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Abstract  
 
Adolescence is a period of dynamic brain remodeling and susceptibility to psychiatric risk factors, 
mediated by the protracted consolidation of association cortices. Here, we investigated whether intra-
individual trajectories of psychosocial functioning relative to environmental stressor exposure - 
including adverse life events, dysfunctional family settings, and socio-economic status - are tied to 
myeloarchitectural maturation and down-stream effects on intrinsic function. To this end, we employed 
longitudinal myelin-sensitive Magnetic Transfer (MT) and resting-state imaging in the NSPN cohort 
(aged 14-26y). Developing towards more resilient psychosocial functioning was linked to increasing 
myelination in the anterolateral prefrontal cortex, which exhibited stabilized functional connectivity. 
Studying depth-specific intracortical MT profiles and the cortex-wide synchronization of 
myeloarchitectural maturation, we further observed wide-spread myeloarchitectural re-configuration of 
association cortices paralleled by attenuated functional reorganization with increasingly resilient 
outcomes. Together, trajectories of resilient/susceptible psychosocial functioning showed considerable 
intra-individual change reflected in multi-modal cortical refinement processes at the local and system-
level.  
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Introduction 
 
Adolescence is a period of marked brain remodeling mediating biological and psychosocial maturation, 
but also heightened susceptibility to environmental adversity that can impact developmental trajectories 
1,2. Studying longitudinal trajectories in the presence of adversity exposure 3 and psychiatric symptoms 
2,4,5 has thus been fundamental to advancing our understanding of inter- and intra-individual differences 
in psychiatric susceptibility. At the same time, there is a growing emphasis on recognizing that many 
individuals retain mental well-being despite adversity, i.e., show resilient adaptation 6–8. To comprehend 
bio-behavioral adaptation to a constantly changing environment, it has been vital to integrate 
neurodevelopmental assessments, complementary to inter-personal and physiological factors. 
Converging evidence from cross-sectional studies has highlighted brain regions involved in emotion 
regulation and stress reactivity in association with adolescent susceptibility or resilience to 
environmental adversity. Specifically, resilient adaptation has been linked to greater prefrontal and 
hippocampal volumes, increased prefrontal regulation of amygdala activity, attenuated amygdala 
responses to adverse stimuli, and increased structural connectivity in the corpus callosum 9,10. In the past 
decade, however, psychosocial conceptualizations have increasingly highlighted the dynamic nature of 
resilience 7,9,11–14. Correspondingly, the ability to adapt to environmental adversity may show 
considerable intra-individual changes tied to plastic neurodevelopment. Yet, longitudinal studies 
probing this notion, especially during periods of heightened susceptibility to psychopathology, remain 
scarce 1,9,15. 

Throughout adolescent brain development, intra- and inter-regional connections are 
continuously myelinated to enhance circuit efficiency 16,17. While myelination restricts structural 
plasticity by consolidating established connections, it has also been found to continuously modulate 
network dynamics to adapt to ever changing environmental circumstances 17,18. Notably, rates of myelin 
maturation are heterochronous across the cortex. Strongly interconnected association cortices show 
particularly protracted myelination 19–21, which likely reflects later refinement of functional networks 
associated with abstract cognitive functions, such as cognitive control, but also renders them more 
susceptible to environmental impact and psychopathological alterations 19–21. Thus, the dual role of 
myelin both in consolidation and dynamic functional adaptation makes the study of ongoing adolescent 
myelination a compelling focus in the framework of adaptive psychosocial trajectories. 

Recent advances in in vivo mapping of cortical myelin have improved our understanding of 
mesoscale maturation. One promising imaging contrast is magnetic transfer saturation (MT) 22, which 
is dominated by myelin-related molecules in the brain, as has been verified by several histological 
validation studies 23–25. Moreover, it has been demonstrated to be sensitive to both developmental 
processes 5,20,26 and pathological alterations in myelin content 27. Aiming for nuanced insights into age-
related changes in intracortical myeloarchitecture, several studies have sampled myelin-proxies across 
intra-cortical depths perpendicular to the cortical mantle, commonly referred to as “cortical profiling” 
5,20. Such depth-dependent profiling enables the analysis of synchronized, large-scale patterns of cortical 
myeloarchitectural development by quantifying changes in inter-regional similarities (microstructural 
profile covariance; MPC). Previous work indicates that microstructural similarity predicts cortico-
cortical connectivity  28,29. Thus, studying changes in MPC with age yields valuable insights into system-
level microstructural integration and differentiation, and its potential link to functional reorganization 
30,30,31. Association areas, in particular, represent a nexus of mixed intra-cortical profiles 32,33 that show 
marked and partly synchronized refinement well into early adulthood 20. This organization may be 
central in supporting the maturation of intrinsic functional organization of the default and frontal parietal 
networks, mediating abstract cognitive operations such as cognitive control or emotional flexibility 34,35. 
Together, leveraging multi-modal, global approaches is imperative to unravel the complex role of 
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system-wide cortical refinement for mental health and aligns with the broader understanding of 
maturational and psychopathological cortical alterations occurring in a network-like fashion 36,37. 

 
 In the current study, we investigated myeloarchitectural maturation associated with trajectories 
of psychosocial functioning relative to differences in environmental adversity exposure. Psychosocial 
environmental stressors included dysfunctional family settings, significant adverse life events, and low 
socio-economic status, at two consecutive time points in adolescents aged 14-26y. For each timepoint, 
we quantified a continuous stressor resilience score (SRS) as an adjusted measure of psychosocial 
functioning. SRS reflect deviations from psychosocial distress levels predicted by the stressor load an 
individual faced 7,38. That is, lower-than-expected distress reflected resilient adaptation, whereas higher-
than-expected distress reflected higher susceptibility to environmental stressors 38. We then investigated 
associations between intra-individual changes in SRS and brain maturation, specifically focusing on the 
role of ongoing myelination 16,19 and the impact on intrinsic function. We observed that longitudinal 
development towards more susceptible or resilient outcomes were associated with differential rates of 
prefrontal myelination, prefrontal functional network maturation, and cortex-wide myeloarchitectural 
re-organization of association cortices. Expanding on cross-sectional studies suggesting increased 
susceptibility of association cortices to environmental impact 19–21, we thus conclude that adolescent 
maturational trajectories of brain areas typically implicated in psychopathology are tied to dynamic 
intra-individual changes in psychosocial functioning relative to adversity.  
 
