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Environmental adversities constitute potent risk factors for psychiatric
disorders. Evidence suggests the brain adapts to adversity, possibly in

an adversity-type and region-specific manner. However, the long-term
effects of adversity on brain structure and the association of individual
neurobiological heterogeneity with behavior have yet to be elucidated. Here
we estimated normative models of structural brain development based
onalifespan adversity profilein alongitudinal at-risk cohort aged 25 years
(n=169). Thisrevealed widespread morphometric changes in the brain, with
partially adversity-specific features. This pattern was replicated at the

age of 33 years (n=114) and in anindependent sample at 22 years (n = 115).
Attheindividuallevel, greater volume contractions relative to the model
were predictive of future anxiety. We show a stable neurobiological
signature of adversity that persists into adulthood and emphasize the
importance of considering individual-level rather than group-level
predictions to explain emerging psychopathology.

Encountering environmental adversities may increase the risk of devel-
oping psychiatric disorders in adulthood'?. Through adaptations in
theregulation of emotional, cognitive and behavioral processes, indi-
viduals strive to cope with challenging environmental conditions.
However, this can be maladaptive and thereby increase the risk for psy-
chopathology (for example, ref. 3). Despite the clear adversity-induced
vulnerability to developing psychiatric disorders, the neurobiologi-
cal mechanisms underlying this association have remained elusive
for several reasons. First, the focus on regions of interest to replicate
previous findings of neurobiological correlates of this association and

gain a better understanding of them has led to increased attention
on the limbic system and its regulatory control regions (for example,
refs.4-6). However, concentrating only onlocalized effects may neglect
interindividual differences in structural or functional organization
(for example, individual variation in the spatial distribution of dif-
ferent regions), and may overlook substantial whole-brain changes
due to widespread restructuring during development’ . Indeed,
meta-analyses have synthesized evidence on a whole-brain level and
confirmed a convergence of developmentalrisk factorsin key regions of
affective and cognitive regulatory processing, both within and beyond
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the limbic system" ", Although these results shed light on the inter-
play between adversities and neural plasticity, they may, however, be
influenced by between-study heterogeneity including differences in
assessments, participants and statistical analyses.

Second, theabundance of inconsistent findings, even when testing
associations between the same adversity and the same brain outcome*,
hasimpeded the discovery of the exact neurobiological mechanisms.
Onereason for such inconsistent findings pertains to the dominance
of studies designed to test differences in terms of group means (that
is, averages). In such studies, individual-level variability is obscured
by averaging across groups. As such, high subject variability can result
in null findings because opposing effects observed at the individ-
ual subject level may cancel each other out. Likewise, contradictory
findings can arise across studies, for instance, an increase or a
decrease in brain volume associated with adversities (as reviewed by,
for example, refs. 4,16).

Third, theimpact of adversity during development onbrain struc-
ture and function has predominantly beeninvestigated without taking
into account the typical patterns of brain growth and development.
This poses achallenge inidentifying neurobiological alterations amidst
individual age and sex-specific trajectories and hinders the discovery
ofthe precise mechanisms underlying adaptation. For instance, if the
volume of aregion follows aninverted u-shaped trajectory that reaches
its peak in youth, then a larger volume in childhood associated with
adversity would suggest accelerated maturation. In contrast, the same
pattern observed after adolescence would suggest delayed maturation
(for example, ref. 4). This issue could be addressed by referencing
adversity-related effects to normative brain growth charts”2°, which,
akinto pediatricgrowth charts, enable the quantification of individual
variation with respect to population percentiles.

Fourth, adversities are by nature correlated; an individual growing
upinapoorenvironmentis more likely to encounter family adversity
and stressful life events over their lifetime?. Therefore, particularly in
adulthood, studies assessing the effect of single adversity are difficult
tointerpret, as any brain differences may reflect multiple stressors with
potentially distinct neural effects®.

Fifth, longitudinal studies investigating the enduring effects of
adversity on brain structure are limited, with a few exceptions**?*.
Furthermore, the scarcity of studies examining the effect of adversity
on brain development has impeded the possibility to probe whether
neurobiological correlates of environmental adversity are stable.
Althoughinitial studiesin children and adolescentsindicate that these
correlates may be stable over development®*, itis premature to draw
strong conclusions, considering the different methodologies applied
inthese and the lack of replication inindependent cohorts.

Thus, there is a need for predictive mechanistic models that
can account for the long-lasting effects of lifespan adversity on a
whole-brain level while simultaneously accommodating the interin-
dividual neurobiological heterogeneity.

To thisaim, we applied a voxel-wise normative modeling approach,
which allows us to quantify centiles of variation of adversity effects

across the population in a normative model and draw inferences
regarding the association of behavior with neurobiological heteroge-
neity at the individual level, that is, beyond group-average effects?.
We capitalized on a well-phenotyped adult at-risk cohort followed
sincebirth ("Mannheim Study of Children at Risk" (MARS)). The MARS
cohort underwent 11 assessment waves, in which developmental risk
factors—including prenatal, perinatal and psychosocial adversities
(depicted in Extended Data Fig. 1a)—were prospectively acquired up
toadulthood. Importantly, previous research has already established a
link between these risks and neurobiological alterations (for example,
refs. 5,28-30). Using this dataset, we built aspatially precise normative
model capturing the long-term neural adaption to these adversities.
Furthermore, we tested the stability of this normative model over
time by leveraging neuroimaging data at two time points in adult-
hoodinthe MARS cohort. We also tested the modelinanindependent
cohort, namely in a population-based subsample from the IMAGEN
("Reinforcement-related behaviourin normal brain function and psy-
chopathology") cohort that has a similar sociodemographic back-
ground and assessment of adversities as the MARS cohort (Fig. 1a). To
evaluate whether adversity-specific alterations may indicate a delay
or an acceleration of development, we estimated a normative model
of age-related volumetric changes across developmentinaverylarge
compilation of data, comprising publicly available datasets in addi-
tionto the MARS and IMAGEN cohorts, to serve as areference. Finally,
given thatindividual variability on top of normative models has shown
superior predictive power regarding psychopathology when compared
tounmodeled data®*?, we investigated how individual deviations from
normative brain trajectories are associated with psychopathology.
Here we did not formulate any directional hypotheses, given that previ-
ousresearch has not provided consistent evidence for brain-behavior
relationships, even for well-investigated limbic brain regions'®** and
the lack of models of normative brain development that would allow
developmentally-specific predictions.

