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Abstract 220 

Bipolar disorder (BD) is a prevalent psychiatric condition characterized by marked clinical and 221 

neuroanatomical heterogeneity. Prior neuroimaging studies have used case-control 222 

comparisons yielding small to moderate effect sizes for group differences. Large and diverse 223 

samples are needed to map heterogeneity within BD. Here, we used individualized brain 224 

morphometry deviations derived from normative modeling for three MRI-based measures 225 

(regional cortical thickness, regional surface area, and subcortical volumes). We applied this 226 

approach to a large international sample of 4 660 individuals (1 145 with bipolar I disorder 227 

and 3 515 healthy controls) from the ENIGMA Bipolar Disorder Working Group consortium 228 

(age range = 8 - 80, female = 53.15%) and examined the distribution of deviations within the 229 

bipolar disorder group, differences between healthy controls and individuals with bipolar 230 

disorder, and associations between neuroanatomical deviations and clinical variables. We 231 

found that individuals with bipolar disorder showed a higher proportion of localized extreme 232 

deviations, notably negative cortical thickness deviations in regions consistently reported as 233 

thinner in prior studies (the left superior frontal gyrus, bilateral inferior frontal gyrus (pars 234 

opercularis), left precuneus) and subcortical volume negative deviations in the left 235 

hippocampus. In addition, ROI-level deviations in the left middle temporal gyrus and the left 236 

inferior temporal gyrus were associated with longer illness duration. This is the largest study 237 

to date exploring individualized deviations as neuroanatomical features associated with 238 

bipolar disorder. Our findings suggest that neuroanatomical heterogeneity is a core feature 239 

of bipolar disorder, with preferential left-lateralized cortical-hippocampal involvement 240 

pointing to spatially structured heterogeneity. 241 



 

Introduction 242 

Bipolar disorder (BD) is a common psychiatric disorder characterized by recurrent episodes of 243 

mania/hypomania and depression, resulting in significant functional impairment (1). 244 

Neuroimaging research has identified both structural and functional alterations across a wide 245 

range of brain regions in BD. Functional MRI studies have suggested that BD involves 246 

abnormalities in fronto-limbic circuits supporting emotion processing and regulation, 247 

including both voluntary and automatic regulatory processes, with disrupted prefrontal 248 

modulation of limbic regions contributing to emotional dysregulation (2,3). Although these 249 

functional models highlight key circuits involved in emotion regulation, structural MRI studies 250 

suggest that neuroanatomical alterations in BD are not restricted to fronto-limbic regions and 251 

are instead distributed across multiple cortical and subcortical systems. Recent large-scale 252 

studies from the ENIGMA Bipolar Disorder Working Group have found widespread patterns 253 

of thinner cortex across frontal, temporal, and parietal regions, including the left pars 254 

opercularis, fusiform gyrus, and rostral middle frontal cortex, together with smaller 255 

hippocampal and thalamic volumes and enlarged lateral ventricles (4,5). 256 

Nevertheless, several challenges remain for improving the translational impact of 257 

neuroimaging study findings (6–8). First, the widespread pattern of thinner cortex in BD from 258 

large-scale studies does not identify specific brain regions or circuits that clearly relate to BD 259 

clinical features such as illness severity, treatment or future course (5). Second, results from 260 

large samples show that BD is associated with small to moderate effect sizes or subtle 261 

abnormalities in brain structure (5). Last, despite reproducible group-level brain signatures in 262 

BD established by large case-control neuroimaging studies, their translational potential at the 263 

individual level remains limited, potentially reflecting the marked clinical and treatment-264 

related heterogeneity of the disorder. Differences in illness course, clinical features, and 265 

exposure to psychotropic medications may contribute to, or be associated with, 266 

heterogeneity in neuroanatomical features (9–13). 267 

Conventional case-control analyses primarily focus on mean differences and may therefore 268 

provide limited insight into inter-individual heterogeneity (14–16). Moreover, classical linear 269 

models often rely on assumptions about variance structure, including homoscedasticity, 270 

which may be difficult to satisfy in heterogeneous psychiatric populations (17). Moving 271 

beyond mean differences may thus better capture inter-individual variability, as illustrated by 272 

recent evidence of altered brain-structure variability in schizophrenia spectrum disorders 273 

(18), and ultimately contribute to precision psychiatry (19). Examining variability beyond 274 

mean differences may therefore help identify both heterogeneous deviation patterns 275 

reflecting inter-individual differences and more stable deviation patterns shared across 276 

individuals with BD. In classical linear modeling frameworks, extreme observations are 277 

commonly interpreted as aberrant values and may be removed to satisfy model assumptions. 278 