 
Results 
 
Stressor resilience scores (Figure 1) 
 
We quantified continuous stressor resilience scores (SRS) by predicting psychosocial distress from 
measures of environmental adversity (Figure 1A). Briefly, we derived a latent factor (Supplementary 
Table S1; chi2 = 34293, p < 0.001), reflecting levels of psychosocial distress across domains  of anxiety, 
depression, antisocial and compulsive-obsessive behavior, self-esteem, psychotic-like experiences, and 
mental well-being (similar to 38,39). In a supervised random forest prediction, we then predicted 
psychosocial distress scores from adverse life events, childhood trauma, parenting style, family 
situation, and socioeconomic status (R2 = 0.21, MAE = 15.15, correlation between true and predicted 
distress scores: r = 0.46). The inverted deviations between true and predicted distress, i.e., the model 
residuals, were extracted to quantify SRS. SRS thus reflect a spectrum ranging from susceptible to 
resilient outcomes, i.e., the extent to which an individual shows higher or lower distress levels than 
expected given their stressor exposure (for similar approaches, see: 38,40–43). For parsimony, we will refer 
to this spectrum as stressor resilience scores / resilient psychosocial functioning, which shall include the 
susceptible (negative) end of the spectrum. See Supplementary Table S2 for links to demographics.  
 

Different sub-samples were included across analyses in this study (Figure 1A; see 
Supplementary Methods for details): The computation of distress score loadings (n = 1533) and the 
prediction from adversity measures (n = 712; sub-sample with additional NSPN U-change 
questionnaires) were conducted in independent samples to avoid leakage effects. Extracted from the n 
= 712 sub-sample, we studied fundamental patterns of MT maturation in n = 199, subsequently referred 
to as the full imaging sample, for whom longitudinal imaging data was available. We then linked 
longitudinal imaging patterns to change in SRS in n = 141 individuals who additionally completed all 
included questionnaires at repeated timepoints.  
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Fundamental patterns of MT maturation in the full imaging sample 
 
We started our investigations by evaluating fundamental myeloarchitectural patterns in the full imaging 
sample (n = 199; 18.83 ± 2.84y; 96 female), to better understand potentially altered trajectories of 
resilient psychosocial functioning in the next step. We visualized the group-averaged regional MT 
change between first and last imaging sessions (∆MT) and observed a wide-spread intra-individual 
increase in MT (Figure 1B; 1.26 ± 0.34y apart). ∆MT was highest towards frontal and temporal poles 
with strongest inter-individual variability (std) in the ventral prefrontal cortex. Systematic sampling of 
myelin-sensitive MT intensities along 10 equivolumetric surfaces perpendicular to the cortical mantle 
further revealed generally highest mean and inter-individual variability in ∆MT in mid-to-deeper layers.  
 
 

 
Figure 1. Behavioral analysis workflow and group-average longitudinal change in myelin-sensitive Magnetic 
Transfer (MT). A) Stressor resilience scores (SRS) were computed for each subject at each available time point 
by predicting psychosocial distress (left) from adversity assessments (Alabama parenting questionnaire (APQ), 
Life events questionnaire (LEQ), Childhood trauma questionnaire (CTQ), Measure of Parenting style (MOPS), 
and socio-economic status (SES)). The SRS was defined as the difference between observed and predicted distress, 
i.e., showing higher (i.e., more susceptible) or lower (i.e., more resilient) than expected psychosocial distress. B) 
i) Mean and SD of intra-individual change in myelin-sensitive Magnetic Transfer (∆MT) in the full imaging sample 
(n=199). ii) ∆MT averaged across the cortex and visualized for three age strata. iii) Mean and SD of ∆MT across 
10 intracortical depths and across the cortex. Line colors for ii) and ii) reflect age strata defined in the Middle 
panel.  
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Intra-individual trajectories of resilient psychosocial functioning and myelin-sensitive MT (Figure 2) 
 
Once longitudinal MT patterns and stressor resilience scores had been determined, we aimed to elucidate 
the association between ongoing myelination in adolescence and change in SRS in n = 141 individuals 
for whom both repeated imaging and behavioral assessments were available. We observed a positive 
association between developing towards more resilient functioning (i.e., an intra-individual increase in 
SRS) and ∆MT in the predominantly left-lateralized anterolateral prefrontal cortex (PFC; tmax = 4.47; 
p10,000 permutations & FDR <0.05; Figure 2A). This effect was robust to several analytical choices and sub-
sampling (see Supplementary Figure S2). Given that rates of myelination are not homogeneous across 
cortical depths (see Figure 1B iii), we further tested for intracortical differentiability of the observed 
effect within the prefrontal cluster. The positive association between ∆SRS and ∆MT was homogeneous 
across 10 intra-cortical sampling depths (Figure 2A ii). We next assessed whether ∆SRS effects are 
systematically found in specific cytoarchitectonic cortical types along a histologically defined hierarchy 
of microstructural complexity 28. We observed that parcels showing a significant ∆SRS effect were 
located in Eulaminate cortex II & III (Figure 2B), which hold regions with comparatively high 
cytoarchitectonic complexity and layer differentiation. Overall, the cortical topology of the 
unthresholded t-map followed a general posterior-to-anterior patterning, aligning with a cortex-wide 
axis of MT development (Supplementary Figure S3) 
 
 Probing whether observed longitudinal effects may link to cross-sectional differences at 
baseline, we observed no cross-sectional association between SRS and MT. One medial frontal gyrus 
parcel showed lower baseline MT in individuals who had a lower SRS at baseline compared to follow-
up (see Supplementary Figure S4).  
 
Intra-individual change in intrinsic functional connectivity of the anterolateral prefrontal cortex 
 
Having established a positive link between myelin-sensitive MT increase and intra-individual change in 
SRS, we next investigated concordant changes in the prefrontal cluster’s intrinsic functional 
connectivity (Figure 2C). To this end, we defined the identified prefrontal parcels exhibiting a 
significant effect in MT analyses as a seed and assessed both global (i.e., degree centrality) and network-
level effects of ∆SRS on change in intrinsic functional connectivity (∆FC). Globally, we observed more 
maintained levels of cortex-wide functional connectivity with increasingly resilient outcomes, whereas 
increasingly susceptible outcomes were associated with a segregation (t(134) = 2.44; p = 0.02). Studying 
the cortex-wide pattern of associations between ∆SRS and prefrontal ∆FC revealed that effects were 
concentrated in regions of the default mode, frontoparietal and ventral attention networks (p10,000 permutations 

& FDR <0.05; Figure 2C & D) and were driven by sub-regions of the PFC cluster which are part of the 
default mode network (see Supplementary Figure S5). 
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Figure 2. Development of resilient psychosocial functioning is associated with trajectories of anterolateral 
prefrontal myelin-sensitive Magnetic Transfer (MT) and functional connectivity. A) i) Adolescents who showed 
increasingly resilient responses to psychosocial stressors with age (i.e., increasing stressor resilience scores (SRS)) 
showed a higher rate of (primarily left) prefrontal myelin-sensitive MT (p < 0.05, FDR corrected, 10,000 
permutations). ii) This effect was on average homogeneous across cortical depth (box plots for each intra-cortical 
surface include t-values derived for significant regions depicted in i) ),  and located in Eulaminate Cortex II and 
III (B). Defining the cluster identified in A) as a seed (C), we further observed that functional connectivity (FC) 
was more globally maintained (i) with increasing SRS. Across the cortex (ii), this effect was most prominent in 
default mode (DMN) and frontoparietal (FPN) networks (D). Grey masks in functional data reflect parcels that 
were excluded due to low signal-to-noise ratios. Note that line plots in Ai) and Ci) are colored with respect to 
increasing vs. decreasing SRS for visualization, but analyses were performed on continuous SRS scores. Kon = 
Konicortex, Eu-I-III = Eulaminate I-III, Dys = Dysgranular, Ag = Agranular; VAN = Ventral attention network, 
DAN = Dorsal attention network, SM = Sensorimotor, VIS = Visual. 
 
