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P < 10%%) (Fig. 4, SI Materials and Methods, and Figs. S1 and S3),
but also matched those regions showing an altered developmental
trajectory in adolescent-onset schizophrenia (r = 0.48, P < 10°%)
(Fig. 5). Direct comparison of the spatial distribution between
Alzheimer’s disease and adolescent-onset schizophrenia pattern of
macrostructural abnormalities also revealed a good spatial cross-
correlation (r = 0.48, P < 10°%) (Fig. S3).

Of all 70 components, this close resemblance to both schizo-
phrenia and Alzheimer’s disease spatial patterns was only specific
to the inverted-U mode of variation 1C4 and the dominant mode
of variation 1C1, as the latter simply represents the standard de-
viation across all subjects (Fig. S2). Although the inverted-U
component was purely derived from healthy individuals, dis-
crimination analysis using this spatial network also allowed for
good separation of brain scans between patients with either
Alzheimer’s disease or schizophrenia and corresponding matched
controls (72% and 83% accuracy, respectively) (SI Materials
and Methods).

The inverted-U component IC4 also differed between males
and females (Fig. S4). Females showed a significantly higher and
slightly later peak with age than males (41 versus 39y, respectively;
P = 4.5 x 10°%) (SI Materials and Methods). This few years of dif-
ference in lifespan trajectory of a relevant brain structural compo-
nent could be related to the later age of onset of symptoms observed
in females with schizophrenia and Alzheimer’s disease (20, 21).

Finally, additional regression analyses in the large-scale life-
span healthy population showed specific, strong correlations
between the strength of the inverted-U component IC4 and
episodic memory and intellectual ability, deficits in which are
hallmarks of Alzheimer’s disease and schizophrenia, respectively
(P << 10°%) (SI Materials and Methods). More specifically, there
was a moderate correlation of r = 0.31 between the network
strength and long-delay free recall on the California Verbal
Learning Test (CVLT), which is known to be the most salient
measure of memory deficit in mild cognitive impairment and
Alzheimer’s disease (Fig. 4) (22). There was also a good corre-
lation of r = 0.40 between the network strength and fluid in-
telligence (block design; Wechsler Abbreviated Scale of Intelligence,
WASI) (Fig. 5). We found a more modest correlation of r = 0.21
between the network strength and crystallized intelligence
(vocabulary; WASI) (Fig. S5). However, when looking at the
same relationship only in the healthy participants under 40 y
old (age peak of the inverted-U component), we found a very
strong correlation of r = 0.52, consistent with the notion
that verbal intelligence crystallizes to a plateau in middle age
(Figs. S5 and S6).

Discussion

Here, a data-driven analysis of brain structural variation across
484 healthy participants revealed a previously unseen component
showing a symmetric inverted-U relationship with age, and spa-
tially characterizing a biologically meaningful network of gray
matter regions largely involved in transmodal processing. This
network of brain regions not only showed mirroring of healthy
developmental and aging processes, but also demonstrated
heightened vulnerability to etiologically distinct clinical disorders
linked to abnormal adolescent and aging trajectories (schizo-
phrenia and Alzheimer’s disease) and recapitulated the pattern
of macrostructural abnormalities seen in both disorders.

Two features of our methodological approach were crucial in
revealing this inverted-U component 1C4 showing symmetrical
developmental and aging processes. First, no constraint—spatial
or age-related—was imposed on the data. Second, the method
allowed us to detect more subtle modes of variation over and
above other global components that dominate the intersubject
variability, such as seen in IC1, and that are typically reported
in lifespan studies (16). This decomposition approach thus
revealed this 1C4 component which, while explaining only a
modest amount of the structural variance across all 484 healthy
subjects (3%), had a strong relationship with age (as age
explained 50% of the 1C4 variance) and accounted for a sub-
stantial part of the spatial variance of Alzheimer’s disease and
adolescent-onset schizophrenia patterns of abnormalities (30%
and 23%, respectively) (Fig. S2).