Such extreme observations may carry clinically relevant information that is obscured by 279 

approaches focused on average group effects (14). Normative modeling can therefore 280 

complement case-control comparisons by capturing individual-level deviations that may be 281 

obscured by average group effects. 282 

In this framework, each individual’s neuroanatomical features are compared with values 283 

expected from a reference population model, after accounting for covariates such as age, sex, 284 

and site. This approach quantifies the extent to which an individual’s brain measures deviate 285 

from expected normative values, yielding a personalized deviation-based metric analogous to 286 

developmental growth charts used in pediatrics. Normative modeling allows individual 287 

deviations to be quantified while accounting for biological and technical covariates and 288 



 

capturing potentially nonlinear relationships between these covariates and brain features 289 

(20,21). Moreover, the Bayesian approach used in normative modeling can take into account 290 

various sources of uncertainty, enabling predictions at the individual level (15). In 291 

neuroimaging, normative modeling has demonstrated potential in psychiatric research by 292 

revealing heterogeneity in psychiatric disorders (22–24). Prior studies using normative 293 

modeling in BD remain limited. Wolfers et al. (2018) identified grey matter deviations in a 294 

transdiagnostic sample including patients with schizophrenia spectrum disorders and bipolar 295 

disorder (25). These deviations were distributed across multiple brain regions and showed 296 

limited overlap among patients, with only a few loci affected in more than 2% of patients. In 297 

the BD subgroup of the discovery sample (N = 190), deviations were mainly observed in 298 

cerebellar regions. Across the clinical groups, the study also reported associations between 299 

the overall proportion of extreme deviations and cognitive performance and illness duration. 300 

Similar results were found in two independent replication samples including 116 and 61 301 

individuals with BD, respectively, with greater overlap in the thalamus and a maximum 302 

overlap of only 9% of participants (26). A separate study with 228 BD cases confirmed the 303 

heterogeneity of affected brain regions, showing less than 7% overlap but greater overlap 304 

when considering deviations within functional networks (27). Capturing the heterogeneity of 305 

BD in structural MRI requires large samples to ensure generalizability and to characterize 306 

inter-individual variability. However, large-scale studies systematically examining individual-307 

level structural brain deviations specifically in BD remain scarce. Most prior work on brain 308 

heterogeneity has focused on transdiagnostic comparisons across psychiatric disorders, while 309 

the clinical relevance and generalizability of individual brain deviations within BD remain 310 

largely unexplored. This question is critical in real-world neuroimaging settings, where 311 

variability in scanners, acquisition protocols, inclusion criteria, and geographic populations 312 

poses major challenges to the generalizability of individual-level inferences. 313 

We aimed to disentangle the heterogeneity observed in neuroimaging studies of BD by 314 

examining deviations in cortical thickness, surface area and subcortical volume compared to 315 

healthy controls. We hypothesized that individuals with BD would exhibit heterogeneous 316 

patterns of extreme structural deviations in grey matter across the brain. Specifically, we first 317 

characterized the spatial distribution and whole-brain burden of individualized extreme 318 

deviations in BD, and then compared deviation burden and ROI-level deviation status 319 

between individuals with BD and controls. Finally, we examined whether the magnitude and 320 

spatial distribution of grey matter deviations were associated with clinically relevant features 321 

of BD.  322 

 323 

Methods 324 

Sample 325 

All included patients met criteria for a BD-I diagnosis. Data were initially contributed by 29 326 

independently collected neuroimaging sites participating in ENIGMA-BD (28). One site was 327 

not retained prior to analysis after preliminary site-level diagnostic inspection identified a 328 

markedly different age-related cortical thickness pattern compared with the other cohorts, 329 

leaving 28 sites. Information on diagnostic procedures and medication data collection at each 330 

site is provided in Supplementary Table 1. 331 

Participants with MRI data missing due to ENIGMA-standard visual quality control (see MRI 332 

data) were excluded using feature-specific thresholds determined from the missingness 333 

distribution in the present dataset. Specifically, individuals with more than 9% missing cortical 334 

thickness regional measures (157 subjects), 10% missing surface area regional measures (245 335 



 

subjects), or 6% missing subcortical volume regional measures (1080 subjects) were excluded. 336 

For SV, this threshold effectively retained participants with at most one missing measure and 337 

excluded those with two or more missing measures. These thresholds were chosen to balance 338 

data quality and sample retention, and are broadly comparable to prior ENIGMA normative-339 

modeling work using FreeSurfer-derived morphometric measures, which retained scans with 340 

<5% missing regional measures or intracranial volume values (29). For subjects with fewer 341 

missing values than the predefined cut-off, missing ROI values were imputed using the ROI-342 

specific median computed across all sites, separately for the control training set, the control 343 

test set, and the BD sample. Participants with missing diagnosis, age, sex, or site information 344 

were also excluded. 345 

For each MRI-derived measure, only sites providing enough control participants to estimate 346 

site-specific normative parameters (training set of at least 30 subjects) were retained.  347 

Following recent work using normative modeling as an objective quality-control approach to 348 

detect extreme imaging-derived outliers, we applied an additional feature-level QC step (30). 349 