 
System-level cortical maturation (Figure 3) 
 
So far, our analyses suggest a role of local prefrontal myeloarchitectural and inter-regional functional 
network maturation in developmental trajectories of susceptible/resilient psychosocial functioning. This 
suggests local microstructural alterations may also reflect system-level cortical refinement. Thus, we 
next aimed to study system-level myeloarchitectural and parallel functional re-organization underlying 
SRS changes. To this end, we derived a microstructural profile covariance (MPC) matrix, reflecting 
inter-regional similarities of myeloarchitectural profiles which were derived from probing MT 
intensities in ten equally spaced intra-cortical depth compartments (Figure 3A). Next, we computed a 
maturational index (MIMPC; Figure 3B) which captures age-related change of all MPC edges of a node 
as a function of respective baseline patterns (estimated for age 14 44). The MIMPC revealed a topologically 
heterogeneous pattern of re-organization (p<0.05, FDR). Overall, we observed a U-shaped association 
between the MIMPC and a previously established 20 principal axis of age-related change (Figure 3C-E), 
which captures a differentiation of idiotypic sensory vs. paralimbic/temporal maturational patterns. 
Regions at the apices of the axis exhibited a positive MIMPC, i.e., a positive correlation between baseline 
and change patterns. A positive MIMPC reflects an integration of regions that showed higher 
myeloarchitectural similarity at baseline and/or a differentiation of regions that were already dissimilar 
at baseline. This strengthening of existing patterns has been termed ‘conservative’ development 44. 
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Conversely, towards the middle of the axis, we observed negative MIMPC, indicating a re-organization 
of MPC embedding. Here, regions that were more dissimilar at baseline became more integrated with 
each other and/or regions with higher myeloarchitectural similarity became more differentiated. This is 
termed ‘disruptive’ re-organization (which does not imply pathological disruption, but a disruption of 
baseline patterns during development). 

 
 Given the intricate link between system-level structural and functional development 34,45, we 
studied the convergence of myeloarchitectural and functional maturational modes. The MI based on 
functional connectivity (MIFC) is characterized by a clear differentiation of ‘conservative’ development 
in unimodal regions and ‘disruptive’ re-organization in association areas (Figure 3F; 44). We found 
parallel conservative development as well as MPC-reorganization co-occurring with conservative FC 
development in regions involved in sensory- and attention-related processes (visual, sensorimotor, and 
ventral attention network). Regions of the default mode and frontoparietal networks showed both cross-
modal re-organization and structure-function divergence, in which MPC showed conservative but FC 
disruptive developmental patterns (Figure 3G). Together, this shows that microstructural and intrinsic 
functional organization show both convergent and divergent maturational patterning at the system-level. 
 
 

 
Figure 3. Systems-level cortical maturation in the full imaging sample (n = 199), capturing multi-modal re-
organization in association cortices. A-C) depict analytical approaches. A) MT intensities were sampled along 
10 equi-volumetric surfaces between the gray matter /pial and gray matter /white matter boundaries to derive 
microstructural profiles and a microstructural profile covariance (MPC) network. B) The maturational index 
captures correlations between baseline (i.e., a pattern predicted for age 14 by a mixed effects general linear model) 
and change patterns (i.e., the age effect estimated by that model) in a region’s network. C) A low-dimensional axis 
of MPC age effects was derived by applying diffusion map embedding to order regions according to their similarity 
in synchronized microstructural differentiation with age. D-G) depict derived maturational patterns. D) 
Maturational index (MI) of MPC (MIMPC; pFDR < 0.05), showing conservative development in ventral temporal 
and dorsal regions, and disruptive re-organization in heteromodal fronto-parietal cortex. E) Relationship between 
the MIMPC and the principal axis of MPC maturation. The non-linear relationship indicates that conservatively 
developing ventral and dorsal regions follow maximally different developmental patterns. F) MI of functional 
connectivity (MIFC; pFDR < 0.05), showing conservative development in sensori-motor cortex and disruptive re-
organization in heteromodal association cortex. G) Maturational categories: Overlaps between MIMPC and MIFC 
per Yeo network. + = conservative, - = disruptive. VIS = Visual, SM = Sensorimotor, DAN = Dorsal attention 
network, VAN = Ventral attention network, FPN = Frontoparietal network, DMN: Default mode network. Grey 
masks in functional data reflect parcels that were excluded due to low signal-to-noise ratios. 
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System-level maturation and intra-individual change in resilient psychosocial functioning (Figure 4) 
 
Last, we investigated whether trajectories of resilient psychosocial functioning are associated with 
different degrees of system-level re-organization between the ages of 14 to 26y. As both the MI and the 
main axis of age-related MPC change are derived from group-level statistics, it was required to form 
groups for these analyses by dichotomizing trajectories reflecting increasingly resilient (+∆SRS) vs. 
increasingly susceptible (-∆SRS) outcomes. We observed significant group differences between +∆SRS 
and -∆SRS individuals in the MIMPC in 43 predominantly heteromodal regions (Figure 4A; p < 0.05 
FDR & 10,000 permutations). 93% of these regions showed a negative shift in MIMPC in individuals 
developing towards more resilient outcomes, reflecting mostly less conservative development (58%; 
Figure 4B; Supplementary Table S3), but also more disruptive re-organization (19%). Another 16% 
of these reflected regions that generally showed no significant association between baseline and age-
related change patterns in the full imaging sample, that is, in regions that followed neither conservative 
nor disruptive developmental patterns. Observations were robust to alternative modeling approaches 
(Supplementary Figure S6).  
 

Contextualizing these findings with existing atlases of cortical types 28 and intrinsic functional 
networks 46 revealed that significant regions were concentrated in Eulaminate-II (35%) and -III (40%) 
cortex, defined anatomically, and the default mode network (DMN; 37%), defined functionally (Figure 
4B). In a complementary approach, we investigated MPC trajectories along a low-dimensional cortical 
axis. We observed a more distinct bimodal distribution of loadings along the principal axis in the group 
of individuals who developed towards higher susceptibility. That is, regions were situated towards the 
differentiated apices rather than the middle of the axis, reflecting increasing microstructural similarity 
with the axis’ anchors. Conversely, the axis was slightly compressed in the group of individuals who 
developed towards more resilient outcomes. Here, more parcels loaded on the middle of the axis 
reflecting less synchronization with anchor profiles (Figure 4C). 