Results

A developmentally stable signature of adversity

First, we mapped the associations between exposure to lifetime adver-
sityand changesinbrainstructure at the age of 25 years. We quantified
brain structure in terms of regional volumetric expansion or contrac-
tion using the Jacobian determinants (JDs) of the deformation fields
derived fromanonlinear registration (Methods). We then fit voxel-wise
normative models to predict these measures based on a broad panel
of adversities (Table 1). These seven adversities were mainly prospec-
tively assessed and covered the prenatal period (prenatal maternal
smoking and stress), the perinatal period (obstetric risks at birth) and
the postnatal period (psychosocial adversities, including lower early
maternal care, an adverse family environment over a period of 11 years,
childhood traumatic events and stressful life events frombirth to adult-
hood). Details on these measures are described in Methods. To balance
the differing severity across adversities, we binned each adversity
and the number of subjects in each adversity category, as depicted in

Fig.1|Normative models based on adversity. a, Methodological approach—
we estimated a voxel-wise normative model of the development of JDs of the
deformation fields, which quantifies the degree of volumetric expansion or
contraction required to match each sample to the template used in registration
(outcome), based on lifetime adversities, TIV and sex as predictorsin the
MARS sample when participants were 25 years old. Therefore, we performed
aBayesian linear regression under tenfold cross-validation. We replicated
this normative model in the MARS sample at the age of 33-34 years and using
the sociodemographically similar IMAGEN subsample aged 22 years with
comparable adversity measures. b, Spatial representation of the voxel-wise
Pearson correlations (two-sided) between the true morphometric changes of
theJDs and the predicted values in the normative models built on adversities,
sex and TIV. First panel: normative model of MARS participants (n =169) at the

age of 25 years (T1; brain regions listed in Supplementary Table 1); second panel:
normative model of MARS participants (n = 114) at the age of 25 years (intersection
of participants from the 25-year and 33-year assessments); third panel: replication
of the normative model of MARS individuals (n =114) scanned again at the age
of33-34 years (T2, brain regions listed in Supplementary Table 3); fourth panel:
replication of this model in asubsample (n = 115) of the IMAGEN cohort (22 years,
brainregionslisted in Supplementary Table 5). ¢, Negative deviations per
subject, thatis, more volume contractions than expected from the normative
model, predicted anxiety at 25 years (T1, S coefficient = 0.07, standard error
(s.e.)=0.02,P=0.00006 (two-sided), 7= 0.10) and at 33 years (Tland T2,
Bcoefficient = 0.06,s.e. = 0.02, P= 0.0005 (two-sided), n* = 0.06). Triple asterisks
indicate that the Pearson correlation was significant at P < 0.001, two-sided. The
shaded arearepresents the 95% confidence interval of the predicted values.
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Table 1| Sample characteristics

Characteristics Age(s) of Range Mean(s.d.)
assessment
Maternal smoking during ~ 3months 0-2 0.36 (0.71)
pregnancy
Prenatal maternal stress 3months 0-8 2.74(1.81)
Maternal sensitivity® 3months 0-1015  503.43 (176.56)
Obstetric adversity 3months 0-4 0.95 (0.98)
Psychosocial family 3months, 2years, 0-10 3.5(2.41)
adversity 4-5years, 8years,
Tyears
Life events 3months, 2years, 24-116 53.04 (16.59)
4-5years, 8years,
Tlyears, 15years,
19years, 22years,
23years, 25years
Childhood trauma 19years 25-63 29.60 (5.92)
Anxiety problems, T1 25years 0-14 2.82(2.73)
Anxiety problems, T2 33-34years 0-10 3.24 (2.44)

“Raw values, z-transformed variable used for the analyses.

Supplementary Fig. 1. However, our results were not sensitive to this
choice (Sensitivity analyses).

Thenormative model revealed awidespread morphometric signa-
ture of adversity at the age of 25 years, that is, regions where morpho-
metric changes could be accurately predicted by the seven adversity
scores as listed above. This distributed pattern extended beyond
previously identified regions of interest—such as the hippocampus,
amygdala, basalgangliaand ventromedial prefrontal (vmPFC) and ante-
rior cingulate cortex (ACC)—and additionally included the thalamus,
middle and superior frontal gyri, occipital gyrus and precentral gyrus
(Fig. 1b, firstand second panels), among other regions (Supplementary
Tablesland?2).

Notably, this signature was stable over time, as it was evident in the
same participants at 33 years (Fig. 1b, third panel, and Supplementary
Tables 3 and 4) and was replicated in an independent sample (Fig. 1b,
fourth panel, and Supplementary Tables 5and 6).

Specific effects. To better understand the contribution of each adver-
sity to the overall adversity pattern, we used structure coefficients.
These capture the unique impact of each adversity on the morpho-
metric changes predicted by the normative model, independent of
the other predictors, and are particularly useful in situations of col-
linearity compared to regression coefficients**. These indicated that,
forinstance, inlimbic areas specific adversities elicited distinct effects
(Fig.2, moreslicesdepicted in Extended Data Fig. 2 and Supplementary
Tables 7-20), as described below.

We also quantified the overlap between the effects of different
adversities directly. The highest whole-brain overlap was observed
for the structure coefficient maps of the psychosocial risks, that is,
family adversity, traumaand stressful life events, with dice coefficients
up to 0.54 (Supplementary Table 21). In general, the dice coefficients
indicated alow tomoderate overlap between the brain patterns associ-
ated with different adversities. These findings suggest the emergence
of adversity- and region-specific volumetric expansions or contrac-
tions with increasing adversity. The average dice coefficients of 0.23
for prenatal smoke exposure and 0.24 for obstetric adversity showed
thatthese had the least overlap with the structure coefficient maps of
other adversities. For obstetric adversity, we observed volume expan-
sions in the ventromedial orbitofrontal cortex (vmOFC) and volume
contractionsinthe ACC. For prenatal smoke exposure, a different pat-
ternemerged, with expansions in the hippocampus and contractions

in the postcentral and occipital gyrus. By contrast, the highest mean
dice coefficient was found for psychosocial family adversity (0.36), with
expansionsinsubcortical limbic areas and contractionsinthe vmOFC.

Multivariate effects. To better understand the effects of multiple
adversities in combination, we conducted a principal component (PC)
analysis to summarize the primary sources of variance within the set
of adversities. This is important because adversities are known to be
correlated, as was also the case in our sample (Extended Data Fig. 1b).
We, therefore, re-estimated the model using three components that
account for two-thirds of the cumulative variance in the adversity
scores (Extended Data Fig. 3a,b depict the strong correspondence to
the original normative model). Next, we mapped morphological pat-
terns associated with variation across these adversity factors (that is,
PCs) by plotting the predictions from these models across the range of
adversities spanned by these components. The PCloadings are shown
in Supplementary Table 22, and their associated morphometric pat-
terns are shown in Fig. 3. The first PC (PC1) reflected lifespan psycho-
social family adversities and prenatal smoking and was mostly related
to cortical and subcortical volume contractions, particularly in the
vmOFC and the medial frontal gyrus, precentral and postcentral gyrus,
frontal pole/middle frontal gyrus, superior frontal gyrus, the inferior
temporal gyrus, the caudate, as well as in the occipital lobe. Slight
volume expansions were only observed insmall clustersinthe vmPFC,
paracingulate gyrus, superior frontal gyrus and the lateral frontal pole.
By contrast,amore balanced picture of region-specific expansions and
contractions emerged withregard to PC2, representing early exposures
to obstetric risk and prenatal maternal stress. Contractions were most
pronounced in the lateral frontal pole, frontal orbital cortex, inferior
and superior frontal gyrus, middle temporal gyrus, fusiform gyrus,
hippocampus, supramarginal gyrus, parietal and occipital gyrus, and
expansions were most pronounced in the medial frontal pole, including
the vmOFC, the caudate and the superior frontal gyrus. Similarly for
PC3, representing early maternal sensitivity, contractions, particularly
in the paracingulate gyrus, supramarginal gyrus, insula, precuneus,
lateral occipital gyrus, precentral gyrus, supplementary motor cortex,
and expansions in the middle/superior frontal gyrus, the vmPFC/per-
igenual anterior cingulate, vmOFC, precentral gyrus, the angular gyrus
and the thalamus, are revealed. Interestingly, we observed opposing
trajectoriesin, for example, the vmOFC, with volume contractions as a
function of higher scores on PCland volume expansions as afunction
of higher scores on PC2 and PC3 (Extended Data Fig. 4).

