

To quantify Chinese–Western differences in lifespan asymmetry trajectories for each 998 

phenotype, we created a difference curve by subtracting the Western median trajectory 999 

from the Chinese median trajectory. We computed all pairwise differences between the 1000 

100 Chinese and 100 Western bootstrap-derived trajectories, yielding 10,000 curves, 1001 

which were used to estimate 95% CIs at 1,000 age points. We divided age points into 1002 

leftward (95% CI entirely above zero), rightward (95% CI entirely below zero), and no 1003 

shift (95% CI including zero). We assigned brain phenotypes to five Chinese–Western 1004 

difference patterns: leftward (including leftward-shift points and no rightward-shift 1005 

points); rightward (including rightward-shift points and no leftward-shift points); left-1006 

to-right (shifting from leftward to rightward); right-to-left (shifting from rightward to 1007 

leftward); and unclassified (two or more shifts, or no shift). 1008 

To evaluate sex consistency of lifespan asymmetry difference patterns, Chinese–1009 

Western difference curves were constructed for each sex and classified using the same 1010 

criteria. The resulting pattern assignments were then compared between sexes. 1011 

Individual deviation scores from normative models 1012 

The population-specific normative models enable each participant’s asymmetry values 1013 
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to be expressed as deviation scores (e.g. z-scores or centiles). For each phenotype, each 1014 

participant’s age, sex, and imaging site were entered into the fitted normative model to 1015 

derive a participant-specific conditional normative distribution. We then calculated a 1016 

deviation score according to the position of the observed value within this distribution, 1017 

quantifying how unusual that asymmetry phenotype is relative to peers of the same age 1018 

and sex while accounting for imaging-site effects. The covariate-standardized deviation 1019 

scores enabled comparisons across phenotypes, datasets, and clinical groups. 1020 

For datasets acquired from imaging sites that were not included during normative 1021 

model fitting, the site effects required for site-adjusted deviation-score calculation are 1022 

not directly available. In such cases, individual deviation scores can be calculated using 1023 

an out-of-sample normative scoring framework52, which could derive deviation scores 1024 

without refitting the normative model. Using the likelihood implied by the fitted 1025 

normative model, site-specific random-effect offsets were estimated by maximum 1026 

likelihood conditional on the fixed-effect components of the model. These random-1027 

effect estimates were combined with the fixed-effect components of the fitted model to 1028 

derive individual deviation scores for the new dataset. 1029 

Out-of-sample predictive accuracy and distributional calibration 1030 

To evaluate whether population-matched normative models better characterized healthy 1031 

individual variation than population-mismatched models, we compared out-of-sample 1032 

predictive accuracy and distributional calibration in healthy Chinese and Western test 1033 

samples. Population-matched models referred to models trained and tested within the 1034 
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same population, such as Chinese models applied to Chinese individuals or Western 1035 

models applied to Western individuals. In contrast, population-mismatched models 1036 

referred to models trained in one population and applied to individuals from the other 1037 

population, such as Chinese models applied to Western individuals or Western models 1038 

applied to Chinese individuals. 1039 

A held-out healthy Chinese test sample (n = 4,041; age range, 0.1–96 years; from 1040 

240 sites) was constructed by randomly selecting 10% of healthy participants from each 1041 

Chinese site with more than 50 participants. After excluding the held-out individuals, 1042 

the Chinese normative models were refitted using the remaining Chinese participants 1043 

to prevent data leakage. Model-predicted asymmetry values and deviation z-scores 1044 

were then derived for each participant and each asymmetry phenotype in the held-out 1045 

Chinese test sample using the corresponding refitted Chinese normative models and 1046 

Western normative models, according to the individual deviation-score calculation. In 1047 

this calculation, site-specific effects relevant to the Chinese held-out test sample were 1048 

accounted for using same-site data outside the held-out test set for both models. 1049 