 
 Throughout this study, functional connectivity data was used to contextualize myeloarchitectural 
results. Considering the topology of cross-modal congruency of MIs (Figure 3G), we observed that group 
differences in MIMPC were largely located in regions where MPC and FC did not follow convergent MI 
patterns (see Figure 4B). That is, group differences were most frequently located in regions exhibiting 
conservative MPC but decoupled, disruptive FC development (35%). The MIFC itself showed subtle 
group differences in 8 confined, primarily prefrontal regions (Supplementary Figure S7). 5 of these regions 
exhibited less disruptive, 3 exhibited less conservative development in the group of individuals who 
developed to become more resilient with age. 
 

Together, this suggests that both myeloarchitecture and functional connectivity show marked 
maturational reorganization tied to resilient/susceptible trajectories of psychosocial functioning, 
establishing the brain as a key feature of adaptive development. 
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Figure 4. More disruptive re-organization of microstructural profile covariance (MPC) networks with 
increasingly resilient mental health outcomes. A) Top; Group differences in the Maturational index (MIMPC; FDR 
p<0.05 & 10,000 permutations, p<0.05) indicating a widespread negative shift (i.e., more disruptive or less 
conservative MPC development) in the group of individuals who developed towards more resilient outcomes 
(↑∆SRS). Bottom; A negative shift for the ↑∆SRS group can reflect three main scenarios: Less conservative 
development (left), more disruptive development (middle), or disruptive development in a region that exhibits 
neither disruptive nor conservative development in the full sample (right; tipping point). B) Contextualization of 
regions with a significant group difference (in any direction), revealing that differences in MIMPC are more 
frequently located in Eulaminate cortex II & III, default mode areas, and regions exhibiting decoupled 
microstructural compared to functional development. C) Density plot of axis loadings per group, reflecting a more 
compressed axis in the group of individuals who developed towards more resilient outcomes. For scatter and 
density plots, the +ΔSRS group is depicted in purple and the -ΔSRS group in blue. Kon = Konicortex, Eu-I-III = 
Eulaminate I-III, Dys = Dysgranular, Ag = Agranular; DMN = Default mode network, FPN = Frontoparietal 
network, VAN = Ventral attention network, DAN = Dorsal attention network, SM = Sensorimotor, VIS = Visual. 
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Discussion 
 
In the current study, we report that intra-individual trajectories of adolescent psychosocial functioning 
relative to environmental adversity are tied to ongoing myeloarchitectural and functional maturation of 
association cortices. Here, resilient and susceptible outcomes were operationalized as comparatively 
lower or higher levels of psychosocial distress in the face of psychosocial stressors, resulting in a 
continuous score that adjusts for variations in stressor exposure at different time points. We employed 
a dimensional approach aligning with previous studies that underscore psychosocial adversity as a 
pivotal transdiagnostic risk factor that is more predictive of overall psychopathology than discrete 
symptom domains 47,48. Moreover, our longitudinal design puts emphasis on the dynamic nature of 
resilient functioning, combined with myeloarchitectural brain phenotypes that take regional variations 
along cortical depths into account. Thus, we provide nuanced and multimodal evidence that maturational 
trajectories of late-maturing association cortices are associated with changing abilities to adapt to 
psychosocial stressors during adolescence. 
 
Enhanced anterolateral prefrontal myelination links to increasingly resilient psychosocial functioning 
 
 Investigating myelin trajectories revealed a positive association between ∆MT in anterolateral 
and orbitofrontal cortex and changes in stressor resilience scores. This finding converges with previous 
cross-sectional reports suggesting particular susceptibility of the ventral prefrontal cortex to 
environmental adversity 3,21,49 as well as a central role in resilient adaptation 47,50. Here, we extend 
previous findings on cortical volumes and functional connectivity towards longitudinal myelin 
plasticity. A beneficial effect of enhanced prefrontal myelination may directly be linked to the 
optimization of adaptive cognitive strategies facilitating successful navigation in the ever-changing 
environment. That is, ongoing myelin plasticity fosters circuit modification and synchronization through 
a multitude of parallel mechanisms 18. These may include regulatory influences on axon conductance to 
optimize the synchronization of spike arrivals 51,52, neuronal metabolism and excitability 53,54, and 
structural plasticity 14,55. In the prefrontal cortex, the optimization of circuit efficiency is intricately 
linked to the maturation of cognitive functions such as executive functions and emotion regulation, and 
enhanced social and cognitive flexibility required for adaptation 56,57. Conversely, attenuated prefrontal 
myelination and impaired executive control have been linked to transdiagnostic mental health 
impairments 58–60. Schizophrenia rat models further suggest links between interneuron hypomyelination 
and cognitive inflexibility 61. It is noteworthy that adolescents exhibiting increasingly susceptible 
outcomes in the present study did not surpass clinical thresholds. However, current findings indicate 
that cross-sectional associations between susceptibility to psychopathological spectra and prefrontal 
myeloarchitectural development described in patient and animal data can already be observed at the 
level of intra-individual variation in susceptibility. Lastly, alongside potential cognitive implications, 
psychosocial adversity likely elicits a physiological stress response activating the Hypothalamus-
Pituitary-Adrenal axis. The ventral PFC is involved in and can recursively be affected by physiological 
stress responses through glucocorticoid-induced structural remodeling 62,63. While the current data do 
not allow to test protective effects on a molecular level, it is possible that increased consolidation of 
connections through myelination may enhance physiological resistance to disadvantageous stressor-
induced PFC re-modeling.  
 

We probed whether varying levels of myeloarchitectural consolidation coincide with differences 
in functional network maturation of the identified anterolateral prefrontal region, indirectly suggesting 
a potential resistance to stressor-induced re-modeling. Indeed, we observed increasingly susceptible 
mental health outcomes to be linked not only to an attenuated rate of prefrontal myelination, but also to 
a segregation of prefrontal connectivity within abstract cognitive networks. Conversely, PFC 
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connectivity exhibited greater stability among individuals who developed towards more resilient 
psychosocial functioning. In normative development, most prefrontal sub-regions show decreases in 
global network embedding during childhood followed by a plateau towards early adulthood 64–66. This 
pattern reflects a combination of increasing integration within networks that they are part of, such as the 
DMN and FPN, but a segregation from other networks such as the dorsal attention network. Here, the 
segregation of the anterolateral PFC region both globally and within the DMN and FPN in individuals 
manifesting increasingly susceptible outcomes suggests a closer tie to patterns reminiscent of earlier 
developmental stages in both prefrontal connectivity and mean myelin-sensitive MT. Together, 
increased longitudinal myelination of anterolateral prefrontal regions may link to facilitated adaptation 
to adversity by optimizing the efficiency of prefrontal cognitive circuits relevant to flexible adaptation 
and resistance to unfavorable re-modeling. 
 