Values with an absolute normative-model Z-score ≥ 5 in the control test set and BD sample 350 

were treated as extreme non-biological values and replaced with the corresponding ROI-351 

specific median. This step was distinct from the identification of normative deviations, which 352 

used the ±1.96 threshold and constituted the main signal of interest. 353 

Because some cohorts did not meet these feature-specific quality-control and minimum-354 

sample criteria, the number of contributing sites differed across measures. An overview of 355 

data processing is provided in Supplementary Figure 1. 356 



 

 357 

Table 1. Sample size and demographic characteristics across MRI-derived measures 358 

 Cortical thickness Surface area Subcortical volume 

 

CTRL 

(N = 3 515) 
BD-I 

(N = 

1145) 

CTRL 

(N = 3 504) 
BD-I 

(N = 1 

159) 

CTRL 

(N = 2655) 
BD-I 

(N = 1 

070) 
Train 

(N = 2 

812) 

Test 

(N = 

703) 

Train 

(N = 2 

803) 

Test 

(N = 

701) 

Train 

(N = 2 

124) 

Test 

(N = 

531) 

Age, 

mean  

(SD, 

range) 

33.4  

(12.4, 8-80)  
35.5  

(13, 8-

80) 

33.1 

(12.3, 8-72)  
34.6 

(12.9, 8-

67) 

32.8 

(12.4, 8-80) 
35.3 

(12.9, 8-

80) 
33.5  

(12.4, 8-

80) 

33.1  

(12.6, 9-

66) 

33.2 

(12.1, 8-

72) 

32.9 

(12.8, 9-

66) 

32.7 

(12.4, 8-

80) 

33.3 

(12.4, 8-

72) 

Femal

e,  

N (%) 

1885 (53.6%) 

592 

(51.7%) 

1875 

(53.5%) 
600 

(51.8%) 

1391 

(52.4%) 
560 

(52.3%) 
1505 

(53.5%) 

380 

(54.1%) 

1496 

(53.4%) 

379 

(54.1%) 

1115 

(52.5%) 

276 

(52%) 

Abbreviations: BD-I, bipolar I disorder; CTRL, control; SD, standard deviation. 359 
 360 



 

MRI data 361 

Detailed acquisition information for the T1-weighted brain MRI data is available in 362 

Supplementary Table 2. The T1w images were preprocessed using standard ENIGMA 363 

protocols, available at https://github.com/ENIGMA-git. Briefly, cortical measures and 364 

subcortical volumes were obtained using FreeSurfer (31), followed by quality checks based on 365 

ENIGMA-standard procedures, including outlier detection and visual inspection of all ROIs. 366 

Each site provided MRI-derived features for brain images segmented using the Desikan-367 

Killiany atlas (Desikan et al, 2006) for cortical measures. The atlas includes 68 cortical regions 368 

of interest (34 per hemisphere), along with hemisphere-level mean cortical thickness (CTh) 369 

and surface area (SA). Subcortical segmentation and extraction of subcortical volumes were 370 

conducted using the automatic segmentation of subcortical volumes atlas (ASEG (31)), which 371 

included 16 regions (8 per hemisphere). 372 

We conducted our analysis separately for three structural neuroimaging measures: CTh, SA 373 

and subcortical volume (SV).  374 

 375 

Normative modeling 376 

The normative modeling analyses were conducted using PCNtoolkit (v0.29), with a pipeline 377 

adapted from Rutherford et al., 2022 (32). Controls were randomly separated into a training 378 

set, containing 80% of participants from each site, and an independent test set including the 379 

remaining 20%, used to evaluate model performance. The normative model was estimated 380 

only from the control training set and then applied out-of-sample to both the control test set 381 

and the BD sample. We tested two normative modeling approaches for each neuroimaging 382 

feature: Bayesian linear regression (BLR) and hierarchical Bayesian regression (HBR). For BLR 383 

models, age, sex, and site were included as covariates, with intracranial volume additionally 384 

included for SA and SV (5). For HBR models, age was included as a covariate, with intracranial 385 

volume additionally included for SA and SV, while site and sex were specified as batch effects 386 

(33,34). Within the HBR framework, we used a SHASH likelihood for CTh and a standardized 387 

Gaussian HBR configuration for SA and SV, based on held-out SMSE and Rho. 388 

Finally, we applied each of our unique ROI-specific normative models to the control test set 389 

and to the BD sample to compute a z-score for each subject, corresponding to the measure 390 

of the distance between the actual feature value and the expected value while controlling for 391 

the subject's covariates. For each ROI, deviation status was defined by identifying values 392 

below −1.96 or above 1.96, corresponding to negative and positive deviations from the 393 

expected normative value, respectively (i.e., the deviation status). At the whole-brain level, 394 

we defined direction-specific whole-brain deviation burden (WDB, table 2), corresponding to 395 

the number of ROIs showing either negative or positive deviations (35).  396 

 397 

Deviation distribution 398 

We studied the deviation status distribution across the brain for each ROI and each participant 399 

of the BD group (table 2). We focused on the percentage of participants presenting deviations 400 

at each ROI and computed a ratio of positive to negative deviations per ROI (table 2). 401 

