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Vertex-wise cortical abnormalities in major 
depressive disorder from 64 cohorts from 
the DIRECT and ENIGMA MDD consortia
 

Major depressive disorder (MDD) is common and disabling, yet reported 
brain structural differences vary across studies. Here we performed a large 
vertex-wise (point-by-point) meta-analysis of cortical thickness and surface 
area using harmonized magnetic resonance imaging processing across 64 
cohorts from the Enhancing NeuroImaging Genetics through Meta-Analysis 
(ENIGMA) MDD and Depression Imaging Research Consortium (DIRECT) 
consortia (5,736 patients; 6,538 controls). We show significantly lower 
cortical thickness in patients with MDD in multiple brain regions, including 
the inferior parietal, lateral occipital, superior parietal, medial and lateral 
orbitofrontal, anterior and posterior cingulate, and precentral gyri, with 
cortical surface area showing no significant differences. Effects were most 
pronounced in adults with acute depression, whereas adolescents showed 
no significant case–control differences. Antidepressant medication use  
at scanning was associated with more extensive thinning, although effect 
sizes remained modest (mostly |Cohen’s d| < 0.20). This high-resolution, 
globally generalizable map can support studies of mechanisms and help 
evaluate structural markers of the clinical course and treatment response.

Major depressive disorder (MDD) is one of the most prevalent mental 
disorders. Approximately 350 million people suffer from depression 
each year across the globe1. Effective treatment is critical to reduce the 
tremendous burden of MDD, yet first-line treatments are only mod-
erately effective, with response rates of under 50% for both psycho-
therapy2 and antidepressant monotherapy3. Neuroscientific research 
aims to identify biomarkers and develop better treatments through 
an improved understanding of the neural and genetic basis of MDD. 
Large-scale studies have identified structural brain alterations asso-
ciated with MDD, including lower cortical thickness and gray matter 
(GM) volumes, predominantly in inferior/superior/middle frontal, 
orbitofrontal, anterior and posterior cingulate, temporal and insular 
regions, as well as the hippocampus4–9. These alterations were most 
pronounced in individuals experiencing an acute episode of MDD, 
with an earlier age of onset and taking antidepressants at time of scan-
ning. Findings on cortical surface area differences have been more 
inconsistent. For example, our previous Enhancing NeuroImaging 
Genetics through Meta-Analysis (ENIGMA) MDD study showed lower 

surface area across a number of regions only in adolescents with MDD 
(aged <21 years)7, whereas a similar multicenter meta-analysis from 
the Japanese Cognitive Genetics Collaborative Research Organization 
(COCORO) consortium observed surface area alterations in adults with 
MDD (aged >21 years)5.

Overall, in large-scale, single-center (for example, using the 
Nathan Kline Institute-Rockland Sample) or coordinated multicenter 
studies (for example, from the ENIGMA MDD consortium, COCORO 
consortium and UK Biobank), the effects of case–control differences 
in MDD have been found to be relatively small (Cohen’s d effect sizes 
ranging from 0.03 to 0.37)5–7,9. However, many of these studies included 
relatively coarse measures of cortical regions (for example, derived 
from the Desikan–Killiany atlas in FreeSurfer)10, averaging across many 
voxels and functional subregions that may be more or less affected 
in MDD. Voxel- or vertex-level analyses, which provide a finer spatial 
resolution, may unveil more localized effects that might be diluted 
in broader region-based averages and may yield larger effect sizes. 
For example, in our previous ENIGMA MDD vertex-level analysis of 
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(Fig. 1, forest plots in Supplementary Fig. 1 and detailed numbers in 
Supplementary Table 6). When analyzed separately within each consor-
tium, DIRECT (Supplementary Fig. 12a) showed widespread cortical thin-
ning mainly in the bilateral superior and middle frontal, precentral, inferior 
parietal and supramarginal regions, extending to the precuneus and pos-
terior cingulate cortices. Meanwhile, ENIGMA (Supplementary Fig. 12b) 
showed more restricted thinning in the medial orbitofrontal, superior 
frontal and posterior cingulate areas, accompanied by slight thickening 
in the occipital cortex. The combined meta-analysis largely reflected 
the convergence of these two patterns, retaining cortical thinning in 
the superior frontal cortex and posterior cingulate areas that was con-
sistently observed across both consortia, whereas the more extensive 
fronto-parietal thinning in DIRECT and the occipital thickening in ENIGMA 
were attenuated after pooling. We found no differences in cortical surface 
area, or sex-by-diagnosis or age-by-diagnosis interactions.

Adult patients with MDD
Adult patients with MDD versus controls
When comparing 4,139 adult patients with MDD and 5,190 adult HCs, 
our findings were similar to the analyses performed on the entire cohort 
(Fig. 2a). We observed significantly lower cortical thickness in several 
regions, with the largest effect (Cohen’s d = −0.15) in a cluster including left 
inferior parietal, lateral occipital and inferior temporal areas. Significantly 
lower thickness was also observed in the left precentral, postcentral and 
middle temporal gyri, and right superior frontal, posterior cingulate and 
precuneus cortices. Patients with MDD also demonstrated greater thick-
ness in several regions, with the largest effect (Cohen’s d = 0.09) capturing 
the left pericalcarine gyrus, lingual gyrus and cuneus. Greater thickness 
was observed in the left postcentral and right lingual, pericalcarine gyri 
(Fig. 2a, Supplementary Fig. 2 and Supplementary Table 7). No significant 
findings were detected for cortical surface area.