Synchronized re-organization of regions higher up the cytoarchitectonic and functional hierarchies are 
implicated in developing resilient psychosocial functioning  
 

Brain alterations linked to both maturational and psychopathological cortical alterations have 
been proposed to occur in a network-like fashion rather than in isolation 36,37, underlining the importance 
of considering the embedding of local changes in a globally changing system. Therefore, we studied the 
cortical topology of synchronized maturation of intracortical profiles, to then probe whether areas 
exhibiting most pronounced re-organization during adolescence are more strongly implicated in 
trajectories of resilient psychosocial functioning. We described a maturational index reflecting age-
related change as a function of baseline patterns and observed most profound re-organization in 
frontoparietal association cortices. The MIMPC pattern aligned with a previously established principal 
axis of age-related MPC change that suggests fronto-parietal heteromodal cortex to differentiate most 
profoundly in synchronization with either dorsal/unimodal or ventral/paralimbic anchors 20. Importantly, 
the microstructural maturational topology diverges to some extend from the maturational topology that 
has been previously described for functional networks 44. Especially cognitive networks such as the FPN 
and DMN exhibited not only congruent disruptive development, but also a structure-function de-
coupling marked by conservative MPC but disruptive FC development. Remodeling functional and 
structural connectivity partly independently has been assumed to sculpt functional specialization in 
transmodal association cortex critical for executive functions 34. At the same time, it underlines the 
importance of multi-modal investigations when aiming to understand consequences of system-level 
maturation.  

 
We observed associations between MI and changes in resilient psychosocial functioning in 

microstructural, and regionally confined effects in intrinsic functional data. Compared to individuals 
developing towards higher stressor susceptibility, adolescents developing towards more resilient 
outcomes exhibited a negative-shift in the microstructural MIMPC across heteromodal association 
cortices. This negative-shift reflected both less conservative and more disruptive development. The 
observed reduction in conservative development was further highlighted by a compressed axis of MPC 
change for which less regions loaded towards the apices/anchors of the axis. In contrast to ∆SRS effects 
observed in MIMPC, MIFC effects were more locally concentrated in the bilateral prefrontal cortex and 
presented a positive rather than negative shift in MIFC in individuals who became more resilient with 
age. That is, the +∆SRS group exhibited less disruptive development in the PFC. This finding is 
complementary to microstructural maturational patterns associated with longitudinal change in resilient 
functioning and converges with the observation that increasingly resilient outcomes were associated 
with more maintained prefrontal functional connectivity (see Figure 2C, here reflected in attenuated re-
organization). Previous work suggests regions that are most developmentally active during adolescence, 
primarily association cortices, to be most strongly implicated in mental health 1. While we generally 
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observed effects in association cortices, this was not exclusive to regions exhibiting disruptive re-
organization. In particular for the microstructural MIMPC, effects associated with SRS changes were 
marked in temporal cortex, which in turn exhibited largely conservative development. Our results thus 
indicate that trajectories of resilient psychosocial functioning are linked to altered degrees of 
myeloarchitectural re-organization, however, this was independent from whether a region generally 
developed conservatively or disruptively.  
 

Across analytical scales and imaging modalities included in this study, regions implicated in 
longitudinal change in resilient psychosocial functioning were characterized by their high position along 
cortical hierarchies of cytoarchitectonic complexity and functional network abstraction. That is, findings 
emerged predominantly in cytoarchitectonically complex Eulaminate-II and -III cortices, anatomically, 
and the DMN, functionally. Previous research suggests that structural differentiation of the DMN from 
networks involved in sensory-perceptual processing 45 facilitates the maturation of cognitive functions 
requiring abstraction from the immediate environment 56,57. At the same time, DMN structure and 
functional connectivity are frequently implicated across psychiatric symptom domains, exposure to 
environmental adversity such as low socio-economic-status, but also to protective environmental factors 
such as positive parenting 67–69. A prominent explanation for the recurring role of the DMN is its 
involvement in generating conceptual mental models of the self in its environment 70–73. Such self-in-
context models include self-referential processing, emotional reappraisal, assigning meaning to external 
events and interpreting their causes in reference to one’s own narrative. Maladaptive internal models 
and inaccurate attributions of causality fostering negative interpretations of experiences have been 
considered transdiagnostic risk factors for mental health impairments 68,70. Similarly, resilient or 
susceptible psychosocial trajectories may be tied to continuously evolving self-in-context 
representations. Here, ongoing DMN refinement may facilitate and stabilize beneficial self-referential 
mental narratives influencing adaptive strategies in the face environmental stressors. 
 

Lastly, investigating both an average myelin proxy (i.e., regional MT) and a more nuanced 
approximation of intra-cortical profiles highlighted different facets of the associations between cortical 
maturation and change in stressor resilience. Yet, both angles support a beneficial role of myelin 
plasticity, reflected in a higher overall rate of (anterolateral prefrontal) myelin growth and, considering 
depth-specific measures, increased levels of microstructural re-organization. Across present analyses, 
individuals who developed towards more susceptible outcomes showed maturational profiles more 
closely tied to patterns associated with earlier stages of adolescence. Conversely, microstructural 
maturation in individuals with increasingly resilient outcomes appeared less constrained by existing 
patterns, potentially highlighting the necessity for adaptive alterations to enhance selected cognitive 
circuits. Overall, it is likely not only a matter of ‘the more the better’, but of parallel refinement processes 
taking place at multiple scales. Thus, current results demonstrate that adolescents show marked intra-
individual variability in resilient psychosocial functioning relative to environmental adversity that is 
reflected in both local and systems-level brain maturational profiles. 
 
Limitations, further considerations, & open questions 
 

Our study takes a dimensional approach to environmental adversity exposure and psychosocial 
functioning. We acknowledge that differences exist in the brain correlates of both adversity type 49 and 
symptom domains 4. However, we believe a dimensional approach increases ecological validity as 
included forms of adversity are highly clustered together in the general population 74, have been shown 
to be associated with overlapping brain structural correlates (dice coefficients up to 0.54; 3,49), and are 
transdiagnostic predictors of overall psychopathology 47,48. We further cannot extrapolate whether 
individuals stay on the trajectories analyzed here, and whether enhanced myelination is a prospective 
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predictor for adult mental health 48. Next, our study does not allow to draw conclusions on the 
directionality of effects. It remains an open question whether reported brain maturational changes 
directly facilitate behaviors which in turn support advantageous outcomes, or whether favorable patterns 
of brain maturation are the result of environmental resilience factors such as a supportive social network 
38,48,75. On this note, resilient outcomes are assumed to rely on a multi-modal and multi-faceted construct, 
acknowledging the surrounding we live in, but also other psychological variables beyond 
symptomatology (such as positive affect, life satisfaction, personality traits). Thus, we cannot clearly 
disentangle the interaction of different intrinsic and extrinsic influences. The variety of factors affecting 
an individual’s mental health are likely reflected in the variance not explained by our model, which 
predicts psychosocial distress solely from psychosocial adversity measures. Last, complementary to 
longitudinal approaches aiming to make prospective predictions of future mental health outcomes, our 
current work makes a case for tracking ongoing developmental trajectories for a better understanding of 
intra-individual variability in susceptibility to environmental risk factors at different time points during 
development. 
 