 402 



 

Table 2. Summary of normative modeling measures  403 

Normative 

modeling measures 
Definition Interpretation 

Deviation status 

(DS) per ROI 

At each ROI, is the z-score < -1.96 

(negative deviation) or > 1.96 

(positive deviation) 

At each ROI, a participant can 

display a negative or a positive 

deviation 

Whole-brain 

deviation burden 

(WDB) 

Negative deviation burden: 

number of ROIs with z-score < 

−1.96 

Positive deviation burden: 

number of ROIs with z-score > 

1.96 

Each participant has direction-

specific WDB values, 

corresponding to the number of 

negative or positive deviations 

across the brain (between 0 and 

70 for cortical measures, and 0 

and 16 for subcortical volumes) 

Ratio positive / 

negative 
 

Values >1 indicate that positive 

deviations are more frequent 

than negative deviations at a 

given ROI; values <1 indicate 

that negative deviations are 

more frequent. 

 404 



 

Statistical analyses 405 

We performed group comparisons for deviation status and deviation burden. Using chi-406 

squared tests and Welch's t-tests, we examined the association between BD diagnosis and DS 407 

for each ROI and compared WDB between BD and control groups in the test set. 408 

Associations between normative modeling measures and clinical variables within the BD 409 

group were assessed according to the type of imaging-derived and clinical variable. For CTh, 410 

clinical association analyses focused on negative deviations, whereas both negative and 411 

positive deviations were examined for SA and SV. Clinical variables included illness duration, 412 

history of psychotic symptoms, and medication status at the time of the scan, coded as binary 413 

variables for lithium, antiepileptics, antidepressants, and second-generation antipsychotics. 414 

For ROI-level deviation status, coded as a binary variable, associations with binary clinical 415 

variables were tested using chi-squared tests, whereas associations with continuous clinical 416 

variables such as illness duration were tested using Welch's t-tests. For WDB, associations 417 

with continuous clinical variables were assessed using Spearman’s rank correlations, whereas 418 

associations with binary clinical variables were assessed by comparing WDB between clinical 419 

subgroups using Welch's t-tests. Medication analyses were additionally restricted to 420 

participants with complete medication data. For these analyses, WDB was modeled using 421 

negative binomial regression to account for overdispersion, whereas ROI-level deviation 422 

status was modeled using logistic regression. The first-generation antipsychotic medication 423 

variable was not analyzed because of the relatively small number of individuals receiving this 424 

treatment (NCTh = 120, NSA = 112, NSV = 121). 425 

Within each MRI-derived feature, p-values from whole-brain deviation burden analyses, ROI-426 

level group comparisons, whole-brain clinical association analyses, and ROI-level clinical 427 

association analyses were corrected together using the Benjamini–Hochberg false discovery 428 

rate procedure at q = 0.05. Effect sizes are reported as Cohen’s d, computed using the original 429 

mean-difference formulation (36) when applicable, and as odds ratios otherwise. In the main 430 

text, effect sizes, odds ratios and corrected p values are reported only for results that 431 

remained significant after correction. Full results are provided in the Supplementary 432 

Materials. 433 

 434 

Results 435 

Our sample comprised 4 660 individuals, with variation in sample size across MRI-derived 436 

features due to the quality control procedures described in Supplementary Figure 1. For CTh, 437 

the sample consisted of 3 515 controls (mean age = 33.44 years; 1 885 females [53.63%]) and 438 

1 145 BD (mean age = 35.50 years; 592 females [51.7%]). For SA, the sample comprised 3 504 439 

controls and 1 159 BD, and for SV, 2 655 controls and 1 070 BD. Demographics are described 440 

in Supplementary Tables 3-8, including dataset descriptions and train/test set descriptions for 441 

each neuroimaging feature. 442 

 443 

Normative modeling  444 

For each neuroimaging feature, Bayesian linear and hierarchical Bayesian regressions 445 

performed similarly well. Although both algorithms showed comparable test-set 446 

performance, we used outputs from the HBR algorithm due to its better capacity to account 447 

for site effects in multisite settings (34,37). Using the HBR algorithm, average test-set 448 

performance metrics for CTh (figure 1), SA (SF2), and SV (SF3) were: SMSE (Standardized 449 

Mean Squared Error)CTh = 0.61 (SD = 0.12) and RhoCTh = 0.62 (SD = 0.09), SMSESA= 0.61 (SD = 450 