The interaction of diagnosis with age or sex in adults
In an interaction analysis of diagnosis and age (4,139 patients with MDD 
and 5,190 HCs), we observed an interaction between the MDD diagnosis 
and age on cortical thickness, with the largest effect (Cohen’s d = 0.12) at 
the intersection of the left superior parietal, lateral occipital and inferior 
parietal areas (Fig. 2b, Supplementary Fig. 3 and Supplementary Table 8). 
In this region, older age was associated with a weaker effect size of 
MDD-related cortical thickness reduction, indicating that the differ-
ences in cortical thickness between MDD and HC may become less 
pronounced with older age. No significant findings were detected for 
cortical surface area. We did not find any significant interaction between 
diagnosis and sex for cortical thickness or for surface area.

The effect of age of onset in adult MDD
When comparing 2,752 patients with adult-onset (>21 years of age) MDD 
with 4,938 adult HCs, we observed significantly lower cortical thickness 
in several regions, with the largest effect (Cohen’s d = −0.15) capturing 
left precentral and postcentral areas. Significantly lower thickness 
was also observed in the left insula, inferior frontal gyrus pars oper-
cularis, and lateral orbitofrontal, right inferior and superior parietal, 
and lateral occipital cortices. Patients with MDD also demonstrated 
greater thickness, with the largest effect (Cohen’s d = 0.10) capturing 
the left pericalcarine gyrus, lingual gyrus and cuneus. Greater thick-
ness was observed in the right lingual and pericalcarine gyri (Fig. 2c, 
Supplementary Fig. 4 and Supplementary Table 9). When comparing 
2,254 adult patients with adult-onset MDD with 844 adult patients 
with adolescent-onset MDD, and comparing 876 adult patients with 
an adolescent-onset MDD with 4,349 HCs, we found no differences for 
cortical thickness or for surface area.

The effect of stage of MDD illness in adult MDD
When comparing patients with adult first-episode MDD with HCs 
(1,387 MDDs versus 4,398 HCs), we observed lower cortical thickness 

subcortical volumes, we identified alterations in both the hippocampus 
and amygdala11, while we only observed lower hippocampal volumes 
in our analysis of atlas-derived regional measures9.

Here, within an individual participant data-based meta-analytic 
framework, we pooled thickness and surface area measures from every 
vertex of the cortex from data from the ENIGMA MDD and the Depres-
sion Imaging Research Consortium (DIRECT) consortia12. ENIGMA MDD 
is a global initiative that pools neuroimaging, demographic, genetic 
and clinical data from existing populations around the world to iden-
tify brain alterations in MDD and associated phenotypes. The DIRECT 
consortium similarly pools existing neuroimaging, demographic and 
clinical data from China. By combining data from these two consortia, 
we not only created the largest cohort so far of 5,736 patients with MDD 
and 6,538 healthy controls (HCs) to identify localized cortical thick-
ness and surface area alterations in MDD, but also increased diversity, 
thereby providing results that are robust and replicable across many 
different geographic locations and cultures worldwide. We also exam-
ined whether specific subgroups of individuals with MDD (that is, based 
on age, age of onset, sex, remission status, recurrence status and use of 
antidepressant medication) show more pronounced cortical thickness 
and surface area differences.