Sensitivity analyses. We performed multiple sensitivity analyses to
confirmthe robustness of our results. These primarily entailed changes
tothespecific predictors to which we fit normative models. For instance,
we predicted)D development based onadversity factors, which did not
change the model (as mentioned above; Extended Data Fig. 3b).

The same pattern of neural alterations emerged when feed-
ing unbinned (raw scores; Methods) adversities (r=0.97, P< 0.001;
Extended DataFig.3c). Likewise, werepeated the whole analysis pipe-
line excluding total intracranial volume (TIV), which did not change
any of the results (see Extended Data Fig. 3d for the pattern of the
normative model).

Furthermore, models based on only ‘lifetime adversity’ confirmed
the stable and replicable pattern particularly in the ventromedial
prefrontal cortex, and precuneus, posterior and anterior cingulate,
superior frontaland limbic regions such as the hippocampus (Extended
Data Fig. 5), although the accuracy of the normative models for pre-
dicting brain structure was somewhat lower when sex was excluded
from the model; this is expected given the strong influence of sex on
brain volume®,

In addition, we excluded obstetric adversities given these are
of a qualitatively different nature compared to the other risk factors.
The normative model remained unchanged and correlated highly
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(T1) and 33-year assessments (T2)); and bottom, 114 MARS individuals scanned
again at the age of 33 years (T2). More slices of these structure coefficients and
the structure coefficients of the IMAGEN sample are shown in Extended Data
Fig.2 and Supplementary Fig. 4, respectively, and all brain regions are listed in
Supplementary Tables 7-20.

Q »

Fig.3|Predictions of how brain morphometry (Jacobian determinants of
deformation fields) changes as a function of adversity. Spatial representation
of the voxel-wise normative models for each of the PCs based on four sampling
points spanning the range of the PC loadings. The panels show the S values

x=-50

0.02

-0.02

(slopes) depicting the change, with warm colors indicating a volume expansion
and cold colors indicating a volume contraction with increasing adversity.
The adversity maps are shown relative to the baseline model.

with the original normative model (r=0.95, P> 0.001). Moreover,
we replaced JDs with modulated gray matter volume as an outcome
(Supplementary Information and Supplementary Tables 23 and 24);
this yielded similar results, and the normative models correlated sig-
nificantly with each other (r=0.25,P<0.001).

Given the recent discussion on differences emerging from pro-
spective and retrospective self-report measures, we set up separate
models that included retrospectively reported trauma, until the age
of18 years and a prospectively assessed life events score until the age
of 19 years. Interestingly, the effects of both adversities showed com-
monalities in the (anterior) cingulate, insula, thalamus, frontal pole,
precuneus, lateral orbitofrontal cortex and hippocampus, whereas
retrospectively assessed traumawasrelated to the posterior cingulate
(self-reflection). The effects of life events were more widespread and

showed stronger effects in a cluster comprising the amygdala, the
temporal pole as well as the orbital frontal cortex and the basal ganglia.

Normative model of age-related development. To interpret
adversity-specific effects as indicating acceleration or delay of matu-
ration, we assembled alarge dataset frompublicly available datareposi-
tories and merged it with the MARS and IMAGEN cohorts, containing
19,759 individuals in total across nine scan sites (see Supplementary
Tables 25 and 26 for demographics). Based on this, we estimated the
developmental trajectory of age-related volume contractions and
expansions from 8 to 97 years of age. To this end, we fit normative
models to predict JDs development based on age, sex and scanning
site, as done previously™. The resulting model explained up to 60% of
the variancein morphometric development (Fig. 4 and Supplementary

Nature Neuroscience | Volume 26 | September 2023 | 1603-1612

1607


http://www.nature.com/natureneuroscience

Article

https://doi.org/10.1038/s41593-023-01410-8

Hippocampus

vmPFC

Cerebellum
20 30 40 50 60 70

35 d
30
25
20
>15
10 GBS

05

20 30 40 50 60 70
Age
Ventricle

20 30 40 50 60 70
Age

Fig.4 | Age-related JD development. The data were split into training and test
sets, and normative models were fit to predict JD development based on age, sex
and site by using a warped Bayesian linear regression model. Explained variance
inthe full test set and visualizations for all regional age-related trajectories
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(green = females and blue = males; centiles of variation correspond to 1%, 5%, 25%,
50%,75%, 95% and 99%) are depicted. For each region, the trajectory for only one
sex is shown, but trajectories were similar for both sexes.

Tables 27 and 28). Age-related expansions were observed in limbic
subcortical areas, the medial part of the cerebellum and the ventricles,
among other regions; age-related contractions were observed in, for
example, frontal regions including the vmPFC/vmOFC, the ACC and
the inferior frontal gyrus (Extended Data Fig. 6 and Supplementary
Tables 29 and 30).

Individual deviations from the normative model
Next, we aimed to characterize individual neurobiological variability
ontop of the environmental signature, thatis, the residuals of the nor-
mative model. To achieve this, we analyzed deviations from trajecto-
ries of the normative model by computing subject- and voxel-specific
zscoresreflecting more volume contractions (z < -2.6, negative devia-
tions) or expansions (z > 2.6, positive deviations) relative to what was
predicted by the model. Individual variability was highly stable across
development (Extended DataFig.7), inline with the findings observed
for the normative model. Negative deviations—that is, more volume
contractions than predicted by the model—were widely prevalent in
the brain, whereas positive deviations—that is, more volume expan-
sions than predicted—were more focal, in the brain stem, thalamus
and limbic system (Extended Data Fig. 8).

Finally, we calculated linear mixed models to determine whether
this individual variability predicted subsequent psychopathological
symptoms. Individual negative voxel-wise deviations at T1 predicted

current and later anxiety, which was also the case when deviations
at T2 were included in the model (Fig. 1c). No relation to other symp-
toms or with regard to positive deviations emerged (P> 0.05) and the
model remained significant when controlled for other depressive
symptoms, aggression and attention problems (S coefficient = 0.03,
s.e.=0.008, P=0.0003) and all adversities (g coefficient = 0.06,
s.e.=0.01,P=0.0001, 77=0.07).

Discussion
Using amachine-learning approachto assess structural brain changes
at the voxel level, we revealed compelling evidence for a neurobio-
logical signature of a lifespan adversity exposure profile in the adult
brain; this signature was stable over an 8-year period and could be
replicated in an independent sample. In addition, we showed neuro-
anatomically distinct trajectories of brain expansions and contractions
related to specific adversities, pointing to region-specificaccelerated
or delayed development. Moreover, we demonstrate that widespread
individual-level deviations from the normative model are predictive of
anxiety, indicating that interindividual differencesin the expression of
the adversity signature we report are clinically meaningful.
Thedesign of our study enabled us toinvestigate the independent
and combined long-term effects of adversities. Previous studies have
predominantly focused on predicting neurobiological outcomes of
adverse experiences within specific contexts, such as abuse or low
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socioeconomic status (for example, refs. 5,6,36). While this approachis
valuable, for example, for identifying risk-sensitive periods, especially
in early development, the correlation between adversities makes it
difficult to establish the long-term effects of a specific adversity>**"*,
For instance, poverty—a deprivation-related adversity—is associated
with various risks and negative outcomes at multiple levels, including
individual-levelissues such as substance abuse, family-level problems
such as maltreatment and neighborhood poverty. Poverty can thus
result in an accumulation of adversities over time. Therefore, it is
essential to assess all environmental exposures throughout the lifespan
toreveal how the adult brain may have adapted to adversity. Research
indicating stronger predictions by accumulated adverse events than
by single adversities with regard to adult psychopathology® and tel-
omere length® supports the idea of a comprehensive assessment of
exposures.