0.13) and RhoSA = 0.62 (SD = 0.11), SMSESV= 0.53 (SD = 0.13) and RhoSV = 0.68 (SD = 0.1). All 451 



 

SMSE values were below 1, indicating good predictive performance of the normative models, 452 

in line with prior report (38). 453 

 454 

 455 

Figure 1 456 

 457 

Deviation distribution 458 

For CTh, 62% of participants in the BD group presented at least one negative deviation from 459 

the normative model. The mean WDB per participant was 2.95 (SD = 5.03) across the brain. 460 

In comparison, 51% of control participants had at least one negative deviation, with a mean 461 

WDB of 1.77 (SD = 3.38). In the BD group, 75% of the participants had at least one positive 462 

deviation, with a mean WDB of 2.06 (SD = 3.41). In the control group, 72% of the participants 463 

had at least one positive deviation, with a mean WDB of 2.06  (SD = 3.21). Deviations were 464 

frequent, but locations were inconsistent across individuals in the BD group. The ROI with the 465 

greatest overlap in deviations was the left superior frontal gyrus, where approximately 8.5% 466 

of individuals with BD showed negative deviations (Supplementary Table 9). The ratio of 467 

positive / negative deviations was below 1 for most regions in BD, indicating a general pattern 468 

of negative deviations (Figure 2). 469 

For SA, 58% of participants in the BD group presented at least one negative deviation, with a 470 

mean WDB of 1.86. The corresponding numbers for controls were 53% and 1.49. 82% of 471 

participants in the BD group exhibited at least one positive deviation, with a mean WDB of 472 

2.91. 80% of participants in the control group had at least one positive deviation, with a mean 473 

WDB of 2.84. Deviation locations varied across individuals in the BD group, with a maximum 474 

overlap of almost 6% for positive deviations, on the left paracentral lobule and the left 475 

isthmus cingulate cortex. The ratio of positive / negative deviations was above 1 for most 476 

regions in BD, indicating a general pattern of positive deviations (Supplementary Table 10 and 477 

Supplementary Figure 4). 478 

For SV, 25% of participants in the BD group presented at least one negative deviation, with a 479 

mean WDB of 0.44. 17% of participants in the control group exhibited at least one negative 480 

deviation, with a mean WDB of 0.27. 43% of participants in the BD group showed at least one 481 

positive deviation, with a mean WDB of 0.83. 39% of participants in the control group 482 

presented at least one positive deviation, with a mean WDB of 0.62. SV deviations were also 483 

inconsistent across participants, with a maximum overlap of 7% for the left lateral ventricle. 484 

Ratios were mostly above 1, indicating a predominance of positive deviations, with especially 485 

high values for the lateral ventricles due to the scarcity of negative deviations (Supplementary 486 

Table 11 and Supplementary Figure 5). 487 

 488 

Figure 2  489 

 490 

Association between deviations and diagnosis 491 

For CTh, at the whole brain level, those with BD showed significantly more negative 492 

deviations, with a higher WDB compared to controls (d = 0.26, p < 0.01) (Supplementary Table 493 

12 and Figure 3). When considering each ROI independently, diagnosis was significantly 494 

associated with a higher likelihood of a negative deviation in the left superior frontal gyrus 495 

(OR = 2.74, p <  0.01), pars opercularis (OR = 3.14, p < 0.01), and precuneus (OR = 2.88, p = 496 

0.02). On the right hemisphere, we found an association, but only for the pars opercularis (OR 497 

= 3.14, p = 0.02) (Supplementary Table 13 and Figure 3). 498 



 

For SA, we did not find any significant association between diagnosis and WDB 499 

(Supplementary Table 14 and Supplementary Figure 6). When examining deviation status for 500 

each ROI, no association remained significant after correction for multiple comparisons 501 

(Supplementary Table 15 and Supplementary Figure 6). 502 

For SV, individuals with BD showed a significantly higher WDB than controls for both negative 503 

(d = 0.18, p = 0.02) and positive (d = 0.18, p = 0.02) deviations. When examining each ROI 504 

separately with the deviation status, we found a significant association between diagnosis 505 

and negative deviation status only for the left hippocampus, indicating increased odds of 506 

deviation in participants with BD (OR = 4.29, p = 0.018) (Supplementary Table 17 and 507 

Supplementary Figure 7). 508 

 509 

Figure 3 510 

 511 

Clinical variables and deviations 512 

Within the BD group, the presence of a deviation in specific brain regions was associated with 513 

longer illness duration compared with the absence of a deviation. This association was 514 

observed in the left middle temporal gyrus (d = 0.70, p = 0.018) and the left inferior temporal 515 

gyrus (d = 0.87, p = 0.02) (Supplementary Table 18 and Figure 4). No significant association 516 

was found between any of the clinical variables, including medications, and WDB 517 

(Supplementary Table 19). No ROI-level association between medication status and deviation 518 

status survived FDR correction. 519 

For the surface area, we found no significant association between WDB and clinical variables, 520 

nor between ROI deviation status and clinical variables (Supplementary Tables 20 and 21). 521 