All patients with MDD versus controls
The DIRECT consortium (23 Chinese cohorts) and the ENIGMA MDD 
consortium (41 international cohorts) analyzed FreeSurfer vertex data  
from 12,274 participants (5,736 patients with MDD and 6,538 HCs; 
Supplementary Tables 1 and 2). Meta-analyses of cortical thickness and 
surface area abnormalities were performed on 11,576 individuals (5,256 
MDDs versus 6,320 HCs) after quality control. All models were adjusted for 
age and sex. In the analysis for surface area, the estimated total intracranial 
volume was also used as a covariate, while no adjustment was performed 
for cortical thickness. The results revealed that patients with MDD had 
significantly thinner cortex in several regions, with the largest effect 
size (Cohen’s d = −0.14) in the left inferior parietal, lateral occipital and 
superior parietal cortices. Conventionally, Cohen’s d values of around 
0.2, 0.5 and 0.8 indicate small, medium and large effects, respectively. 
In large-scale multisite datasets, increased population heterogeneity 
inflates overall variance and thus leads to smaller standardized effect 
sizes. Significantly lower cortical thickness was also observed in the 
medial and lateral orbital frontal cortices, caudal and rostral anterior 
cingulate cortices, posterior and isthmus cingulate cortices, inferior fron-
tal gyri, middle and superior frontal gyri, precentral and postcentral gyri, 
cuneus and precuneus, fusiform gyrus, lingual gyrus, parahippocampal 
gyrus, supramarginal gyrus, superior, middle and inferior temporal gyri, 
and lateral occipital cortex. Patients with MDD demonstrated greater 
thickness compared to HCs in a cluster including the right lingual and 
pericalcarine gyri (Cohen’s d = 0.09). Significantly greater thickness was 
also observed in the left pericalcarine gyrus, lingual gyrus and cuneus 
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Fig. 1 | Cortical thickness differences between all patients with MDD and HCs 
(5,256 MDDs versus 6,320 HCs). The values represent Cohen’s d (positive values 
indicate MDD > controls).
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in several regions, with the largest effect (Cohen’s d = −0.19) capturing 
the left insula, inferior frontal gyrus pars opercularis and precentral 
gyrus. Lower thickness was also observed in the left inferior parietal 
cortex, caudal middle frontal gyrus, and right superior frontal, fusi-
form and inferior temporal gyri (Fig. 2d, Supplementary Fig. 5 and 
Supplementary Table 10). When comparing adult patients with recur-
rent MDD with HCs (2,273 MDDs versus 4,796 HCs), we found lower 
cortical thickness in many regions, with the largest effect (Cohen’s 
d = −0.17) in the left inferior parietal and lateral occipital areas. Signifi-
cantly lower cortical thickness was also observed in the left precentral 
and postcentral gyri, left superior parietal cortex, and right medial 
orbitofrontal and rostral anterior cingulate cortices. We also found 
greater cortical thickness with the largest effect (Cohen’s d = 0.11) in the 
left postcentral area. Greater cortical thickness was observed in the left 

and right pericalcarine and lingual gyri (Fig. 2e, Supplementary Fig. 6 
and Supplementary Table 11).

When we directly compared 1,399 patients with adult first-episode 
MDD to 2,039 patients with recurrent MDD, we did not find any signifi-
cant results for cortical thickness. No significant findings were detected 
for cortical surface area.

The effect of remission in adult MDD
When comparing 1,824 adult patients with acute MDD with 2,360 
healthy adult controls, we found significantly lower cortical thickness 
in many regions, with the largest effect (Cohen’s d = −0.19) in a cluster 
including the left precentral, rostral middle frontal and inferior frontal 
pars opercularis gyri (Fig. 2f). Significantly lower cortical thickness 
was also observed in the left inferior parietal, lateral occipital, caudal 
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Fig. 2 | Adult (age >21 years) patients’ cortical thickness differences in 
Cohen’s d with meta-analysis. a, Adult patients with MDD and controls (4,139 
patients with MDD versus 5,190 HCs). b, The interaction of diagnosis and age  
in adults (4,139 patients with MDD versus 5,190 HCs). c, Patients with adult- 
onset MDD compared to HCs (2,752 patients with MDD versus 4,938 HCs).  
d, Patients with adult first-episode MDD compared to HCs (1,387 patients with 
MDD versus 4,398 HCs). e, Adult patients with recurrent MDD compared to 
HCs (2,273 patients with MDD versus 4,796 HCs). f, Adult patients with acute 
MDD and controls (1,824 patients with MDD versus 2,360 HCs). g, The effect of 

HDRS scores on adult cortical thickness (on 3,217 patients with MDD). h, Adult 
patients with MDD who were taking antidepressants compared to healthy adult 
controls (2,172 patients with MDD using antidepressants versus 4,564 HCs). 
i, Adult patients with MDD using antidepressants compared to patients with 
MDD not using antidepressants (1,724 patients with MDD using antidepressants 
versus 1,220 patients with MDD not using antidepressants). All results were 
FDR-corrected to q < 0.05 across all cortical vertices in the fsaverage space (left 
and right hemispheres were combined to n = 299,881 vertices). All labeled brain 
regions in the figures are the regions with the strongest effects.
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middle frontal and superior frontal areas, and right isthmus cingulate, 
precuneus and posterior cingulate cortices. We also found significantly 
greater cortical thickness, with the largest effect (Cohen’s d = 0.12) in 
the left postcentral area. Greater cortical thickness was observed in  
the left pericalcarine gyrus and cuneus (as depicted in Supplementary  
Fig. 7 and Supplementary Table 12). When we compared patients with 
adult remitted MDD to HCs (276 patients with remitted MDD versus  
1,473 HCs), as well as to adult patients with acute MDD (293 patients  
with remitted MDD versus 802 patients with acute MDD), we did not  
find any significant differences in cortical thickness. No significant  
findings were detected for cortical surface area.

The effect of illness severity in adult MDD
In 3,217 adult patients with MDD, there was a significant negative cor
relation between Hamilton Depression Rating Scale (HDRS) scores and 
cortical thickness in several regions, with the largest effect (Cohen’s 
d = −0.09) in a cluster including the left precentral and caudal mid-
dle frontal gyri (Fig. 2g). Significant negative correlations were also 
observed in the left superior temporal, transverse temporal, and right 
postcentral cortices (Supplementary Fig. 8 and Supplementary Table 13). 
That is, the more severe the depression, the greater the reductions in 
cortical thickness in these areas. No significant findings were detected 
for cortical surface area.