Our model suggests a persistent trace of adversities in the brain
(Fig. 1b). By including different kinds of adversities such as obstetric
complications, which are typically not considered in studies on early
life adversities and brain alterations despite their link to cognitive*’ and
brain development®>*, we provide insight into how a specific type of
adversity relates to changes in a particular brain region. This was, for
example, revealedinthe vmOFC (Extended Data Fig. 4). Intypical brain
development, increasing ageis related to volume contractionsin this
region (Fig. 4). Of note, our findings reveal that diverse trajectories
are associated with the following distinct adversity profiles: vmOFC
volume contractions are observed after increased psychosocial adver-
sities, and vmOFC volume expansions are observed after obstetric
risks (likely involving preterm birth; Supplementary Fig. 2). While
the former supportsanaccelerated vmOFC development, inline with
previous findings*, the latter suggests a delayed maturation possibly
due to deferred programmed cell death or decreased synaptic prun-
ing. Notably, this is in line with previous reports on preterm birth as
being related to volume increases regardless of developmental stage
in the vmOFC»3%**3"%7_Similar contrasting effects were observed
in limbic regions such as the amygdala and hippocampus. In typical
development, age-related expansions are noted. In the presence of
psychosocial adversities (for example, Supplementary Tables 16,18 and
20), age-related expansions exhibit amore pronounced pattern, while
following obstetric risks, volume contractions are more pronounced
(Supplementary Table 8). In conclusion, our findings suggest that
psychosocial adversities may accelerate developmentin these limbic
regions, while exposure to obstetric risks may delay maturation.

Our findings reveal robust structural brain changes linked to
adversity thatare stable inadulthood, consistent with earlier findings
on persistent adversity-related alterationsin functional circuitries**.
It remains to be investigated how this adversity-related neuroplasti-
city offers potential for targeted interventions and whether it may be
protective under certain environmental conditions. Thereis evidence
that volumetric changes after exposure to severe deprivationin early
childhood in the Romanian orphanages in the 1980s are manifest in
the adult brain despite subsequent adoption into nurturing environ-
ments®. While the extreme adversity of the latter might not be directly
applicable to the less severe exposure profile in this study, the stable
neurobiological pattern observed in this study may potentially also
entail reduced neural adaptability in adulthood. Further research is
warranted to explore this, because (neural) adaptability may constitute
aprotective factor*s,

Although there is exhaustive literature linking adversity to inter-
nalizing and externalizing psychopathology”, we show that negative
deviations from the normative pattern (thatis, more volume contrac-
tions) during young adulthood are predictive of current and later anxi-
ety. Albeit we did not specifically predict the association with anxiety,
findings of arecent meta-analysis may provide a possible explanation
by showing that moderate adversities, such as those investigated here,
promote heightened cortisol reactivity*’. As a consequence, sensitivity

to contextual cuesisincreased whichmight thus promote the matura-
tion of brain regions that support increased vigilance. This, in turn,
may manifest in more anxiety symptoms and hyperactivity of the
stress system, exerting neurotoxic effects that are reflected in nega-
tive deviations.

Limitations

Despite the longitudinal design of the MARS cohort,imaging data were
obtained onlyinadulthood. The collection of neuroimaging data from
individuals across all age groups—frominfancy to old age—will be criti-
calforinvestigating whether the timing of adverse experiences, espe-
cially during critical periods of brain development, can have differential
effects onbrainstructure. Also, this will enable testing for cause-effect
relationships. It is assumed that volume changes as observed in this
study emerged due to adversities, yet this relationship might also turn
out to be bidirectional or even the other way around®*',

In addition, the results warrant further validation in several
respects. First, in particular, the structure coefficients (reflecting the
contribution of each adversity to the overall brain associations) are
sensitive to the cohort under investigation. This can be addressed by
replicating these findings in cohorts with larger sample sizes, which
would allow for improved normative modeling and more accurate
predictions of adversity-specific effects. Second, the association
betweenindividual-based deviations and anxiety warrants replication
indatasets with similar assessments to the MARS cohort. Longitudinal
datasets acquired using the same scanner would be especially valu-
able as they would allow testing of how the normative model changes
between time points. This was not possible in the MARS datasets due
to the confounding effect of different scanning systems used at each
time point. Third, given that the MARS sample predominantly com-
prised individuals without clinical psychopathology (Extended Data
Fig.9),itisimportantto conductadditional validation studiesinvolving
clinical populations to establish brain-psychopathology connections.
Fourth, differentbehavioral and neurobiological correlates of adversity
perception and acquisition have recently been discussed, which may
influence the interpretation of our findings. More specifically, previ-
ousreports showed a stronger relationship between psychopathology
and the subjective experience of adversity compared to the objective
presence of adversity**and showed that prospective records are more
predictive of brain structure when compared to retrospective reports™.
Although our adversity assessments did not allow for exploring these
exact differences, we showed that prospectively acquired life events
had a greater impact on brain morphometry compared to retrospec-
tively collected trauma. However, it remains unclear whether these
resultsare due to the nature of the report or theinherent nature of the
adversities themselves. To address these questions, it could be interest-
ingto apply the normative modeling approach presented here tosuch
adversity assessment in future studies. Fifth, our instruments did not
allow a distinction between threat and deprivation as dimensions of
adversity, which have been shown to potentially accelerate and delay
brain maturationinyouth, respectively'®**~*°, In general, our results do
not point to differential correlates and instead suggest an acceleration
of development, particularly in limbic structures, regardless of which
ofthe psychosocial risks is considered. We speculate that differential
effects of threat and deprivation may primarily occur inchildhood and
adolescence and may be less evident in the adult brain as adversities
tend to be correlated and accumulate over time. This can be addressed
by future studies thatinclude repeated harmonized multilevel assess-
ments allowing differentiation of facets and assessments of adversity,
including threat and deprivation®, objective versus subjective and
prospective and retrospective reports as well as the intensity, control-
lability and duration of the stressor and the contextual environmentin
which it occurs. Such an assessment of the so-called ‘eco-exposome™
would require theintegration of multimodal data, including e-diaries,
sensors and also other biological features such as proinflammatory
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signaling®, and dysregulation of the hypothalamic-pituitary-
adrenal axis**?, which have been shown to be susceptible to adversity
exposure.