Conclusion 
 
The transition to adulthood is considered a particularly susceptible period for the emergence of mental 
health symptoms. In line with prior research proposing a central role of the protracted development of  
association cortices in susceptibility to psychiatric risk factors 19, the current work suggests that intra-
individual change in psychosocial responses to environmental stressors is associated with the degree of 
myeloarchitectural plasticity and cortex-wide re-organization. The dynamic nature of myelin suggests a 
potential benefit of interventions that target deviant trajectories in at-risk adolescents. These may include 
increased exposure to environmental resilience factors such as a supportive social network 38,48, but also 
the facilitation of experience-dependent plasticity demonstrated in e.g. social/mental training 76. 
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Methods 
 
Study sample 
 
This study included 2245 adolescents and young adults aged 14 to 26 years (54% females; mean age = 
19.06 ± 3.02y) from the NeuroScience in Psychiatry Network (NSPN; 77). Participants were recruited 
in Cambridgeshire and north London in an accelerated longitudinal sampling design which balanced 
sex, ethnicity, and participant numbers in five age strata (14-15, 16-17, 18-19, 20-21, 22-25). All 2245 
individuals were included in behavioral analyses (see Supplementary Figure S8 for details on included 
sub-samples). 
 

Our neuroimaging analyses of group-level developmental principles were based on a subsample 
(n = 199; 416 sessions) of adolescents who were invited to undergo longitudinal functional and structural 
neuroimaging assessments at baseline and a one year follow up, with a subsample of 26 subjects invited 
for an intermediate 6 months scan. Neuroimaging analyses studying intra- and inter-individual 
differences with respect to adaptivity were restricted to participants who had at least two structural (MT) 
and functional scans after quality control, and completed all questionnaires included in this study at two 
or more timepoints (n = 141; 346 sessions; age stratification at baseline: n = 34/34/22/37/14; 50.3% 
female; inter-scan interval = 1.26 ± 0.33y; Supplementary Figure S8). This study was conducted in 
accordance with U.K. National Health Service research governance standards and participants provided 
informed written consent during NSPN data acquisition.  
 
Generation of stressor resilience scores 
 
Stressor resilience scores (SRS) were generated in a three-step process (Figure 1C): 1) Computation of 
a general distress score (n = 1533), 2) prediction of psychosocial distress from environmental adversity 
measures (n = 712), and 3) extractions of residuals from the model for participants with repeated MRI 
and behavioral data (n = 141). To avoid leakage, steps 1 and 2 were based on independent subsamples 
(Supplementary Figure S8).  
 

Psychosocial distress scores were based on self-report questionnaires spanning mental health 
domains for which emotional and behavioral symptoms tend to emerge during adolescence and are 
associated with commonly diagnosed mental disorders. Following previous work on latent mental health 
dimensions in NSPN 39, the following mental health domains and questionnaires were included: 
Depression (33-item Moods and Feelings Questionnaire; MFQ; 78), generalized anxiety (including 
measures of social concerns, worry, physiological change; 28-item Revised Children's Manifest Anxiety 
Scale; RCMAS 79), antisocial behaviours (11-item Antisocial Behaviour Questionnaire; ABQ), 
obsessive compulsive behavior (11-item Revised Leyton Obsessional Inventory; r-LOI; 80), self-esteem 
(10-item Rosenberg Self-Esteem Questionnaire; RSE; 81), psychotic-like experiences (Schizotypal 
Personality Questionnaire; SPQ; 82), and mental well-being (14-item Warwick-Edinburgh Mental Well-
Being Scale; WEMWBS; 83). Please see supplementary information for details on the questionnaires. 
We applied a factor analysis (Matlab 2022b) aiming to derive one latent factor in 1533 individuals. This 
latent factor correlated highly (r = 0. 99) with the general distress score derived from previously reported 
Bi-factor models that additionally include five sub-factors 39. In a separate subsample (n = 712), we then 
applied the derived item loadings to each individual’s respective item scores. The sum of item scores 
multiplied by item loadings defined subject-level distress scores.  

 Conceptualizing relatively more resilient or susceptible outcomes as lower or higher than 
expected distress, respectively, given the adversity faced, we then predicted distress scores from 
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available adversity measures. These included: The Life Events Questionnaire (LEQ; 84), Child Trauma 
Questionnaire (CTQ; 85), Alabama Parenting Questionnaire (APQ; 86), Measure of Parenting Style 
(MOPS; 87), and socioeconomic status (as approximated by zip codes/IMD). See Supplementary 
Methods for details on included questionnaires. For the prediction, we used a random forest regression 
in a supervised machine learning approach implemented in sci-kit learn (v1.2.1, https://scikit-learn.org, 
in Python v3.10.9). We applied a nested cross-validation in which we left all sessions of one subject out 
in the outer scheme, i.e., 712 outer folds, and split the remaining data into 5 even groups for training, 
i.e., 5 inner folds, in each iteration. Performance was estimated based on mean absolute errors and 
parameter optimization was performed for the number of estimators (50, 100, 150, 200, 250, 300) and 
tree depth (5 to 15). We included a StandardScaler (z-scoring) to preprocess features within the cross-
validation scheme. 

Neuroimaging data acquisition 
 
Magnetic Transfer data was acquired as a neuroimaging proxy of myelin content using a multi-
parametric mapping (MPM) sequence 22 on three identical 3T Siemens MRI Scanners (Magnetom TIM 
Trio) in Cambridge (2) and London (1). A standard 32-channel radio-frequency (RF) receive head coil 
and RF body coil for transmission were used. Anatomical and functional data were acquired on the same 
day.  
 
Myelin-sensitive MRI 
 
MPM comprised three multi-echo 3D FLASH scans: predominant T1-weighting (repetition time 
(TR) = 18.7 ms, flip angle = 20°), and predominant proton density (PD) and MT-weighting (TR= 23.7 
ms; flip angle = 6°). To achieve MT-weighting, an off-resonance Gaussian-shaped RF pulse (duration 
= 4 ms, nominal flip angle = 220 ̊, frequency offset from water resonance = 2 kHz) was applied prior to 
the excitation. For MT weighted acquisition, several gradient echoes were recorded with alternate 
readout polarity at six equidistant echo durations (TE) between 2.2 and 14.7 ms. The longitudinal 
relaxation rate and MT signal are separated by the MT saturation parameter, creating a semi-quantitative 
measurement that is resistant to field inhomogeneities and relaxation times 22,88. Further acquisition 
parameters: 1 mm isotropic resolution, 176 sagittal partitions, field of view (FOV) = 256×240 mm, 
matrix = 256×240×176, parallel imaging using GRAPPA factor two in phase-encoding (PE) direction 
(AP), 6/8 partial Fourier in partition direction, non-selective RF excitation, readout bandwidth BW = 
425 Hz/pixel, RF spoiling phase increment = 50 ̊. The acquisition time was approx. 25 min, during which 
participants wore ear protection and were instructed not to move and rest.  
   