No significant association was detected between subcortical volume deviations and any of 522 

the clinical variables analyzed (Supplementary Tables 22 and 23). 523 

 524 

Figure 4 525 

 526 

Discussion 527 

This study represents the largest analysis to date applying normative modeling to structural 528 

brain features in BD. We investigated individualized deviations across multiple anatomical 529 

features, including cortical thickness, cortical surface area, and subcortical volumes. 530 

Individuals with BD showed a higher whole-brain burden of negative cortical thickness 531 

deviations, and a higher burden of both negative and positive subcortical-volume deviations, 532 

compared with controls. At the regional level, negative cortical thickness deviations in frontal 533 

and parietal regions were significantly more frequent in BD, and a region-specific subcortical 534 

association was observed for the left hippocampus. In addition, the presence of deviations in 535 

the left middle temporal and left inferior temporal gyri was associated with longer illness 536 

duration. 537 

Although we examined multiple MRI-derived features, we did not identify a single region that 538 

consistently deviated from normative models across individuals with BD. Deviations varied 539 

substantially between individuals, rarely affecting the same anatomical regions, with a 540 

maximum overlap below 10% across participants with BD. This heterogeneous spatial 541 

distribution is consistent with prior normative modeling studies showing limited regional 542 

overlap of individual deviations in BD and other psychiatric disorders, with maximum regional 543 

overlap typically below or around 10% (27,33,39,40). Future studies could apply mixture 544 



 

modeling to individualized deviation profiles to identify neuroanatomical subgroups and test 545 

their clinical relevance (41). 546 

 547 

Regional and global deviations from the norm in BD 548 

Only four cortical regions and one subcortical region showed significant deviation differences 549 

between BD and controls. The left superior frontal gyrus has previously been implicated in 550 

structural abnormalities in BD, including smaller grey matter volumes in prefrontal subregions 551 

(42,43). This region is involved in executive functions, including working memory, and is 552 

connected to multiple large-scale networks, including cognitive control and default mode 553 

networks (44,45). Similarly, the pars opercularis, a subdivision of the inferior frontal gyrus 554 

that showed significant deviations bilaterally in our analysis, has been implicated in BD, with 555 

evidence of lower grey matter volume and hypoactivation during emotion processing tasks 556 

(42,46). It has also been implicated in cortical thinning across BD and schizophrenia, 557 

suggesting that alterations in this region may partly reflect neurobiological mechanisms 558 

shared across psychotic disorders (47). As a key component of the fronto-limbic network, 559 

alterations in this region may contribute to emotion regulation and executive dysfunction in 560 

BD (48). The precuneus has also been implicated in BD across neuroimaging modalities, with 561 

reports of altered resting-state activity and functional connectivity within the default mode 562 

network (42,49). As a central hub of the default mode network, the precuneus is involved in 563 

self-referential processes and internally oriented cognition, which may be relevant to 564 

rumination and mood dysregulation in BD (50,51). At the subcortical level, the left 565 

hippocampus was the only region showing a significant enrichment of negative deviations. As 566 

a core limbic structure supporting memory and emotion regulation, the hippocampus is also 567 

among the most stress-sensitive regions of the brain (52). Hippocampal volume reduction is 568 

one of the most consistently replicated subcortical findings in BD, being most evident in BD-I 569 

(4), and has been related to recurrent mood episodes and cumulative illness burden (53). 570 

We propose that the heterogeneous spatial distribution of deviations observed in the BD 571 

group may partly reflect underlying clinical and biological heterogeneity, consistent with 572 

evidence that BD subphenotypes differ in their clinical and genetic profiles (11). While group-573 

level analyses identified only a limited number of regions, this smaller set may represent 574 

recurrent points of convergence within the broader inter-individual heterogeneity of brain 575 

alterations in this BD-I sample. Although these localized findings partly overlap with regions 576 

previously identified using classical case-control approaches, normative modeling provides 577 

complementary information by identifying individuals with extreme deviations from the 578 

expected normative range rather than estimating only average group differences. Notably, 579 

fewer regions were identified compared with previous studies, but these regions showed 580 

large odds ratios, suggesting that the pipeline may highlight regions in which extreme 581 

individual deviations recur more consistently in BD. This was most marked for the left 582 

hippocampus. For this region specifically, the higher proportion of individuals showing lower-583 

than-expected hippocampal volume suggests that the smaller average hippocampal volumes 584 

reported in case-control studies may reflect a higher prevalence of below-expected values 585 

across patients rather than a uniform downward shift of the whole group (14). Whether this 586 

prevalence reflects a discrete neuroanatomical subgroup or a continuum of increased inter-587 

individual variability remains to be determined and could be tested using the mixture-588 

modeling approaches outlined above (54,55). 589 

 590 



 