These results, intrinsically linking development, aging, and two
disorders with very distinct ages of onset of symptoms and neuro-
pathological processes, might seem surprising at first. But they
become much more intuitive when taking several considerations
into account. First, our network of regions in which development
and aging mirror one another includes mainly transmodal regions.
The heteromodal cortex (or transmodal cortex when including
limbic and paralimbic regions) encompasses the highest synaptic
levels of bottom-up processing (17). Because it develops later
than the rest of the brain, the transmodal cortex is a strong
candidate for showing such retrogenesis or last-in, first-out pro-
cesses. Second, both Alzheimer’s disease and schizophrenia have
been linked, separately in the literature, to a selective damage to
the heteromodal cortex. Indeed, neuropathological and neuro-
imaging findings suggest that primary lesions responsible for the
classic clinical feature of schizophrenia occur in the phyloge-
netically recent heteromodal cortex (23, 24). Separately, it has
been suggested that the pattern of vulnerability in Alzheimer’s
disease is distributed specifically following “nodes” distributed
within the heteromodal cortex (and showing substantial overlap
with the default mode network) (25). Interestingly, a retrogenic
neuropathological pattern in terms of neuronal cell loss and
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Fig. 2. Network of gray matter regions showing the inverted-U relationship with age. (A) Spatial network corresponding to the second age-related in-
dependent component IC4 (orange) overlaid on the gray matter average across all 484 healthy participants (thresholded for better visualization at Z > 4). Left
is right. (B) Second age-related independent component IC4 load for each of the 484 participants plotted against age (quadratic fit is in turquoise; P = 6 x 10°7%)

(SI Materials and Methods). a.u., arbitrary unit.
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Fig. 4. The inverted-U component spatially corresponds to the structural pattern of abnormalities in Alzheimer 's disease and correlates with episodic
memory in healthy subjects. ( A) The spatial network corresponding to the inverted-U component IC4 (orange) closely matches the gray matter found to be
atrophic in Alzheimer ’s disease compared with healthy elderly (blue; thresholded for better visualization at P < 0.001; n = 120; voxel-by-voxel spatial cross-
correlation: r = 0.55; P < 10°%). (B) The inverted-U component load for each of the healthy participants plotted against episodic memory score (CVLT long-
delay recall; n = 370; linear fit is in turquoise; r = 0.31; P= 1.2 x 10°°) (S| Materials and Methods ). Results presented here have not been age-corrected, as the
relationship between episodic memory scores and age was highly nonlinear. In fact, their lifespan trajectory matched that of the inverted-U compone nt
(Fig. S6), explaining the linear relationship between the two presented in B. a.u., arbitrary unit.

myelination process which followed closely the same age trajec-the healthy brain. Deviations from normal trajectories of brain
tory as a functional performance measure (46). Following these maturation have been identified in developmental disorders (38,
observations, Bartzokis (47) proposed a myelitdevelopment-to- 48), while some neurodegenerative disorders seem to progress
degeneratio model of the human brain, according to which within specific healthy brain networks (23, 49). One recent study
“myelin development, maintenance, and its eventual breakdown has also shown that data-driven decomposition of white matter
are essential to understanding.. cognitive and behavioral tra- tractograms in healthy young subjects recapitulates the pattern
jectaries through life’ and that shed light on Alzheimets disease of abnormalities in dementia (50). Here, we show how the
as a developmental disorder‘requiring myelination as an es- symmetric inverted-U component, while derived without any
sential permissive step(47). This analogous result reinforces the prior hypothesis from healthy subjectsbrain structure, () spa-
idea, which cannot be tested with the imaging technique and tially recapitulates the structural vulnerability of two etiologically
resolution available for this study, that the effect observed here distinct disorders emerging at opposite ends of the life spectrum
in the gray matter might be somewhat related to myelination.  (schizophrenia—aptly named*“dementia praecoX until the mid-
Using a data-driven approach, we have therefore been able to 1950s—and Alzheimers disease), i{) accurately discriminates
characterize a biologically meaningful component intrinsically these two disorders from their matched healthy group, andii) is
linking late development, early degeneration, and vulnerability associated, in this large-scale lifespan healthy population, with
to disease. There is mounting evidence that the pattern of vari- cognitive functions whose impairment are key symptoms of
ous brain disorders can be explained to some extent by observingschizophrenia and Alzheime's disease. We thus suggest that the

Fig. 5. The inverted-U component spatially corresponds to the structural pattern of abnormalities in adolescent-onset schizophrenia and correlates with in-
telligence scale in healthy subjects. ( A) The spatial network corresponding to the inverted-U component IC4 (orange) closely matches the gray matter showing
altered trajectory in adolescent-onset schizophrenia compared with healthy adolescents (green; thresholded for better visualization at P < 0.05; n = 24; voxel-
by-voxel spatial cross-correlation: r = 0.48; P < 10°%). (B) The inverted-U component load for each of the healthy participants plotted against intellectual ability

[e.g., block design score (fluid intelligence) from the Wechsler Abbreviated Scale of Intelligence; n = 439; linear fit is in turquoise; r = 0.40; P = 1.8 x 10°%%] (S|
Materials and Methods and Fig. S5shows the plot for crystallized intelligence). Results presented here have not been age-corrected, as the relationship between
block design scores and age was highly nonlinear. As for episodic memory scores, lifespan trajectory of fluid intelligence matched that of the invert ed-U
component ( Fig. S, explaining the linear relationship between the two presented in B. a.u., arbitrary unit.
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