Resting-state functional MRI 
 
Resting-state functional MRI (fMRI) data were acquired using a multiecho echo-planar imaging 
sequence (TR = 2.42 s; GRAPPA with acceleration factor = 2; flip angle = 90°; matrix size = 64×64×34; 
FOV = 240 × 240 mm; in plane resolution = 3.75 mm×3.75 mm; slice thickness = 3.75 mm with 10% 
gap, sequential slice acquisition, 34 oblique slices; bandwidth, 2368 Hz/pixel; TE = 13, 30.55, and 48.1 
ms. 
 
 
 

https://scikit-learn.org/
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Neuroimaging data preprocessing 
 
Microstructure 
 
Surface reconstruction was performed on T1w data using the Freesurfer _recon-all_ command (v.5.3.0; 
89). Briefly, the pipeline performs non-uniformity correction, projection to Talairach space, intensity 
normalization, skull stripping, automatic tissue segmentation, and construction of the gray/white 
interface and the pial surface. Surface reconstructions were visually inspected and edited by adding 
control points if required, or excluded if still poor following editing. MT images were co-registered with 
reconstructed surfaces and 12 equivolumetric cortical surfaces were generated within the cortex (i.e., 
between the pial and white surface; 90). The equivolumetric model takes cortical folding into account by 
manipulating the Euclidean distance (ρ) between intracortical surfaces, thereby preserving the fractional 
volume between pairs of surfaces: 
 

𝜌 =
1

𝐴(𝑜𝑢𝑡) − 𝐴(𝑖𝑛)
	×	(𝐴(𝑖𝑛) +	1𝛼𝐴!(𝑜𝑢) + (1−∝)𝐴!(𝑖𝑛) 

 
α = a fraction of the total volume of the segment accounted for by the surface; Aout and Ain = the surface 
areas of outer and inner cortical surfaces, respectively. 
The outer two surfaces were excluded to avoid potential partial volume effects (PVE) and MT intensities 
were extracted from 10 cortical depths at each vertex. In addition, depth-specific PVEs caused by 
cerebrospinal fluid (CSF) were corrected for using a mixed tissue class model 91. To this end, a linear 
model was fitted to each node at all 10 depths: 
 

MT(n,s) ~b0 + b1CSF(n,s) 
 

where n = node, s = surface. Derived CSF-corrected MT values reflect the sum of residuals: 
 

MTc(n,s) = T1(n,s) – (b0+b1CSF(n,s)) 
 

and original group averaged MT. 
Last, vertices were averaged within 360 bilateral cortical parcels using the Human Connectome Project 
(HCP) parcellation atlas that was mapped from standard fsaverage space to each participant’s native 
space using surface-based registration 90,92.  
 
Resting-state functional MRI 
 
Multi-echo independent component analysis (ME-ICA; 93,94) was applied to the fMRI data to isolate and 
remove variance caused by sources that do not scale linearly with the TR within the time series and are 
therefore assumed not to represent the blood oxygenation level dependent (BOLD) contrast. Variance 
in cerebrospinal fluid was estimated based on ventricular time series and regressed from parenchymal 
time series via Analysis of Functional NeuroImages (AFNI; 95). Data was parcellated into the same 360 
bilateral HCP cortical regions applied to structural data within which regional time series were averaged 
across voxels of each respective parcel. Moreover, a band-pass-filter (range: 0.025 to 0.111 Hz 96) was 
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applied to the regional time series using discrete wavelet transform. Following quality control, regional 
time series were z-scored and 30 regions, mainly in paralimbic areas, were excluded due to low z-scores 
(Z < 1.96) in at least one participant. A functional connectivity (FC) matrix was generated for each 
subject by computing Pearson’s correlation coefficients between all 330 remaining parcels, yielding a 
330×330 matrix. Correlation coefficients were then z-transformed by Fisher’s transformation 97). 
Hence, FC units represent standard deviations of the normal distribution. Lastly, to avoid any residual 
effects of motion on FC, each edge/Z-score was regressed on each participant’s mean frame-wise 
displacement. All further analyses were based on derived motion-corrected Z-scores (i.e., the residuals 
of this regression).  
  
 In total, 36 scans were excluded due to high in-scanner motion [mean framewise displacement 
(FD) > 0.3 mm or maximum FD >  1.3 mm], poor surface reconstructions, co-registration errors, and/or 
extensive fMRI dropout. 
 
Intra-individual change  
 
Intra-individual change in mean and layer-wise MT, as well as resting-state functional connectivity 
(FC), was assessed by calculating the ∆ between first and last MRI sessions: MTT2-MTT1 or FCT2-FCT1 

respectively, for each parcel. ∆s were winsorized to +/- 3SD to account for outliers.  
 
Association between myeloarchitectural and intrinsic functional maturation and change in SRS 
 
The association between ∆SRS and ∆MT was assessed by applying a general linear model to each parcel: 

 
∆MT(parcel) ~ 1 + 𝛽∆SRS *∆SRS + 𝛽mean SRS *mean SRS + 𝛽 age*age 

+ 𝛽 sex*sex + 𝛽 site*site + 𝜖 
 

Models were fitted in SurfStat 98 (Matlab 2022b) adjusting for mean age (i.e., (Agebaseline+ Agefollow up)/2) 
and mean SRS (i.e., (SRSbaseline+ SRSfollow up)/2) across sessions, sex, and site. Before fitting the model, 
we adjusted ∆SRS and ∆MT for inter-session-intervals, which varied between participants, by fitting 
linear regressions of ∆age. This was done separately for imaging and behavioral data to adjust for the 
fact that behavioral and imaging data were mostly not collected on the same day. Significance was 
assessed by non-linear permutation testing (10.000 permutations of ∆ and mean SRS and FDR correction 
of derived p-values at a < 0.05). We then stratified the unthresholded t-map according to a 
cytoarchitectonic map defining six dominant cortical types 28, to reveal potential systematic links 
between cortical architecture and ∆SRS effects. 
 We ran two post-hoc analyses based on the region of interest (ROI) defined by parcels that 
show a significant ∆SRS*∆MT association. First, we tested whether significant associations between 
∆SRS and ∆MT were layer-specific by fitting the same linear model to MT values at each of the 10 
surfaces, rather than the mean across surfaces. This was done to reveal a potential specificity of effects 
based on cortical depth, not to statistically confirm the observed association again. Next, we addressed 
the question of whether regions showing differences in ∆MT as a function of ∆SRS also exhibit different 
functional connectivity. To this end, we computed global FC of the ROI as degree centrality (i.e., the 
sum of all connections) as well as a seed-based FC analysis defining the ROI as a seed. As described for 
the ∆MT analysis, we regressed out the effects of inter-session intervals, fitted the same linear model as 
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described above, and assessed significance of the seed-based analysis by non-linear permutation testing 
(10,000 permutations of ∆ and mean SRS + FDR correction of derived p-values at a < 0.05). Last, we 
stratified the resulting t-map according to the Yeo 7 Network Atlas 46 to reveal systematic effects within 
specific intrinsic functional networks. 
 