A held-out Western test sample (n = 5,477; age range, 0–100 years; from 65 sites) 1050 

was constructed using the same strategy as the held-out Chinese test sample. To prevent 1051 

data leakage, the Western normative models were refitted after excluding the held-out 1052 

Western individuals. Model-predicted asymmetry values and deviation z-scores were 1053 

derived for each participant and each asymmetry phenotype in the held-out Western test 1054 

sample using the refitted Western models and Chinese models. Site-specific effects 1055 

relevant to the held-out Western test sample were also accounted for using same-site 1056 
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data outside the held-out test set for both models.  1057 

These model-derived measures from held-out test samples were used to evaluate 1058 

predictive accuracy and distributional calibration for both population-matched and 1059 

population-mismatched models, as described below.  1060 

Out-of-sample predictive accuracy. For each phenotype, we quantified out-of-sample 1061 

predictive accuracy by comparing model-predicted and observed asymmetry values 1062 

using the normalized root mean squared error (NRMSE), with lower values indicating 1063 

better predictive accuracy. NRMSE was calculated as 1064 

= ܧܵܯܴܰ √1݊ ∑ (௡௜=1 ௜ݕ − ௠௔௫ݕ௜)2ݕ̂ − ௠௜௡ݕ  1065 

where n is the number of participants, ݕ௜  and ̂ݕ௜ denote the observed and predicted 1066 

asymmetry values for participant i, respectively, and ݕ௠௔௫ −  ௠௜௡ denotes the range of 1067ݕ

observed values. To quantify predictive improvement of population-matched models 1068 

over population-mismatched models, we calculated the NRMSE reduction ratio for 1069 

each phenotype as 1070  ܴܰ݋݅ݐܽݎ ݊݋݅ݐܿݑ݀݁ݎ ܧܵܯ = ௠௜௦௠௔௧௖ℎ௘ௗܧܵܯܴܰ) −  ௠௔௧௖ℎ௘ௗ 1071ܧܵܯܴܰ/(௠௔௧௖ℎ௘ௗܧܵܯܴܰ

with positive values indicating lower prediction error for the population-matched model. 1072 

NRMSE reduction ratios across all phenotypes were tested against zero using a one-1073 

sample Wilcoxon signed-rank test to determine whether population-matched models 1074 

showed an overall predictive advantage over population-mismatched models (P < 0.05). 1075 

Distributional calibration of Chinese and Western normative models. Distributional 1076 

calibration assesses whether the model-estimated conditional normative distributions 1077 

adequately approximate the observed data distribution, providing an essential basis for 1078 
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reliable individual-level inference from normative models53. Distributional calibration 1079 

can be assessed using model-derived deviation z-scores. In a well-calibrated GAMLSS 1080 

model, out-of-sample deviation z-scores are expected to approximately follow a normal 1081 

distribution54.  1082 

For each phenotype, a one-sample Kolmogorov–Smirnov (KS) test was used to 1083 

assess how closely the distribution of model-derived deviation z-scores matched the 1084 

expected standard normal distribution. The KS D-statistic quantified the magnitude of 1085 

distributional discrepancy, with smaller values indicating better calibration. For each 1086 

held-out test sample, a Bonferroni correction was applied across KS tests for all model 1087 

applications across 221 asymmetry phenotypes, yielding a significance threshold of P 1088 

< 0.05/ (2 × 221) = 1.13 × 10-4. Significant KS tests were considered evidence of poorer 1089 

calibration relative to the expected standard normal distribution.  1090 

To further characterize the nature of departures from normality, we calculated the 1091 

absolute skewness and absolute excess kurtosis of model-derived deviation z-scores in 1092 

each test sample. Absolute skewness captures deviations in distributional symmetry, 1093 

whereas absolute excess kurtosis captures deviations in tail heaviness; for both metrics, 1094 

smaller values indicated closer conformity to the expected standard normal distribution 1095 

and therefore better distributional calibration. Within each test sample, distributional 1096 

calibration metrics (KS D-statistic, absolute skewness, and absolute excess kurtosis) 1097 

were compared between population-matched and population-mismatched models using 1098 

paired Wilcoxon signed-rank tests across phenotypes to determine whether population-1099 

matched models showed better overall distributional calibration. 1100 
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Disorder-associated asymmetry deviations from normative models 1101 