The associations with antidepressant use in adult MDD
When we compared 2,172 adult patients with MDD who were tak-
ing antidepressants at the time of scanning to 4,564 adult HCs, our  
analysis revealed significantly lower cortical thickness in widespread  
regions, with the largest effect (Cohen’s d = −0.17) in a cluster span-
ning the left insula, inferior frontal gyrus pars opercularis, and 
precentral gyrus (Fig. 2h, Supplementary Fig. 9 and Supplementary  
Table 14). Lower cortical thickness was also observed in the left 
precuneus, posterior cingulate and isthmus cingulate cortex, and 
right insula, precentral gyrus, and inferior frontal gyrus pars oper-
cularis. We also found significantly greater cortical thickness, with 
the largest effect (Cohen’s d = 0.11) in the right lingual and perical-
carine gyri. Greater cortical thickness was also observed in the left 
postcentral area.

In the direct comparison between 1,724 patients with MDD tak-
ing antidepressants and 1,220 patients with MDD not taking antide-
pressants (excluding cohorts that did not contain both groups of 
participants), only the right insula (Cohen’s d = −0.24) showed signifi-
cantly lower cortical thickness in those using antidepressants (Fig. 2i, 
Supplementary Fig. 10 and Supplementary Table 15). When comparing 
patients with MDD not taking antidepressants and HCs (1,188 patients 
with MDD versus 4,140 HCs), we did not find any significant differences 
in cortical thickness. No significant findings were detected for cortical 
surface area.

Cortical alterations in adolescent MDD
Our analysis in adolescents (age <21 years) with MDD (n = 908) versus 
adolescent controls (n = 883) did not reveal any significant differences 
in either cortical thickness or surface area. We repeated all the analyses 
for adult MDD reported above for adolescent patients with MDD, and 
none of them revealed significant results. Nonetheless, results for the 
adolescent group before false discovery rate (FDR) correction show 
similar or even greater effect sizes for cortical thickness alterations 
compared to the results in adults (Supplementary Fig. 11).

Moderating effects on cortical thickness and 
surface area
To investigate whether site-related factors may have influenced the 
observed effect sizes for the MDD versus HC comparison (across all 
adult and adolescent patients), we used meta-regression analyses. 
Scanner vendor and type of cohort (general population versus clinical) 
did not explain significant variance. As shown in Fig. 3a, when consider-
ing FreeSurfer version 6 compared to other versions (mostly version 5 
with one site exception of version 7), a significant effect of FreeSurfer 
version was found: version 6 demonstrated a stronger effect size of 
MDD-related cortical thickness reduction in the left postcentral and 
supramarginal gyri, and right caudal middle frontal and precentral gyri 
(lower in patients with MDD). As shown in Fig. 3b, when considering 
field strength (1.5 T versus 3 T), higher field strength (3 T) was asso-
ciated with a stronger effect size for MDD-related cortical thickness 
reduction in the right superior frontal cortex.

As shown in Supplementary Fig. 13, when considering the pro-
portion of white participants across sites, higher proportions were 
associated with greater cortical thickness in the left paracentral and 
precentral regions and the right inferior parietal cortex. We also con-
ducted analyses on the proportions of Asian and African participants, 
but no significant results were found.

Discussion
In this extensive meta-analytic study, the largest of its kind, we pooled 
data from the ENIGMA MDD and DIRECT consortia, encompassing 
5,736 individuals with MDD and 6,538 HCs. Our findings revealed 
widespread lower cortical thickness in patients with MDD versus 
controls across various brain regions, including the prefrontal, tem-
poral, parietal and occipital lobes. The most significant difference 
was found in a cluster spanning the inferior parietal, lateral occipital 
and superior parietal cortices, with an effect size of Cohen’s d = −0.14. 
Lower cortical thickness was also observed in the orbitofrontal cortex 
(OFC), anterior and posterior cingulate cortices, insula, precentral 
and postcentral gyri, and several temporal and occipital areas, with 
effect sizes ranging from Cohen’s d = −0.06 to −0.13. These differ-
ences were predominantly bilateral, consistent with previous find-
ings that showed no significant asymmetries in cortical thickness, 

5

0

–5

a b
Meta-regression β values  

Fig. 3 | Moderating effects. a, Meta-regression effect of FreeSurfer version on cortical thickness. b, Meta-regression effect of field strength on cortical thickness. All 
results were FDR-corrected to q < 0.05 across all cortical vertices in the fsaverage space (left and right hemispheres were combined to n = 299,881 vertices).
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surface area or subcortical volumes between patients with MDD 
and HCs13.