Consistent with this interpretation, individuals with BD in our sample exhibited a higher 591 

overall number of deviations than controls. Although the effect sizes for WDB were modest, 592 

this measure provides information that is complementary to traditional case-control analyses. 593 

Rather than identifying regions that differ on average between groups, WDB summarizes, at 594 

the individual level, the number of brain regions showing extreme deviations from the 595 

expected normative range, even when the specific regions involved overlap little across 596 

individuals. Although the total number of deviations provides a quantitative index of brain 597 

alterations in BD, its direct clinical applicability remains limited compared with the 598 

identification of specific affected regions. Nevertheless, a higher burden of deviations may 599 

increase the likelihood of functional disruption within shared neural systems (27).  600 

By examining the ratio of positive to negative deviations, we demonstrated distinct global 601 

patterns of deviation across MRI features, with predominantly negative deviations for cortical 602 

thickness and predominantly positive deviations for cortical surface area and subcortical 603 

volumes. The relative predominance of positive versus negative deviations in SA and SV 604 

should be interpreted cautiously, as it may partly reflect residual tail miscalibration. The range 605 

of deviation ratios was wider at the subcortical level, with predominantly positive ventricular 606 

and negative hippocampal deviations, both potentially consistent with reduced brain tissue 607 

volume. The divergent patterns observed between cortical features may appear 608 

counterintuitive, as some regions showed negative cortical thickness deviations but positive 609 

surface area deviations. However, visual inspection suggested only partial spatial overlap 610 

between these CT and SA patterns, with each feature showing relatively consistent directional 611 

trends. This dissociation is consistent with evidence that cortical thickness and surface area 612 

reflect partly distinct neurobiological dimensions. Surface area has been suggested to be 613 

more closely related to early neurodevelopmental and genetically influenced processes, 614 

whereas cortical thickness may be more dynamic across the lifespan and more sensitive to 615 

environmental, illness-related, and treatment-related factors (56–58). At the subcortical 616 

level, individuals with BD carried a higher burden of both negative and positive deviations 617 

than controls (d ≈ 0.18 for each). An elevation of extreme deviations in both directions is 618 

consistent with greater inter-individual variability rather than a directional group shift, in line 619 

with reports of increased brain-structural variance in BD and related disorders (18) At the 620 

regional level, however, deviations remained structure-specific, notably including ventricular 621 

enlargement, a well-replicated feature of BD associated with recurrent episodes and illness 622 

progression (59,60). Subcortical analyses were nonetheless based on fewer regions and a 623 

smaller sample than the cortical analyses, and the subcortical deviation patterns should 624 

therefore be interpreted with corresponding caution. 625 

 626 

Clinical associations with brain deviations 627 

We found that the presence of deviations in the left middle temporal and the left inferior 628 

temporal gyri was associated with longer illness duration. These regions overlap with 629 

temporal areas previously implicated in BD cortical abnormalities, and may relate to higher-630 

order visual and socio-emotional processing (5,61). These illness-duration associations may 631 

reflect neuroprogressive changes; in this context, “neuroprogressive” refers to illness-related 632 

changes that may accumulate over time through recurrent mood episodes, stress-related 633 

mechanisms, inflammation, oxidative stress, or altered neuroplasticity, although the cross-634 

sectional design precludes direct inference about progressive brain change (53,62–64). 635 

However, results regarding temporal regions have been mixed, with some studies reporting 636 

greater grey matter volume (65). Consequently, interpretations of illness duration effects 637 



 

should be approached with caution, as this variable encompasses a broad and heterogeneous 638 

range of clinical trajectories and disease courses (66,67).  639 

We found no association between medication at the time of the scan and deviations in any of 640 

the normative modeling features we examined. This contrasts with prior evidence of 641 

medication-related structural differences in BD, particularly lithium-associated larger 642 

subcortical and grey-matter volumes, which has been interpreted as supporting potential 643 

neurotrophic or neuroprotective effects of lithium (4,5,68,69). One possible explanation is 644 

that our analyses focused solely on extreme deviations, while previously reported medication 645 

effects may arise from more subtle, non-extreme group-level differences. Finally, medication 646 

analyses were limited by the availability and granularity of treatment data: medication status 647 

at the time of the scan provides only a coarse proxy for treatment exposure, without detailed 648 

information on dose, duration, treatment history, or past medication use, and analyses were 649 

restricted to cohorts with available medication data.  650 

 651 

 652 

This study has several key strengths. The large, multisite sample drawn from ENIGMA-BD 653 

enhances the generalizability of our findings by applying standardized processing and quality 654 

control procedures from geographically distributed MRI data. In addition, we conducted a 655 

comprehensive structural neuroimaging analysis across multiple MRI-derived features, 656 

encompassing both cortical and subcortical structures. By integrating normative modeling 657 

outputs with clinical variables, we identified associations between ROI-level cortical thickness 658 

deviations and illness duration, suggesting that individual brain deviations may capture some 659 

aspects of cumulative illness exposure, while remaining exploratory. 660 

Several limitations should be considered when interpreting our findings. Our sample was 661 

restricted to BD-I, and the generalizability of these findings to BD-II and the broader bipolar 662 

spectrum remains to be established. Moreover, this study focused exclusively on structural 663 

neuroimaging, which captures only a subset of the neurobiological alterations associated with 664 