To summarize, we show that adversities spanning from the pre-
natal period up to adulthood are associated with a persistent neural
signature that is widespread in the brain and is stable during young
adulthood. The direction of these adversity-related brain changes is
region-, adversity- and timing-specific, which might be informative for
translating these findings to therapies and efforts to improve public
mental health. Of note, individual heterogeneity as reflected by volume
contractions outside the normative range could predict current and
future anxiety symptoms.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
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Methods

The study was approved by the ethics committee of the University of
Heidelberg (both for MARS and IMAGEN). Written informed consent
was obtained from all participants, and they received monetary com-
pensation for their involvement. Ethical approval for the public data
was provided by the relevant local research authorities for the studies
contributing data. For full details, see the main study publications given
inthe Supplementary Information.

Study design

This investigation was conducted in the framework of the MARS, an
ongoing cohort study of the long-term outcome of early risk factors*°.
Depending on pregnancy and birth history and on family background,
infants were assigned to1of 9 groups of atwo-factorial design with the
degree of biological risk (obstetric complications) and the degree of
psychosocial risk (no, moderate or high; for more information, see
Supplementary Methods, purposive sampling strategy). Of 309 partici-
pants (80% of the original sample) participating in the 25-year assess-
ment, asubsample took partin the neuroimagingsession (n =200, T1).
After exclusion due to left-handedness or somatic diseases (n=19),
technical artifacts in the scans (n =2) and missing data (n=10), 169
healthy participants were included (58% females). A total of 118 indi-
viduals were rescanned at age 33 years/34 years (T2), but four had
to be excluded due to technical artifacts. Twelve of those received a
diagnosis at T2 (seven anxiety disorder, four major depression dis-
order and one substance use disorder). No statistical methods were
used to predetermine sample sizes, but our sample sizes are similar
to those reported in previous publications with a Gaussian model**.
Datacollectionandanalysis were not performedblindtotheriskgroup of
the participants.

Assessments

Adversities. In the MARS sample, lifetime adversities encompassed
maternal smoking during pregnancy (standardized interview with
the mother conducted at the 3-month assessment; nonsmokers, 1-5
cigarettes per day, >5 cigarettes per day), prenatal maternal stress
(standardized parentinterview was conducted at the 3-month assess-
ment concerning worries, mood problems and positive experiences
during pregnancy), maternal sensitivity (videotapes of a10-min stand-
ardized nursing and play situation between mothers and their 3-month
olds), obstetric adversity (assessed at the age of 3 months, adverse
conditions during pregnancy, delivery and postnatal period such as
pretermlabor, asphyxia or seizures; Supplementary Fig. 2), psychoso-
cial family adversity (standardized interview assessed at 5 time points
between 3 months of age and 11 years, adverse characteristics of the
parents (low educational level, broken home history or delinquency,
poor copingskills, psychopathology), their partnership (early parent-
hood, one-parent family, unwanted pregnancy, marital discord) and
the family environment (overcrowding, poor social integration and
support, severe chronic life difficulties))®°, childhood trauma (at the
age of 23 years, Childhood Trauma Questionnaire®), life events (from
3 monthsto15 years with semi-structured parentinterview, afterwards
interview with participants®, burdensome life events in the past year
encompassing the family, school, parents, health, legal troubles and
living conditions). Detailed descriptions can be found in the Supple-
mentary Methods and the MARS assessments along with the correlative
structure of the adversities in Extended Data Fig. 1b.

Adult psychopathology. The Young Adult Self-Report®® and the Adult
Self-Report®* were used to measure clinical symptoms on the basis
of Diagnostic and Statistical Manual of Mental Disorders (DSM-1V)
criteriaatthe ages of 25 yearsand 33 years, respectively. Based on our
own previous reports on adversity effects on psychopathology?-**%°
andthose by others (for example, ref. 1), we focused on the raw scores
of specific subscales reflecting the internalizing and the externalizing

spectrum, thatis, anxiety, depression, aggression and attention-deficit/
hyperactivity disorder.

Anatomical images

At the 25-year assessment, we acquired 1x1x1mm T1-weighted
anatomical images with 192 slices covering the whole brain usinga 3T
scanner (Magnetom TRIO, Siemens) with a standard 12-channel head
coil. At the 33-year-assessment high-resolution anatomical images with
208 sslices covering the whole brain were acquired using a 3T scanner
(PrismaFit, Siemens) with a 32-channel head coil.

Anatomical data preprocessing

Preprocessing for both datasets was done using the anatomical
processing toolsimplemented in FSL (FMRIB Software Library, v6.0.5,
details described in the Supplementary Methods). For further analyses,
affine and log-transformed)Ds of the deformation fields were used as
features (Supplementary Methods).

Statistical analysis

Adversity scores. All adversity scores were categorized to yield a
maximum of four bins with a minimum of ten individuals in one bin
(Supplementary Fig.1). However, results were similar when scores were
not binned (Extended Data Fig. 3c).

Normative models. We estimated normative models of morphometric
variation (quantified by the JDs of the deformation field fromanonlin-
earimageregistration) for (1) adversity and (2) normative brain devel-
opmentand agingacross the lifespan. For allmodels, aBayesian linear
regression (BLR) model was applied using the Predictive Clinical Neuro-
science toolkit (PCNtoolkit) software (https:/pcntoolkit.readthedocs.
io/en/latest). For the adversity models, we included all developmen-
tal risks, TIV and sex as covariates and used a linear BLR model with
Gaussian noise. For the developmental normative models, we used age,
sex and scanningsite as covariates with a B-spline basis expansion over
age along with likelihood warping to model non-Gaussianity in line
with prior study®. Further details are provided in the Supplementary
Methods. For the adversity-related normative model, the whole sample
served as a reference because the MARS is a cohort study consisting
ofindividuals with lifetime adversity, of which only a subset will go on
todevelop psychopathology. Predictions were derived in an unbiased
manner under tenfold cross-validation for the adversity model and
using a split-half holdout sample for the aging model. Briefly, this
Bayesian approach calculates the probability distribution over linear
coefficients defining functions that fit the data while specifying a prior
over all possible coefficient values and updating these distributions
based on evidence (that s, observed data). As such, it yields unbiased
estimates of generalizability and inferences with increasing uncer-
tainty with fewer data. While this increases the conservativeness of
thisapproachandrenders deviations harder to detectin regions with
fewer data points, the deviation statistics ought to be interpreted with
respect to this specific cohort.

The accuracy of the normative model showing the long-term
adversity signature was evaluated using the correlation between the
true and the predicted voxel values (p) and the standardized mean
squared error (Supplementary Fig. 3), which is in accordance with
previous studies”. In general, the models explained up to 59% of the
variance in JD alterations (see Extended Data Fig. 10 for the adversity
and Fig. 4 for the aging model). Structure coefficients, which reflect
the correlation between a predictor and the expected outcome, were
calculated to assess the contribution of each single adversity to the
predicted model.

To estimate a pattern of regional deviations from typical brain
structure for each participant, we derived normative probability
maps (NPM) that quantify the voxel-wise deviation from the norma-
tive model. This was done by calculating anindividual-specific zscore?”
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indicating the difference between the prediction ateach brain location
and true brain structure scaled by the prediction variance.

The NPMs were thresholded at z=+2.6 (that is, P < 0.005) as in
refs. 32,67,68 to facilitate the comparison across participants and to
have a more sensitive marker for small individual deviations when
compared to false discovery rate correction. Before testing the associa-
tion with psychopathology, individual deviations were subjected to a
Box-Cox transformation to normalize the data.