To investigate whether population-matched normative models better captured disease-1102 

associated asymmetry deviations than population-mismatched normative models, we 1103 

included case–control datasets of neuropsychiatric disorders from Chinese and Western 1104 

populations. The Chinese case–control datasets comprised Alzheimer’s disease (AD; 1105 

399 patients, aged 43–89 years; 308 controls, aged 47–95 years), mild cognitive 1106 

impairment (MCI; 283 patients, aged 42–88 years; 287 controls, aged 47–95 years), 1107 

schizophrenia (SZ; 691 patients, aged 11–67 years; 762 controls, aged 9–65 years), and 1108 

major depressive disorder (MDD; 1,492 patients, aged 11–93 years; 1,715 controls, 1109 

aged 13–81 years). The Western case–control datasets comprised AD (871 patients, 1110 

aged 49–96 years; 1,359 controls, aged 19–96 years), MCI (782 patients, aged 55–93 1111 

years; 659 controls, aged 47–96 years), and SZ (344 patients, aged 16–59 years; 354 1112 

controls, aged 12–59 years). The same preprocessing and quality-control pipeline used 1113 

for the healthy data was applied to the patient data. To reduce potential age and sex 1114 

imbalance between patients and controls, propensity score matching (PSM) at a 1:1 1115 

ratio was performed separately for each disorder within each population before 1116 

estimating the AI deviations of patients. After matching, we included 304 Chinese case–1117 

control pairs for AD, 273 for MCI, 663 for SZ, and 1,319 for MDD; and 804 Western 1118 

case–control pairs for AD, 576 for MCI, and 306 for SZ.  1119 

For each combination of phenotypes, disorders, and populations, a linear mixed 1120 

model (LMM)55 was used to estimate case–control AI differences, which were used as 1121 

the reference for evaluating disease-associated AI deviations derived from normative 1122 
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models. In each LMM, AI was the dependent variable, diagnostic group was the fixed 1123 

effect of interest, age and sex were included as nuisance covariates, and scanner site 1124 

was modeled as a random intercept: 1125 𝐴ܫ = 0ߚ + ݌ݑ݋ݎܩ1ߚ + ݔ2ܵ݁ߚ + 3𝐴݃݁ߚ + ௦௜௧௘ߛ +  1126  ߝ

where γ and ε denote the site-specific random intercept and residual error, respectively. 1127 

With diagnostic group coded as patient = 1 and control = 0, β1 represented the covariate-1128 

adjusted case–control AI difference. This adjusted group effect was further standardized 1129 

as Cohen’s d for each phenotype.  1130 

To estimate disorder-associated AI deviations from normative models, deviation 1131 

z-scores were calculated for each patient using the population-matched and population-1132 

mismatched normative models, where site-specific effects were estimated from site-1133 

matched healthy controls. For each disorder and phenotype, Cohen’s d was calculated 1134 

from deviation z-scores derived from each model to quantify model-derived disorder-1135 

associated AI deviations relative to the normative expectation of zero.  1136 

For each disorder, we assessed which normative models (population-matched or 1137 

population-mismatched) better recapitulated observed case–control AI differences. For 1138 

each normative model, we calculated intraclass correlation coefficients (ICCs) to 1139 

evaluate across-phenotype agreement between model-derived and observed Cohen’s d 1140 

values of case–control AI differences. ICC differences between the two models were 1141 

assessed using permutation tests (1,000 permutations) to determine whether population-1142 

matched models provided a more accurate characterization of disorder-associated AI 1143 

deviations. 1144 
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Sensitivity analyses of Chinese–Western asymmetry differences 1145 

To evaluate whether Chinese–Western asymmetry difference patterns were robust to 1146 

age-specific sample-size imbalance, we derived resampled Chinese–Western difference 1147 

curves for each of the 221 phenotypes using the age-matched resampled trajectories. 1148 