Our current findings align with previous meta-analytic studies. In 
a prior ENIGMA MDD study, which used FreeSurfer regions of interest 
from the Desikan–Killiany atlas rather than vertex-based FreeSurfer 
measures, we similarly identified lower cortical thickness in regions 
including the anterior and posterior cingulate cortices, insula, frontal 
gyri, OFC, fusiform gyrus, and middle and inferior temporal gyrus, 
with effect sizes ranging from Cohen’s d = −0.10 to −0.14 (ref. 7). Other 
meta-analyses have also reported lower cortical thickness in MDD in 
areas including the inferior frontal gyrus and parietal cortex5,14,15. The 
posterior cingulate cortex, anterior cingulate cortex (ACC), inferior 
parietal cortex, inferior frontal gyrus and precuneus contribute to 
the default mode network, in which alterations have been consistently 
found in patients with depression from both mixed/white-majority16 
and Asian17 populations and have been linked to rumination and dys-
functional self-referential processes characteristic of depression18. 
Notably, the subgenual ACC, part of the rostral ACC, plays a key role in 
emotion regulation and has emerged as a core hub for guiding func-
tional connectivity in personalized transcranial magnetic stimulation 
protocols targeting the dorsolateral prefrontal cortex, particularly 
for treatment-resistant depression19. Many of the regions implicated 
in our study connect to a larger corticolimbic system (implicating the 
prefrontal cortex, temporal cortex and limbic areas), which provides a 
substrate for adaptive behavioral and emotional responses. Alterations 
observed in the occipital cortex, including the lingual gyrus, may point 
to a selective perceptual bias in processing of emotional information20. 
Notably, lower thickness of the OFC has been one of the most consistent 
findings across large-scale meta-analyses7,14. The OFC is implicated in 
emotion processing and reward, with dysfunction in the lateral OFC 
linked to bias toward negative emotional stimuli and dysfunction in the 
medial OFC linked to anhedonia and deficits in reward anticipation21.

We also identified areas of higher cortical thickness in individu-
als with MDD, specifically in regions including the pericalcarine and 
lingual gyri bilaterally, and the left cuneus, with effect sizes ranging 
from Cohen’s d = 0.08 to 0.09. The pericalcarine region is the initial 
region of visual processing, and the lingual gyrus is associated with 
high-level visual processing and visual memory. These findings might 
reflect heightened processing demands of aversive stimuli and fear 
or emotional learning in these areas, and aberrant visual–emotional 
integration in MDD22,23.

In terms of underlying neurobiological mechanisms associated 
with the observed cortical thickness alterations, a recent ‘virtual histol-
ogy approach’ linked alterations in cortical thickness to variations in 
expressions of genes related to pyramidal CA1 cells, implicated in the 
remodeling of dendrites that play a critical role in neural communica-
tion24. Remodeling of dendrites can result from environmental factors 
(for example, stress) and genetic influences. Since cortical thickness 
seems to be less influenced by genetic factors than surface area, which 
is associated with three times more genome-wide significant loci25, the 
observed alterations in cortical thickness may be driven by remodeling 
of dendrites as a result of negative environmental factors (for example, 
the effects of having long-term stress caused by the disorder).

Within adults with MDD, those with acute depression appeared to 
drive the observed cortical thickness alterations, with larger effect sizes 
up to Cohen’s d = −0.19. Adults in remission did not show significant 
differences compared to controls; however, they also did not differ 
significantly from acutely depressed patients, suggesting that remit-
ted patients have intermediate cortical thickness between acutely 
depressed patients and HCs. The importance of acute symptoms was 
further highlighted by an association between greater depressive 
symptom severity (measured by the HDRS) and lower cortical thick-
ness in the left caudal middle frontal, precentral, and superior tem-
poral gyri (Cohen’s d = −0.08 to −0.09) in adults with MDD. Similar 
patterns and effect sizes of cortical thickness reductions were seen in 

adult patients with a first episode of MDD and with recurrent episodes 
compared to HCs, suggesting that the stage of illness did not signifi-
cantly influence the extent of cortical thickness reductions in MDD. By 
contrast, widespread reductions in cortical thickness were observed 
in adults who were using antidepressant medication at the time of 
the scan, compared to both adult patients not using antidepressants 
and HCs (Cohen’s d = −0.08 to −0.17). Although antidepressants are 
generally believed to have neuroprotective effects, such as promoting 
brain-derived neurotrophic factor26, this pattern may reflect confound-
ing by clinical characteristics. In our data, current symptom severity at 
the time of scanning, indexed by HDRS, is associated with lower cortical 
thickness. However, harmonized measures of illness chronicity, such as 
episode duration and number of episodes, were not consistently avail-
able across cohorts. Therefore, the cross-sectional design and limited 
clinical characterization preclude definitive conclusions regarding 
medication effects27.

The alterations in cortical thickness were significant in adults 
with MDD, whereas no differences in cortical thickness were observed 
in adolescents with MDD. However, the lack of significant cortical 
thickness findings in adolescents may be due to lower statistical 
power in the adolescent group (n = 908 adolescents with MDD and 
n = 883 adolescent controls) compared to the adult group (n = 4,139 
adults with MDD and n = 5,190 adult controls). Notably, the spatial pat-
terns of thickness abnormalities and effect sizes were similar, or even 
greater, in adolescents compared to adults (Supplementary Fig. 11). In 
addition, the effect size for case–control differences weakened with 
age in the region with the highest effect size, specifically the cluster 
spanning the left superior parietal, lateral occipital, and inferior 
parietal areas, which also suggests that cortical thickness alterations 
may be more pronounced in younger individuals with MDD. Larger 
populations of adolescents with MDD are required to confirm this. 
The finding that MDD effects weakened with age possibly suggests 
that normative age-related thinning may progressively reduce the 
‘gap’ between individuals with MDD and HCs. With increasing age, 
other processes that were not accounted for in this study and can 
affect cortical thickness, such as cerebral small vessel disease28, may 
come into play in HCs.