Multivariate models. Inlight of our small sample size and the number
of adversities, a principal component analysis with varimax rotation
was performed using sklearn (0.24.2) implemented in Python 3.6.
Amodelwasestimated to predict brain changes based on adversities,
using three PCs that explained 63% of the variance (see Supplementary
Methods for further details). Estimated predictions were based on four
(random) sampling points of the loadings and scaled by the square
root of the eigenvalue.

Relation to psychopathology. Linear mixed models with random
interceptsfor all the level-1predictors (deviations and time) were fitted.
Model1tested the prediction of psychopathology (distribution shown
in Extended Data Fig. 9) assessed at T1 and T2 based on deviations
acquired at T1. The model was corrected for four psychopathology
outcomes and two deviation scores (positive/negative), yielding a cor-
rected P value of 0.008 (two-sided test) as being significant. Model 2
tested the replication of this analysis taking additionally the deviations
atT2intoaccount. Allmodels were designed with R-4.1.0 packages Ime4
(v1.1.27.1),and ImerTest (v3.1.3)° and visualized with sjPlot (v2.8.12)"".
Only dimensional psychopathology was tested, given the low number
of diagnoses at T2.

Sensitivity analysis. Several sensitivity analyses were conducted which
confirmed the robustness of the results (Supplementary Methods).

Replication sample

The Mannheim subsample (n =115) of the IMAGEN consortium had
asimilar age (22 years), sex distribution (56% females) and scanning
parameters. Two adversity measures (negative life events’*and child-
hood trauma®') were available in the IMAGEN sample, which allowed
testing for replication of the neurobiological signature of adversity
(detailsinthe Supplementary Methods).

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

Data availability

Data supporting the findings of this study (that is, the MARS and
IMAGEN samples) are available upon reasonable request from the
corresponding authors, subject to local ethics committee require-
ments. Publicly available data derived from the lifespan normative mod-
elsareavailable viatherepositories contributing the data (Cam-CAN:
https://www.cam-can.org/index.php?content=dataset; PNC: https://
www.nitrc.org/projects/pnc; UKB: https://www.ukbiobank.ac.uk;
OASIS: https://www.oasis-brains.org; HCP: https://www.humancon-
nectome.org/study/hcp-young-adult). Source data are provided with
this paper.

Code availability
Codeis available at https://github.com/amarquand/PCNtoolkit.
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Extended Data Fig. 1| Study design. a, MARS assessments, b, Spearman correlation plot (* p < 0.05, * p < 0.01, *** p < 0.001, two-sided, not adjusted for multiple
comparisons).
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Extended Data Fig. 2| MARS structure coefficients. Spatial representations MARS participants at the age of 25, b, 114 MARS participants at the age of 25
of the top 2% of the voxel-wise contribution of each adversity on predicted (intersection of participants from the 25 year and 33 year- assessment), ¢, 114
morphometric changes identified based on structure coefficients for a, 169 MARS individuals scanned again at the age of 33 years.
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a Bined response variables

Extended Data Fig. 3| Sensitivity analyses. Spatial representations of the unbinned adversity scores, TIV, sex; d, on binned adversity scores and sex
voxel-wise reference models built on a, adversity, total intracranial volume (TIV), (without total intracranial volume), via Bayesian linear regression under 10-fold
and sex; b, onthree principal components, TIV, and sex, and ¢, on z-standardized crossvalidation in n =169 MARS participants at the age of 25.
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a MARS T1

Extended Data Fig. 5| Normative models based on adversity. Spatial (intersection of participants from the 25 year and 33 year- assessments); ¢, 114

representation of the voxel-wise reference models built on adversity only MARS individuals scanned again at the age of 33 years; d, replication of this model
via Bayesian linear regression under 10-fold crossvalidation. a,169 MARS inasubsample (n =115) with similar sociodemographics of the IMAGEN cohort.

participants at the age of 25; b, 114 MARS participants at the age of 25
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Extended Data Fig. 6 | Structure coefficient of age-related development. Spatial representation of the top 2% of the voxel-wise contribution of the correlation of
age with predicted morphometric changes.
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Extended DataFig. 7 | Individual deviations. a, Pearson correlations
(two-sided) between time points for negative (volume contractions, left, exact
p =2.372827e-41) and for positive deviations (volume expansions, right, exact

b
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positive deviations T1 Time
p =4.159398e-27) at the 25-year assessment (T1) and 33-year assessment (T2) with
95% confidence intervals, b, spaghetti plot showing the change of the negative
deviations between both time points.
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Extended Data Fig. 8 | Spatial representation of the individual deviations. Percentage of deviations (positive deviations (a) and negative deviations (b)) from the
normative model at each brain locus.
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Extended Data Fig. 9| Psychopathology distribution in the MARS. The plots n =169, T2:n =114). Box limits indicate the range of the central 50% of the data,

depict the distribution of anxiety (T1: range: 0-10, median: 2; T2: range: 0-10, witha central line marking the median value and whiskers extending amaximum
median: 3), depression (T1: range: 0-14, median: 1, T2: range: 0-19, median: 2), of1.5times the Interquartile Range from the upper (75%) and the lower (25%)
attention (T1: range: 0-7, median: 1, T2: range: 0-20, median: 4) and aggression quartiles. Outliers beyond the whiskers are represented as individual data points.

(T1:range: 0-12, median: 1, T2: range: 0-20, median: 2) at both time points (T1:
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Extended Data Fig. 10 | Spatial distribution of explained variance. Normative model based lifetime adversity, sexand TIVin a, the MARS sample at T1, b, the MARS
sampleat T2 and ¢, the IMAGEN sample.

Nature Neuroscience


http://www.nature.com/natureneuroscience

nature portfolio

Corresponding author(s):  Prof. Dr. Andre F. Marquand

Last updated by author(s): Jul 17, 2023

Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

>
QD
Y
(e
=
)
§o;
o)
=
o
=
_
D)
©
o)
=
S
Q@
wv
(e
=
S}
Q
<L

Statistics

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

Confirmed

>
~
Q

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

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

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

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

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

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

OXO O OO0 0 o
XOXK X X XX X XKX

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

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

Software and code

Policy information about availability of computer code

Data collection  MRI data acquired with Siemens Trio, Siemens Prisma Fit

Data analysis Normative Modelling of adversity with Predictive Clinical Neuroscience toolkit (PCNtoolkit) software v 0.19 (https://pcntoolkit.readthedocs.io/
en/ latest) implemented in python 3.6
Normative Modelling of age trajectories with Predictive Clinical Neuroscience toolkit (PCNtoolkit) software v 0.26 (https://
pcentoolkit.readthedocs.io/en/ latest) implemented in python 3.8.0
PCA: sklearn package (0.24.2) implemented in python 3.6
preprocessing of imaging data fsl/6.0.5
linear mixed models Ime4 (v1.1.27.1), ImerTest (v3.1.3), sjPlot (v2.8.12) packages implemented in R-4.1.0

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.




Data

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

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

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

Data supporting the findings of this study (i.e the MARS and IMAGEN samples) are available upon reasonable request from the corresponding authors. Publicly
available data derived from the lifespan normative models are available via the repositories contributing the data (Cam-CAN https://www.cam-can.org/index.php?
content=dataset; PNC https://www.nitrc.org/projects/pnc; UKB https://www.ukbiobank.ac.uk, application id 23668; OASIS https://www.oasis-brains.org; HCP
https://www.humanconnectome.org/study/hcp-young-adult).