Specifically, pairwise differences between 100 Chinese and 100 Western age-matched 1149 

resampled trajectories were computed as Chinese minus Western, yielding age-specific 1150 

95% CIs from 10,000 resampled difference curves. Robustness was quantified using 1151 

TCR. Each original Chinese–Western difference curve was sampled at 1,000 equally 1152 

spaced age points between 1 and 100 years, and TCR was defined as the proportion of 1153 

curve values at these sampled age points that fell within the corresponding age-specific 1154 

95% CIs from age-matched resampling. For each phenotype, the resampled Chinese–1155 

Western difference pattern was classified based on the age-specific 95% CIs from all 1156 

resampled difference curves. The resulting resampling-based pattern assignments were 1157 

then compared with the original assignments to evaluate the robustness of Chinese–1158 

Western difference-pattern classification.  1159 
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 1160 

Extended Data Fig. 1 | Sex consistency of Chinese–Western asymmetry difference 1161 

patterns. a, Assignments of Chinese–Western asymmetry difference patterns (Chinese 1162 

minus Western) for brain asymmetry phenotypes in males and females, with phenotypes 1163 

color-coded by their assignments. The bar chart shows the proportions of asymmetry 1164 

difference patterns across the 221 phenotypes in males and females. b, Phenotypes with 1165 

concordant (yellow) and discordant (green) Chinese–Western asymmetry difference 1166 

patterns between sexes, with corresponding proportions shown in the pie chart. c, An 1167 

example (supramarginal Gaussian curvature) of sex discordance in Chinese–Western 1168 

asymmetry difference patterns. For this phenotype, males show rightward difference, 1169 

whereas females show leftward difference. Abbreviation: CI, confidence interval. 1170 
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 1171 

Extended Data Fig. 2 | Predictive accuracy and distributional calibration of 1172 

Chinese and Western normative asymmetry models in an independent healthy 1173 

Western sample. a, Lollipop plot shows NRMSE reduction ratios for brain asymmetry 1174 

phenotypes. Positive values indicate better predictive performance of the Western 1175 

model compared with the Chinese model. Points are color-coded by phenotype category. 1176 

b, Distributional calibration of Chinese and Western models in the Western test sample. 1177 

The left panel shows -log10(P) values from phenotype-wise Kolmogorov–Smirnov tests 1178 

assessing whether deviation z-scores in the test sample conform to the expected normal 1179 

distribution; the horizontal dashed line indicates the Bonferroni-corrected significance 1180 

threshold of P = 1.13 × 10-4. Overall, Western models yield fewer phenotypes with 1181 
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significant departures than Chinese models (15 vs. 68). The right panel compares D-1182 

statistics of all phenotypes between the two models. c, Violin plots show phenotype-1183 

wise differences in absolute excess kurtosis (left panel) and absolute skewness (right 1184 

panel) of deviation z-scores (Chinese minus Western). Positive values indicate better 1185 

calibration for Western models than for Chinese models. Abbreviations: AI, asymmetry 1186 

index; KS, Kolmogorov–Smirnov; NRMSE, normalized root mean squared error. 1187 

  1188 
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 1189 

Extended Data Fig. 3 | Differences in disorder-associated AI deviations estimated 1190 

by Chinese and Western normative models in Western case–control pairs. a–c, AI 1191 

deviations (Cohen’s d values) for schizophrenia (a), Alzheimer’s disease (b), and mild 1192 

cognitive impairment (c) estimated by Chinese and Western normative models in the 1193 

Western case–control pairs. The upper panels display scatter plots of the observed (x-1194 

axis) versus predicted (y-axis) Cohen’s d values, and the lower panels show histograms 1195 

of permutation distributions of ICC differences, with the observed differences marked 1196 

by vertical red lines. 1197 

  1198 
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 1199 

Extended Data Fig. 4 | Robustness assessment of between-population asymmetry 1200 

difference under age-stratified matched subsampling. a, A representative example 1201 