While rates of depression are higher in female than male 
individuals29, no sex-by-diagnosis interactions were observed in this 
study. Although some studies have reported sex differences in brain 
structure among individuals with MDD, most of this evidence comes 
from small populations30 and has not been replicated in larger studies5,7. 
This suggests that cortical thickness alterations associated with MDD 
may be comparable across male and female individuals and that struc-
tural brain differences are unlikely to account for the higher rates of 
depression observed in female individuals.

Unlike our present study, which found no differences in surface 
area in adults and adolescents with MDD, our previous ENIGMA MDD 
study observed decreased surface area in frontal, parietal and occipi-
tal regions in adolescents with MDD, with effect sizes up to Cohen’s 
d = −0.42 (ref. 7). In addition, the COCORO consortium reported lower 
surface area in adult patients with MDD (aged >21 years)5. The larger 
cohort size in this study probably provides more stable effect sizes and 
accurate estimates of surface area differences because higher-powered 
studies have a greater probability of finding ‘true’ effects and pro-
duce less false negatives, and larger cohorts are often associated with 
increased population heterogeneity, which can inflate overall variance 
contributing to lower effect sizes31–33. Nonetheless, further research 
should evaluate whether potential subgroups of people with MDD 
exist that show surface area alterations. This may represent an early 
developing subtype of depressive disorder, shaped by genetic factors 
or early life adversity34,35, given that, compared to cortical thickness, 
cortical surface area has a higher genetic heritability and a genetic 
correlation with MDD and depressive symptoms (this genetic asso-
ciation is absent for cortical thickness)25. Cortical surface area is also 
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determined earlier in development, and is less strongly affected by 
later environmental influences36,37.

Beyond limited statistical power for observing differences in 
cortical surface area and thickness in adolescents with MDD, lack of 
effects in adolescents may also be related to developmental effects. 
From early childhood, cortical thickness undergoes substantial thin-
ning that continues into adulthood, with regionally variable rates of 
change27,38. Surface area undergoes rapid expansion in infancy, fol-
lowed by slower growth throughout childhood, with peaks estimated 
around age 11 years, after which it slowly decreases39. Our population 
of younger participants spanned from childhood to late adolescence, 
and therefore it is possible that normative developmental variabil-
ity in cortical maturation may have masked disorder-related altera-
tions. Future studies with larger cohorts of adolescents that examine 
distinct age groups separately, as well as longitudinal studies, are 
needed to understand the contribution of developmental effects and 
depression-related changes in cortical morphology.

When analyzed separately, DIRECT consortium participants 
with MDD showed more widespread cortical thinning than ENIGMA 
MDD consortium participants. The proportion of white participants 
also moderated the effect size of the case–control differences, with a 
higher proportion of white participants associated with greater corti-
cal thickness in paracentral, precentral and inferior parietal regions. 
Importantly, these biological differences, rather than solely being 
attributed to ‘race’ or ‘ethnicity’ per se, may reflect underlying social 
and political factors40. For example, the more widespread effects of 
MDD-related differences in cortical thickness among individuals with 
an Asian background may reflect variations in help-seeking patterns, 
as those seeking psychiatric services may be a group with more severe 
depressive psychopathology41.

The effect sizes of the observed cortical thickness alterations were 
small overall (Cohen’s d < 0.20), consistent with previous large-scale 
studies using harmonized clinical and imaging protocols6,32. Thus, vari-
ability in individual measures of structural brain alterations accounts 
for only a small percentage of the explained variance in the complex 
depression phenotype32. This is in line with the genetics literature, 
where polygenic risk scores explain up to 3% of variance42. Future stud-
ies should examine depression subtypes with more pronounced struc-
tural brain alterations and consider shifting from a focus on structural 
brain measures as diagnostic biomarkers to prognostic or predictive 
markers of, for instance, relapse/recurrence or treatment response.

Strengths of this study include its large sample size, providing 
robust statistical power, which enhances the reliability and precision 
of our findings43. This increased power enables the detection of smaller 
effect sizes that may not be evident in individual studies with limited 
sample sizes. Moreover, we used harmonized processing and statistical 
analysis protocols across all 64 cohorts included in this study, thereby 
reducing statistical heterogeneity and researcher degrees of freedom, 
and ensuring reproducibility. In addition, combining data from the 
ENIGMA MDD and DIRECT consortia, which include studies from very 
diverse geographic locations with diverse cultures, ensures that our 
results are generalizable across different populations, mitigating 
the risk of location-specific biases. By integrating data from various 
regions and cultures, our study provides more nuanced and globally 
relevant findings. We refrained from examining the potential impact of 
race, ethnicity or geographic location on the case–control differences, 
because it is impossible to distinguish whether such effects represent 
biological differences, differences in social and political factors, or even 
variations in help-seeking patterns and access to mental health care.