BD. Future work could extend normative modeling approaches to other imaging modalities, 665 

such as functional MRI, where deviations in functional connectivity may provide a 666 

complementary, network-level perspective on inter-individual heterogeneity (70). The cross-667 

sectional design limits interpretation of illness-duration associations; longitudinal data could 668 

clarify disease-related trajectories by tracking within-individual changes in deviation scores 669 

over time (71,72). Longitudinal data would enable a more precise characterization of disease-670 

related trajectories, and advanced methods are currently being developed to quantify 671 

dynamic changes in deviation scores and to assess intra-individual progression or 672 

normalization over time (72). Finally, effect sizes for statistically significant findings were 673 

modest. Although modest effects are common in large-scale neuroimaging studies, their 674 

clinical relevance and stability across independent cohorts remain to be established, 675 

supporting the need for replication and external validation (73). Given the exploratory scope 676 

of the study, spanning multiple MRI-derived features, brain regions, deviation directions, and 677 

clinical variables, stringent correction for multiple comparisons was necessary to limit false-678 

positive findings. This approach may have reduced sensitivity to weaker or more distributed 679 

associations, particularly in the clinical analyses. 680 

 681 

Taken together, our findings indicate that BD is characterized by an increased burden of 682 

extreme structural deviations, particularly negative cortical thickness deviations, together 683 

with a restricted set of recurrent abnormalities involving frontal and parietal cortical regions 684 



 

and the left hippocampus. Although this study represents the largest investigation of its kind 685 

to date, replication in independent cohorts and validation against clinical outcomes will be 686 

necessary to confirm these findings. Individualized brain deviations may represent useful 687 

candidate neuroimaging features for capturing neuroanatomical heterogeneity in BD and 688 

informing future stratification-oriented research. 689 
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Figures 1092 

 1093 

Figure 1. Distribution of HBR model performance metrics for cortical thickness. A and B: 1094 

distribution across sites for SMSE (A) and Rho (B). C and D: cortical distribution of SMSE (C) 1095 

and Rho (D). 1096 
Abbreviations: HBR, Hierarchical Bayesian Regression; SMSE, Standardized Mean Squared Error.  1097 
 1098 

Figure 2. Cortical thickness ratio of positive to negative deviations per ROI for participants in 1099 

the BD group.  1100 

 1101 

Figure 3. Group comparison of cortical thickness deviations. ** indicates FDR-corrected p < 1102 

0.05. A. Group comparison for the whole-brain deviation burden across cortical brain regions. 1103 

B. Group comparison for deviation status at each ROI with the left side of the chart 1104 

corresponding to the left hemisphere and the right side corresponding to the right 1105 

hemisphere (left chart for negative deviations and right chart for positive deviations).  1106 
Abbreviations: for frontal lobe: SF, superior frontal gyrus; RMF, rostral middle frontal gyrus; CMF, caudal middle frontal gyrus; 1107 
the three parts of the inferior frontal gyrus with POp, pars opercularis, POr, pars orbitalis and PT, pars triangularis; LOF, 1108 
lateral orbitofrontal cortex; MOF, medial orbitofrontal; PrC, precentral gyrus; PaC, paracentral lobule; FP, frontal pole. For 1109 
parietal lobe: SP, superior parietal cortex; IP, inferior parietal cortex; SM, supramarginal gyrus; PoC, postcentral gyrus; PrCu, 1110 
precuneus cortex. For temporal lobe: ST, superior temporal gyrus; MiT, middle temporal gyrus; IT, inferior temporal gyrus; 1111 
Ba, banks of the superior temporal sulcus; Fu, fusiform gyrus; TT, transverse temporal cortex; ER, entorhinal cortex; TP, 1112 
temporal pole; PH, parahippocampal gyrus. For occipital lobe: LO, lateral occipital cortex; Li, lingual gyrus; Cu, cuneus cortex; 1113 
PeCa, pericalcarine cortex. For cingulate cortex: ROA, rostral anterior cingulate cortex; CAC, caudal anterior cingulate cortex; 1114 
PC, posterior cingulate cortex; IC, isthmus cingulate cortex. In, insula; MT, mean thickness. 1115 
 1116 

Figure 4. Association between ROI-level deviation status and illness duration in the BD group. 1117 

Absolute Cohen’s d (|d|) is displayed only for regions surviving FDR correction. 1118 
 1119 
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