(leftward asymmetry in the precentral gyrus) of robust Chinese–Western asymmetry 1202 

difference-patterns before (upper panel) and after (lower panel) age-stratified matched 1203 

subsampling. b, Phenotypes are color-coded according to the consistency of Chinese–1204 

Western asymmetry difference-pattern assignments between the full-sample analysis 1205 

and the age-stratified matched subsampling analysis. The pie chart shows proportions 1206 

of phenotypes with concordant (81.45%) and discordant (18.55%) assignments. 1207 
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 1208 

Extended Data Fig. 5 | Selecting optimal distributions for GAMLSS modeling of 1209 

brain asymmetry phenotypes. Bar plots show √ΔBIC values for candidate distribution 1210 

families across seven cortical asymmetry phenotypes for the whole cerebral hemisphere 1211 

and six subcortical volume asymmetry phenotypes. ΔBIC is calculated as the difference 1212 

between each distribution family’s BIC and the lowest BIC value for each phenotype. 1213 

Smaller √ΔBIC values indicate better model fit, with 0 indicating the best-fitting. For 1214 

regional cortical asymmetry phenotypes, the distribution selected for the corresponding 1215 

hemisphere-level cortical asymmetry measure is applied. Abbreviations: BIC, Bayesian 1216 

information criterion; GAMLSS, generalized additive models for location, scale and 1217 
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shape. 1218 

Data Availability 1219 

The normative models for cerebral asymmetry in the Chinese population are publicly 1220 

available on GitHub at https://github.com/linliyuan-panda/chinese-western-cerebral-1221 

asymmetry. The MRI datasets listed in Supplementary Table 1 and Supplementary 1222 

Table 3 are partially publicly available at the Adolescent Brain Cognitive 1223 

Development Study (https://nda.nih.gov/), the Autism Brain Imaging Data Exchange 1224 

Initiative (https://fcon_1000.projects.nitrc.org/indi/abide/), the ADHD200 1225 

(https://fcon_1000.projects.nitrc.org/indi/adhd200/), the Alzheimer’s Disease 1226 

Neuroimaging Initiative (https://adni.loni.usc.edu/), the Age_ility Project 1227 

(https://www.nitrc.org/projects/age-ility), the Baby Connectome Project 1228 

(https://nda.nih.gov/), the Brain Genomics Superstruct Project 1229 

(https://doi.org/10.7910/DVN/25833), the Calgary Preschool MRI Dataset 1230 

(https://osf.io/axz5r/), the Cambridge Centre for Ageing and Neuroscience Dataset 1231 

(https://www.cam-can.org/index.php?content=dataset), the Chinese Color Nest 1232 

Project 1233 

(https://www.scidb.cn/en/detail?dataSetId=c81f0e90a51b4cfca348ce4da6ca734e), the 1234 

Chinese Human Connectome Project 1235 

(https://www.scidb.cn/en/detail?dataSetId=f512d085f3d3452a9b14689e9997ca94), 1236 

the Cincinnati MR Imaging of Neurodevelopment 1237 

(https://nda.nih.gov/edit_collection.html?id=2329); the Consortium for Reliability and 1238 
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Reproducibility (https://fcon_1000.projects.nitrc.org/indi/CoRR/html/), the Dallas 1239 

Lifespan Brain Study (https://fcon_1000.projects.nitrc.org/indi/retro/dlbs.html), the 1240 

Developing Human Connectome Project 1241 

(http://www.developingconnectome.org/data-release/second-data-release/), the 1242 

University of North Carolina Early Brain Development Study 1243 

(https://www.med.unc.edu/psych/research/psychiatry-department-research-1244 

programs/early-brain-development-research/), the FBIRN Phase II Multi-site fMRI 1245 

programs (http://www.nbirn.net/Resources/Downloads), the Healthy Brain Network 1246 