Nonetheless, our study also has limitations, including hetero-
geneity in phenotyping across individual studies including clinical 
assessments, limiting the analysis of sources of clinical heterogeneity. 
Our meta-regression analyses also showed that FreeSurfer version and 
field strength impacted the effect sizes for case–control differences in 
cortical thickness, although only in a few regions. As some participating 

sites were restricted in terms of data sharing, we used a meta-analytic 
framework rather than a mega-analysis. Prior work indicates that when 
preprocessing (and, for meta-analyses, the within-site group compari-
sons) are harmonized across sites, disease-related effect sizes based 
on FreeSurfer measures are highly similar for mega- and meta-analytic 
approaches; however, mega-analyses can yield smaller standard errors 
and thus narrower confidence intervals44. Furthermore, as our findings 
are based on cross-sectional studies, they require further investigation 
in longitudinal studies to elucidate, for example, influences of brain 
development and aging, medication effects and the clinical relevance 
of the observed structural brain alterations in MDD.

Conclusions
This extensive individual participant-based meta-analysis of data from 
64 cohorts from the ENIGMA MDD and DIRECT consortia reveals wide-
spread cortical thickness reductions in individuals with MDD, notably in 
prefrontal, cingulate, temporal, parietal and occipital areas, along with 
increased thickness in pericalcarine and lingual gyri and the cuneus. 
These differences are primarily driven by acute depressive episodes,  
an adult age of onset and antidepressant medication use in adults. 
Despite small effect sizes (mostly |Cohen’s d| < 0.20) and heterogene-
ity in data acquisition across cohorts, the large and diverse sample size 
enhances the reliability and global relevance of these findings. Future 
research should focus on longitudinal studies to understand the evolu-
tion of these changes, explore potential depression subtypes and investi-
gate prognostic markers for clinical outcomes and treatment responses.

Methods
Cohorts
The DIRECT Consortium comprises 23 Chinese groups that have pro-
vided neuroimaging and clinical data from both patients with MDD 
and HCs12. The ENIGMA MDD consortium includes 41 international 
study cohorts with neuroimaging and clinical data from patients with  
MDD and HCs8. A table of the participating sites may be found in 
Supplementary Tables 1 and 2. Our study, which involved a total of 
12,274 participants, analyzed data from 5,736 patients with MDD and 
6,538 HCs. Demographic information for each cohort can be found 
in Supplementary Table 2, while clinical characteristics are provided 
in Supplementary Table 3. All participating sites received approval 
from their respective institutional review boards and ethics com-
mittees, and all study participants provided written informed con-
sent. The specific instruments used for diagnosis are presented in 
Supplementary Table 4.

Image processing and analysis
Three-dimensional volumetric structural T1-weighted (T1w) magnetic 
resonance imaging brain scans were acquired and analyzed locally at 
each site using harmonized analysis and quality control protocols pro-
vided by the DIRECT and ENIGMA MDD consortia, respectively. For the 
DIRECT consortium, FreeSurfer45 (version 6.0.1) with the DPABISurf46 
(version 1.5) interface (the fMRIPrep47 (version 20.2.1) docker) was used 
to perform all cortical constructions. Specifically, the T1w image was 
corrected for intensity nonuniformity with N4BiasFieldCorrection48, 
distributed with ANTs 2.2.049 (RRID: SCR_004757). The T1w reference 
was then skull-stripped with a Nipype implementation of the ants-
BrainExtraction.sh workflow (from ANTs), using OASIS30ANTs as a 
target template. Brain tissue segmentation of cerebrospinal fluid, white 
matter and GM was performed on the brain-extracted T1w using fast 
(FSL 5.0.9, RRID: SCR_002823)50. Brain surfaces were reconstructed 
using recon-all (FreeSurfer 6.0.1, RRID: SCR_001847)45, and the brain 
mask estimated previously was refined with a custom variation of the 
method to reconcile ANTs-derived and FreeSurfer-derived segmenta-
tions of the cortical GM of Mindboggle (RRID: SCR_002438)51. For the 
ENIGMA MDD consortium, FreeSurfer (versions 5–7, with the version 
effect analyzed later) was used to perform all cortical constructions. 
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The image acquisition parameters and software descriptions can be 
found in Supplementary Table 5. Vertex-wise cortical thickness and 
surface area maps were registered to fsaverage space with FreeSurfer 
and further smoothed with a 10-mm full width at half maximum kernel 
before entering statistical analyses.