System-level maturation 
 
We studied systems-level maturation based on both myeloarchitectural and functional data. In order to 
assess the cortical topology of MT maturation, we computed a microstructural profile covariance (MPC) 
matrix and studied its change with age. MPC is based on myeloarchitectural profiles across cortical 
depths and is generated via partial correlations between depth-wise MT profiles of two given regions, 
corrected for the mean MT signal across surfaces. An underlying assumption of this approach is that 
inter-regional similarity predicts axonal cortico-cortical connectivity 33,99,100. MPC has previously been 
shown to align well with post-mortem assessments of inter-regional microstructural similarity 30, and 
depth-dependent shifts in cytoarchitectonic features such as cell densities or myelin characteristics have 
been linked to architectural 101 complexity and cortical hierarchy 102.  
 First, we computed a microstructural and functional Maturational Index (MI), which has been 
shown to be a robust marker for adolescent modes of re-organization 44 sensitive to individual 
differences 103 in functional connectivity. To compute the MI, LMEs were fitted to each edge of the 
MPC and FC matrices, assessing effects of age and including sex, site, and repeated measures of the 
same individual in the model: 

 

MRI(k,j) ~ 1 +𝛽 age ∗	age + 𝛽 sex ∗	sex + 𝛽 site ∗	site + 𝛾subject ∗ (1|subject) + 𝜖 
 

Where k and j are two nodes of the matrix. The MI captures the signed Spearman’s correlation between 
predicted baseline patterns, at age 14, and rate of change, age 14-26, of all edges that connect a given 
node to all other nodes. Thus, it reflects a re-organization of network embedding.  

Baseline values at age 14 for each group (+∆SRS/-∆SRS), MRI14group , were extracted for MPC and FC 
matrices as follows: 
 

MRI14group = 1 + 𝛽age ∗ 14 + 𝛽age ∗	14 + 𝛽sex ∗ (1/2)  
+ 𝛽site1 ∗ (1/3) + 𝛽site2  ∗ (1/3) 

 
Whereas the rate of change MPC14-26 or FC14-26 simply reflects the 𝛽-coefficient of age: 

 

MRI14-26(k,j) = 𝛽age 
 
At each node, we then computed the row-wise Spearman’s ρ between ranked extracted parameters 
reflecting baseline and change parameters of all edges (i.e., 360 for MPC, 330 for FC) of a specific node. 
A positive correlation indicates that a given region’s edges that were already similar in either their 
myeloarchitectural or functional profile became more similar with development, this is termed 
‘conservative’ development. Conversely, a negative correlation reflects re-organization, edges that were 
similar at baseline differentiate, or edges that were dissimilar at baseline integrate, which is termed 
‘disruptive’ development. We computed normative MIs for MPC and FC across all participants (n = 
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199) using all existing sessions (416 sessions). To probe convergence and divergence of structural 
compared to functional maturational modes, we further tested overlaps between regional MIs 
(individually thresholded at pFDR < 0.05). 
 Next, we contextualized the MIMPC with a previously established measure of global 
organization of microstructural maturation: The MPC principal axis of age effects 20. To this end, we 
applied the same LME defined above: 

 

MPC(k,j) ~ 1 +𝛽 age ∗	age + 𝛽 sex ∗	sex + 𝛽 site ∗	site + 𝛾subject ∗ (1|subject) + 𝜖 
 
to each edge of the MPC matrix, assessing the main effect of age on inter-regional microstructural 
similarities. Diffusion map embedding was then applied to the matrix of t-values (thresholded at 90%), 
revealing a cortex-wide organizational axis of synchronized age effects. Regions with a similar loading 
on this axis are similarly embedded in a network of inter-regional synchronization of age effects, 
whereas regions at the apices of the axis show maximally different change patterns. 
 
Group-level differences in system-level maturation 
 
Last, we aimed to study differences in system-level maturation associated with intra-individual changes 
in adaptivity. As the MI is computed from parameters extracted from group-level general linear models, 
it was required to split the sample into two groups. Hence, the sample was split into adolescents who 
showed increasingly resilient outcomes (+∆SRS; n=81, 193 sessions; 48% female, 18.93±2.81y at 
baseline) and adolescents who became more susceptible with age (-∆SRS n=60; 153 sessions; 53% 
female, 18.84± 2.87y at baseline). MIs were computed for each group separately, and resulting maps 
were subtracted from each other (+∆SRS - (-∆SRS)). Significance was tested using two approaches that 
were combined for thresholding: 1) We first applied Z-tests testing for significant differences between 
the correlation coefficients, i.e., the difference between group MIs divided by the SE of the difference 
in MIs, as has previously been done 103. 

𝑧 = 	
𝑀𝐼"∆$%$ −𝑀𝐼&∆$%$
𝑆𝐸'(!∆#$#&'(%∆#$#

=	
𝑀𝐼"∆$%$ −𝑀𝐼&∆$%$

;	𝑆𝐸'(!∆#$#
! + 𝑆𝐸'(%∆#$#

!
 

Derived p-values were FDR-corrected at pFDR < 0.05. 
2) Next, to control for the effects of sampling bias and potential effects of differences in group size or 
demographics, we performed non-parametric permutation testing, shuffling group allocation 10,000 
times while considering age and sex distributions as well as group size differences (see Supplementary 
Figure S9). Finally, we depicted group differences as significant only if they were significant in both 
FDR-corrected p-values derived from Z-tests (p<0.05), and non-parametric permutation testing 
(p<0.05). 
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Data availability  
 
Preprocessed microstructural profiles and stressor resilience scores are available via GitHub:  
https://github.com/CNG-LAB/cngopen/tree/main/adolescent_resilience/data. Preprocessed functional 
connectivity matrices have previously been published under: https://zenodo.org/records/6390852. 
Generally, access to NSPN data can be requested here: https://portal.ide-
cam.org.uk/overview/6/managed or https://www.repository.cam.ac.uk/handle/1810/264350 
 
Code availability 
 
Custom code generated for this project was made publicly available under https://github.com/CNG-
LAB/cngopen/tree/main/adolescent_resilience/ScrFun. Our analysis code makes use of open software: 
Gradient mapping analyses were carried out using BrainSpace (v. 0.1.2;  
https://brainspace.readthedocs.io/en/latest/) 

and surface visualizations were based on code from the ENIGMA Toolbox (v.1.1.3; https://enigma-
toolbox.readthedocs.io/en/latest/; 104) in combination with ColorBrewer (v. 1.0.0; 
https://github.com/scottclowe/cbrewer2). Statistical analyses were carried out using SurfStat 
(https://www.math.mcgill.ca/keith/surfstat/). Equivolumetric surfaces were computed using code from: 
https://github.com/MICA-MNI/micaopen/tree/master/a_moment_of_change 20. Z-tests were performed 
using the compare correlation coefficients function (Sisi Ma (2024). 
compare_correlation_coefficients (https://www.mathworks.com/matlabcentral/fileexchange/4
4658-compare_correlation_coefficients).  
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