(https://fcon_1000.projects.nitrc.org/indi/cmi_healthy_brain_network/MRI_EEG.html1247 

), the Human Connectome Project (https://www.humanconnectome.org), the Lifespan 1248 

Human Connectome Project (https://nda.nih.gov/), the Nathan Kline Institute-1249 

Rockland Sample Dataset (https://fcon_1000.projects.nitrc.org/indi/pro/nki.html), the 1250 

Neuroscience in Psychiatry Network Dataset (https://nspn.org.uk/), the Open Access 1251 

Series of Imaging Studies (https://sites.wustl.edu/oasisbrains/), the Pediatric Imaging, 1252 

Neurocognition, and Genetics (PING) Data Repository (http://pingstudy.ucsd.edu/), 1253 

the Pixar Dataset (https://openfmri.org/dataset/ds000228/), the Philadelphia 1254 

Neurodevelopmental Cohort 1255 

(https://www.med.upenn.edu/bbl/philadelphianeurodevelopmentalcohort.html), the 1256 

Queensland Twin Adolescent Brain 1257 

(https://openneuro.org/datasets/ds004146/versions/1.0.4), the Strategic Research 1258 

Program for Brain Sciences MRI Dataset (https://bicr-resource.atr.jp/srpbsopen/), the 1259 

OpenfMRI database ds000115 (https://openfmri.org/dataset/ds000115/), the 1260 
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SchizConnect Project (including the BrainGluSchi, the COBRE, the MCICShare, and 1261 

the NMorphCH dataset, https://schizconnect.org/), the Southwest University Adult 1262 

Lifespan Dataset (http://fcon_1000.projects.nitrc.org/indi/retro/sald.html), the 1263 

Southwest University Longitudinal Imaging Multimodal Brain Data Repository 1264 

(http://fcon_1000.projects.nitrc.org/indi/retro/southwestuni_qiu_index.html), and the 1265 

UK Biobank Brain Imaging Dataset (https://www.ukbiobank.ac.uk/). The dhcpSym 1266 

surface atlases in aged from 40 to 44 postmenstrual weeks is available at https://brain-1267 

development.org/brain-atlases/atlases-from-the-dhcp-project/cortical-surface-1268 

template/. The UNC 4D infant cortical surface atlases are available at 1269 

https://bbm.web.unc.edu/tools/. The fs_LR_32k surface atlas is available at 1270 

https://balsa.wustl.edu/.  1271 

Code Availability 1272 

Analysis code is publicly available on GitHub at https://github.com/linliyuan-1273 

panda/chinese-western-cerebral-asymmetry. The code used to implement the 1274 

GAMLSS models was adapted from Bethlehem et al.52 and is available on GitHub 1275 

(https://github.com/brainchart/Lifespan). Software packages used in this manuscript 1276 

include MRIQC v0.15.0 (https://github.com/nipreps/mriqc), QuNex v0.93.2 1277 

(https://gitlab.qunex.yale.edu/), HCP pipeline v4.4.0-rc-MOD-e7a6af9 1278 

(https://github.com/Washington-University/HCPpipelines/releases), dHCP structural 1279 

pipeline v1 (https://github.com/BioMedIA/dhcp-structural-pipeline), iBEAT pipeline 1280 

v2.0.0 (https://github.com/iBEAT-V2/iBEAT-V2.0-Docker), MSM v3.0 1281 
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(https://github.com/ecr05/MSM_HOCR), FreeSurfer v6.0.0 1282 

(https://surfer.nmr.mgh.harvard.edu/), FSL v6.0.5 1283 

(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki), Connectome Workbench v1.5.0 1284 

(https://www.humanconnectome.org/software/connectome-workbench), MATLAB 1285 

R2018b (https://www.mathworks.com/products/matlab.html), R v4.2.0 1286 

(https://www.r-project.org), GAMLSS package v5.4-3 (https://www.gamlss.com/),and 1287 

ggplot2 package v3.4.2 (https://ggplot2.tidyverse.org/). 1288 
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