Cohort selection
From 12,274 participants (5,736 patients with MDD and 6,538 HCs), 
we selected participants for group statistical analyses through the 
following criteria: (1) Sites Cardiff, MODECT and SanRaffaele were 
excluded in patient versus control analyses since they only contained 
patients with MDD, resulting in 5,475 patients with MDD and 6,538 HCs, 
(2) then we removed the CSAN site with fewer than 10 participants in 
either group (10 was selected arbitrarily to balance the objectives of 
optimizing overall sample size and minimizing extreme biases), result-
ing in 5,417 patients with MDD and 6,535 HCs, (3) participants with bad 
imaging data and bad surface reconstruction (by visual inspection) 
were excluded, resulting in 5,404 patients with MDD and 6,527 HCs, (4) 
next, for DIRECT sites, we calculated the average value of the thickness 
maps for all participants and correlated each individual’s cortical thick-
ness map with the average map. The threshold was set using the mean 
of all correlation coefficients minus two times the standard deviation, 
resulting in r = 0.47. We removed 145 participants with coefficients 
below this threshold, 13 of whom were previously excluded. Most 
participants in IS008 and IS020 also had coefficients below r = 0.47, 
leading to the removal of these two sites, leaving 5,316 patients with 
MDD and 6,454 HCs. (5) In addition, we excluded those sites that did 
not fit in the model, that is, we excluded sites DCHS, MoralDilemma 
and StanfordFAA, as these sites only contain female individuals and 
thus did not fit in the general model with sex as covariates. After this 
exclusion, 5,256 patients with MDD and 6,320 HCs passed the quality 
control and cohort selection procedure.

Statistical framework for meta-analysis
Multiple linear regression models were used to analyze group dif-
ferences in vertex-wise cortical thickness and surface area between 
patients and controls within each local cohort. The predictor of interest 
was a binary indicator of diagnosis (patients with MDD, 1; controls, −1) 
and all models were adjusted for age and sex. In the statistical analysis 
for surface area, the estimated total intracranial volume was also used as 
a covariate. For models testing sex-by-diagnosis and age-by-diagnosis 
interactions, a multiplicative predictor was the predictor of interest, 
and the main effect of each predictor was included in the model using 
the same procedure. Within-site t values were converted into Cohen’s 
d and entered into a random-effect meta-model (using R metansue; 
https://www.metansue.com/) for voxel-wise meta-analysis (integrated 
as y_Meta_Image_CallR.m in DPABI).

As we found differences in patterns of cortical thickness and sur-
face area brain alterations between adolescent and adult patients 
with MDD in our prior work7, we conducted separate meta-analyses 
for adolescent participants (age ≤21 years) and adult participants (age 
>21 years)7. For the adult analysis, we further stratified patients on the 
basis of their age at illness onset (adolescent onset, ≤21 years; adult 
onset, >21 years52) to investigate the effects of illness onset. Both in 
adolescents and adult participants, we also split patients on the basis 
of the stage of their illness (first episode versus recurrent), as well as 
antidepressant use at the time of their scan (yes/no) and remission sta-
tus (acutely depressed versus in remission). The associations between 
symptom severity at the time of scanning, as measured by the 17-item 
HDRS, and cortical thickness and surface area were also examined. 
Information on the included cohorts and the total sample sizes for 
each model can be found in the Main text. Throughout the Analysis, 
we provide P values corrected for multiple comparisons using the 
Benjamini–Hochberg procedure53 (separate for cortical thickness and 
cortical surface area), ensuring a vertex-wise FDR limited to 5% across 

all cortical vertices in the fsaverage space (left and right hemispheres 
were combined to n = 299,881 vertices), to control for multiple com-
parisons across the entire cortical surface.

Moderator analyses with meta-regression
In addition, we conducted moderator analyses using meta-regression 
analyses to determine whether individual site characteristics 
accounted for a significant portion of the variance in effect sizes across 
sites in the meta-analyses. We tested whether the variance in effect sizes 
across sites in the meta-analyses could be accounted for by the follow-
ing individual site characteristics: FreeSurfer version (version 6 versus 
other versions (mostly version 5 with one site exception of version 7), 
scanner vendor (other scanner versus Siemens, and GE versus Siemens), 
field strength (1.5 T versus 3 T) and type of cohort (general population 
versus clinical). We additionally included the proportion of white, Asian 
and African participants at each site as moderators to examine whether 
site-level ethnic composition contributed to between-site variability.

For the DIRECT datasets, approval was obtained from the Ethics 
Committee of the Institute of Psychology, Chinese Academy of Sci-
ences. For ENIGMA MDD, ethics approval for the storage and manage-
ment of consortium data was granted by the University of Melbourne 
Human Research Ethics Office. All participating sites obtained approval 
from their respective local institutional review boards or ethics com-
mittees, and all participants provided written informed consent.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
The dataset required to interpret, replicate and extend the findings of 
this study consists of the derived meta-analytic statistical maps and 
summary data generated during the analyses for all participating sites. 
These data are available at https://doi.org/10.57760/sciencedb.29686. 
Individual-level participant data from the contributing cohorts cannot 
be publicly shared owing to local ethics and data-sharing restrictions 
across participating sites.

Code availability
Custom scripts used for data processing, statistical analysis and 
figure generation in this study are publicly available via GitHub at  
https://github.com/Chaogan-Yan/PaperScripts/tree/master/
Yan_2026_NatureMentalHealth.
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