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender

Population characteristics
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Ethics oversight

sex was considered in all analyses as covariate
information on sex was assessed at the start of the longitudinal studies (approx. 1986 & 2000) via self-report.

MARS T1: 25 years (59% females), T2: 33-34 years (61 % females), IMAGEN: 22 years (57 % females)

Depending on pregnancy and birth history and on family background, infants were assigned to 1 of 9 groups of a 2-factorial
design with factor | representing the degree of biological risk (obstetric complications) and factor Il the degree of
psychosocial risk (no, moderate, or high risk) (more information in the supplement). All groups had about equal size, with a
slight oversampling in the high-risk combinations and with sex evenly distributed in all subgroups. A total of 384 infants born
between February 1, 1986, and February 28, 1988, were recruited from 2 obstetric and 6 children’s hospitals of the Rhine-
Neckar region of Germany. To control confounding effects of family environment and infant medical status, only firstborn
singletons of German speaking parents with no severe physical handicaps, obvious genetic defects, or metabolic diseases
were selected. Participation rate at the time of recruitment was 64.5%, with a slightly lower rate in parents from
psychosocially disadvantaged backgrounds. All families were Caucasians.

The study was approved by the ethics committee of the University of Heidelberg (both for MARS and IMAGEN). Written
informed consent was obtained from all participants and they received monetary compensation for their involvement. Ethical
approval for the public data were provided by the relevant local research authorities for the studies contributing data. For full
details see the main study publications given in the supplement.

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

Research sample

Mannheim Study of Children at Risk, an ongoing epidemiological at-risk cohort, following its participants since birth (1986)
IMAGEN, population-based study, subsample with similar sociodemographic information as in the Mannheim Study of Children at

Risk

MARS T1: n=169, 25 years (59% females), T2: n=114, 33-34 years (61 % females); sample chosen because of prospective assessments
of adversity
IMAGEN: n=115, 22 years (57 % females); sample chosen as replication because of similar demographics and adversity assessments

publicly available data sets:

Philadelphia Neurodevelopmental Cohort (PNC) (Satterthwaite et al., 2014), n=1296, 8-21y., 52% females

Cam-CAN (Shafto et al., 2014), n=656, 18-89 years, 51% females

Human Connectome Project (Van Essen et al., 2013), n=1112, 22-37 years, 55% females

UK Biobank (Miller et al., 2016; Sudlow et al., 2015), application id 23668, 11025.0: n=12008, 44-88 years, 52% females, 11027.0:
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Sampling strategy

Data collection

Timing

Data exclusions

n=2145, 47-88 years, 55% females
OASIS3(Marcus et al., 2010), n=2144, 43-97 years, 57% females

MARS: All groups had about equal size, with a slight oversampling in the high-risk combinations and with sex evenly distributed in all
subgroups (purposive sampling)

given longitudinal data, no case control design, and the Bayesian approach used that renders deviations harder to detect in smaller
samples and the focus on variability at the individual level, no power calculation was performed/neccessary. The sample size of the
adversity model is in line with previous studies using Gaussian models (Holz et al. 2022)

MARS: At the 25-year-assessment, we acquired 1x1x1 mm T1-weighted anatomical images with 192 slices covering the whole brain
(matrix 256x256, repetition time=2300ms, echo time=3.03ms, 50% distance factor, field of view 256x256x192mm, flip angle 9°) using
a 3T scanner (Magnetom TRIO, Siemens, Erlangen, Germany) with a standard 12-channel head coil. At the 33-year-assessment high-
resolution anatomical images with 208 slices covering the whole brain were acquired using a 3T-scanner (PrismaFit, Siemens) with a
32-channel head coil.

Researchers were not blinded in terms of the participants risk group during data collection. In the majority of interviews conducted
during the survey when the infants were 3 months old, the interviewer and the respondent (60%), particularly the mother (95%),
were present. Similarly, the subsequent interviews primarily took place between the interviewer and the parent being interviewed
(70-82%).

Maternal smoking during pregnancy. Was determined by a standardized interview with the mother conducted at the 3-month
assessment and classified as nonsmokers, smoking 1-5 cigarettes per day (cig./d) and more than 5 cigarettes per day for further
details see 1.

Prenatal maternal stress. A standardized parent interview was conducted at the 3-month assessment. 11 questions were asked
concerning worries, mood problems, as well as positive experiences during pregnancy. Mothers were requested to judge separately
for the first and the second/third trimesters. As associations of prenatal stress in mid- and late pregnancy with behavioral outcome in
the offspring have been reported to be largest 2, only prenatal stress during the second and third trimester was included.

Early mother-child interaction. As described in Holz et al. 3, videotapes of a 10-min standardized nursing and play situation between
mothers and their three-month-olds at our lab were recorded and evaluated by trained raters (k>0.83) using a modified version of
the category system for micro-analysis of the early mother—child interaction 4,5. Raters were blind to parental and child risk status.
Nine measures of mother—infant interaction behavior were formed by coding a behavior as present or absent in a total of 120 five-
second intervals. Maternal stimulation included all attempts to attract the infant’s attention or to establish contact with him/her
(vocal, facial or motor) and was coded when the baby was gazing at the mother or when the behaviors were clearly directed at the
child. The scores were z-transformed and recoded such that higher scores represent lower stimulation.

Obstetric adversity. At the age of 3 months, an obstetric adversity score was obtained by counting the presence of 9 adverse
conditions during pregnancy, delivery, and postnatal period such as preterm labor, asphyxia, or seizures. See supplemental Figure 9
for its composition.

Psychosocial adversity. Information on adverse characteristics of the parents (low educational level, broken home history or
delinquency, poor coping skills, psychopathology), their partnership (early parenthood, one-parent family, unwanted pregnancy,
marital discord) and the family environment (overcrowding, poor social integration and support, severe chronic life difficulties) was
assessed according to an ‘enriched’ family adversity index 6 by a standardized parent interview conducted at each assessment (n=5)
until the age of 11 years (range 0-9, M=2.95; SD=2.05). The score is created such that events that reflect only one possible exposure
during lifetime (e.g. unwanted pregnancy) are also only counted once.

Childhood trauma. At the age of 23, participants completed the brief screening version of the Childhood Trauma Questionnaire (CTQ,
Bernstein et al. 2003). The CTQ entails a retrospective assessment of five types of self-reported childhood maltreatment, i.e. sexual,
physical, and emotional abuse, and emotional and physical neglect. The scores of all subscales were summed up.

Life events. To assess exposure to life stress (LS) across the life span, a semi-structured parent interview was conducted until the age
of 15 years. The young adults were interviewed from the age of 19 years onwards. The interview, which was a modified and
shortened version of the Munich Events List 7, evaluated the occurrence of adverse life events during a period of one year prior to
the assessment. The items covered all relevant areas of children’s and young adults’ LS, including family, school, parents, health, legal
troubles, and living conditions, such as birth of a sibling, death of a close relative or parents’ separation for which the participant
indicated a subjective burden. A composite score was computed by summing up the z-standardized scores from the ten assessments
between the age of 3 months and 25 years.

Adult psychopathology. The Young Adult Self-Report (YASR)44 and the Adult Self-Report (ASR)45 were used to measure clinical
symptoms on the basis of DSM-IV criteria at the ages of 25 and 33/34 years, respectively.

IMAGEN

Anatomical images. MRI was performed on a 3T scanner (Siemens Trio). High-resolution anatomical MR images were obtained using
a standardized 3D T1-weighted magnetisation prepared rapid acquisition gradient echo (MPRAGE) sequence based on the ADNI
protocol (http://adni.loni.usc.edu/ methods/mri-analysis/mri-acquisition/). The parameters were as follows: repetition time = 2300
ms, echo time = 2.93 ms, flip angle = 9; 1.1x1.1x1.1 mm voxel size.

Assessments. During all 4 assessment waves (14, 16, 19, 22 years), the participants completed the Life Events Questionnaire (LEQ) 10
that was adapted for their age.

The CTQ was assessed at the age of 19 years. The total score across all scales was used (mean=31.68., SD=7.64, range=25-73).

MARS: 1986-2020
IMAGEN: 2014-2020

MARS: Out of 309 participants (80% of the original sample) participating in the 25-year assessment, a subsample took part in the
neuroimaging session (N=200, T1). After exclusion due to left-handedness or somatic diseases (n=19), technical artefacts in the scans
(n=2) and missing data (n=10), 169 healthy participants were included (58% females). Of those, 118 were scanned again at the age of
33/34 years (T2), of which 4 had to be excluded due to technical artifacts.

IMAGEN: 122 participants took part in the 22y assessment, 7 had to excluded due to missing data in adversities (n=6) and for missing
brain data due to technical problems (n=1)

Philadelphia Neurodevelopmental Cohort (PNC), Cam-CAN, Human Connectome Project, UK Biobank and OASIS3 scans excluded in
case of obvious image artefacts and using the Euler Characteristic criteria such as previoulsy done (Rutherford et al., 2022)
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Non-participation MARS: participation rate 80% from the original recruited sample in 1986
IMAGEN: participation rate 60% rom the original recruited sample in 2014

Randomization not allocated to experimental groups.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods
n/a | Involved in the study n/a | Involved in the study
X[ ] Antibodies [] chip-seq
[] Eukaryotic cell lines [] Flow cytometry
|:| Palaeontology and archaeology |:| |X| MRI-based neuroimaging

[ ] Animals and other organisms
[] Clinical data
IXI|[ ] Dual use research of concern

X
X
X
X

Magnetic resonance imaging

Experimental design

Design type MPRAGE
Design specifications n.a.

Behavioral performance measures  n.a.

Acquisition

Imaging type(s) structural

Field strength 3T

Sequence & imaging parameters 1x1x1 mm T1-weighted anatomical images with 192 slices covering the whole brain (matrix 256x256, repetition
time=2300ms, echo time=3.03ms, 50% distance factor, field of view 256x256x192mm, flip angle 9°) using a 3T scanner
(Magnetom TRIO, Siemens, Erlangen, Germany) with a standard 12-channel head coil
Imaging parameters for publicly available data sets as mentioned in the main papers:
Philadelphia Neurodevelopmental Cohort (PNC) (Satterthwaite et al., 2014)
Cam-CAN (Shafto et al., 2014)
Human Connectome Project (Van Essen et al., 2013)
UK Biobank (Miller et al., 2016; Sudlow et al., 2015)
OASIS3(Marcus et al., 2010)

Area of acquisition whole brain

Diffusion MRI [ ] Used Not used

Preprocessing

Preprocessing software fsl/6.0.5

Normalization Preprocessing of the anatomical images entailed the following steps. First, images were reoriented to the standard (MNI)
orientation [fslreorient2std], automatically cropped [robustfov] and bias-field corrected (RF/B1-inhomogeneity-correction)
[FAST]. Then registered to standard space (linear and non-linear) [FLIRT and FNIRT], followed by brain-extraction [FNIRT-
based or BET] as well as tissue-type segmentation [FAST] and subcortical structure segmentation [FIRST].
The JD images were affine and log transformed and masked by a grey matter template.

In addition, we estimated the normative model on grey matter density, which we calculated by warping grey matter to MNI
space and subsequent multiplication by the jacobian determinants and smoothing with a 6mm kernel.




Normalization template MNI152_T1_1mm.nii
Noise and artifact removal Data were visually inspected and evaluated by an experienced rater (NH).

Volume censoring n.a.

Statistical modeling & inference

Model type and settings Bayesian Linear Regression under 10-fold crossvalidation; Bayesian Linear Regression (BLR) with likelihood warping
(‘sinarcsinsh” warping function); linear mixed models

Effect(s) tested contraction or expansion of deformation fields as a function of lifetime adversities exposure profiles, sex and total
intracranial volume
contraction or expansion of JDs as a function of age, sex and site
prediction of anxiety based on individual deviations from the normative model

Specify type of analysis:  [X] Whole brain [ ] ROI-based [ ] Both
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Statistic type for inference voxel-wise
(See Eklund et al. 2016)

Correction Bonferroni for association with psychopathology; 10-fold crossvalidation

Models & analysis

n/a | Involved in the study
|:| |:| Functional and/or effective connectivity

|:| |:| Graph analysis

|:| |X| Multivariate modeling or predictive analysis
Functional and/or effective connectivity n.a.
Graph analysis n.a.

Multivariate modeling and predictive analysis A model of normative deformation field development as a function of adversity and sex was created by
training a Bayesian Linear Regression (BLR) model using the Predictive Clinical Neuroscience toolkit
(PCNtoolkit) software (https://pcntoolkit.readthedocs.io/en/ latest) implemented in python 3.6. In our BLR
analysis predictions are derived in an unbiased manner under 10-fold cross-validation. Briefly, this Bayesian
approach calculates the probability distribution over all functions that fit the data while specifying a prior
over all possible values and relocating probabilities based on evidence (i.e. observed data). As such, it yields
unbiased estimates of generalizability and inferences with increasing uncertainty with fewer data. This, in
turn, increases the conservativeness of this approach and renders deviations harder to detect.

The accuracy of the reference model showing the long-term adversity signature was evaluated using the
correlation between the true and the predicted voxel values (Rho). Structure coefficients, that reflect the
correlation between a predictor and the expected outcome, were calculated to assess the contribution of
each single adversity to the predicted model.

To estimate a pattern of regional deviations from typical brain structure for each participant, we derived
normative probability maps (NPM) that quantify the voxel-wise deviation from the normative model. This
was done by calculating an individual-specific Z score21 indicating the difference between the prediction
(mean, y'ij) at each brain location (j) and true brain structure (yij) scaled by the prediction variance [expected
level of variation 02ij and variance learned from the normative distribution (o2nj)

Age model

Normative modeling was run using python 3.8 and the PCNtoolkit package (version 0.26). Bayesian Linear
Regression (BLR) with likelihood warping (‘sinarcsinsh” warping function)20,21 was used to model voxel-wise
JD development from a vector of covariates (age, sex, and site) . For each voxel y is predicted as:

y=wTd(x)+e

where wT is the estimated weight vector, ¢(x) is a basis expansion of the of covariate vector x, consisting of a
B-spline basis expansion (cubic spline with five evenly spaced knots) to model non-linear effects of age, and
€=N(0,B-1) a Gaussian noise distribution with mean zero and noise precision term B (the inverse variance).
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