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SUMMARY

The human brain undergoes a prolonged period of cortical development that spans multiple decades. During
childhood and adolescence, cortical development progresses from lower-order, primary and unimodal
cortices with sensory and motor functions to higher-order, transmodal association cortices subserving executive, socioemotional, and mentalizing functions. The spatiotemporal patterning of cortical maturation
thus proceeds in a hierarchical manner, conforming to an evolutionarily rooted, sensorimotor-to-association
axis of cortical organization. This developmental program has been characterized by data derived from multimodal human neuroimaging and is linked to the hierarchical unfolding of plasticity-related neurobiological
events. Critically, this developmental program serves to enhance feature variation between lower-order
and higher-order regions, thus endowing the brain’s association cortices with unique functional properties.
However, accumulating evidence suggests that protracted plasticity within late-maturing association
cortices, which represents a defining feature of the human developmental program, also confers risk for
diverse developmental psychopathologies.
INTRODUCTION
The human brain supports unique cognitive, socioemotional,
and mentalizing capabilities. These capabilities emerged as
part of recent evolutionary development and are sculpted and
enhanced in each individual by the process of neurodevelopment. Such human-specific faculties are subserved by the association cortices of the brain: phylogenetically newer regions of
cortex that exhibit protracted neurodevelopment throughout
childhood and adolescence. Maturation of the association
cortices partially underlies the significant intellectual, emotional,
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and behavioral changes observed during the first decades of life,
with maturational variability contributing to inter-individual differences in executive and psychosocial functioning.
The brain’s association cortices—composed of prefrontal,
cingulate, inferior parietal, precuneal, and middle temporal
areas, often referred to collectively as ‘‘association cortex’’—
are expansive and integrative regions of cortex that can be principally contrasted against primary sensory and motor cortices.
Primary sensorimotor regions (i.e., primary visual, auditory, somatosensory, and motor cortices) are unimodal, functionally
specific, and involved in processes of sensation, perception,
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and action. Regions of association cortex, in contrast, tend to be
multimodal or transmodal (though unimodal association areas
exist), functionally flexible, and recruited for information integration, perceptually decoupled cognition, or internal thought (Margulies et al., 2016; Murphy et al., 2019; Yeo et al., 2015). Moreover, primary regions are located most distant on the cortex
from transmodal association regions that support higher-order
psychological, social, and executive functions, with uni- and
multi-modal cortices occupying spatially intermediate positions
(Huntenburg et al., 2018; Margulies et al., 2016; Mesulam,
2008). This distance-dependent layout of the cortex ultimately
corresponds to a large-scale axis of cortical feature organization—an axis that repeatedly manifests when examining spatial
variation in diverse features across the cortex and that informs
our understanding of the timing and consequences of cortical
development.
An axis is a unidimensional ordering of cortical regions, determined by quantifying patterns of variability in one or more
cortical properties. Cortical regions that occupy nearby positions along an axis—regardless of their distance across the cortex—are similar with respect to a given property, whereas those
that define the two opposing ends of an axis are maximally divergent. When visualized across the cortical surface, axes of organization offer insight into the global arrangement of cortical properties and the degree of similarity among regions, augmenting
the information derived from characterization of local properties.
Critically, efforts to delineate axes of organization for a multitude
of different cortical properties have revealed that the principal
axis of organization commonly spans from primary and unimodal
sensory and motor cortices, to multimodal cortices, and finally to
transmodal association cortices that support advanced mental
functions, defining a "sensorimotor-association (S-A) cortical
axis." Cortical features derived from remarkably varied data
types including non-invasive neuroimaging (Burt et al., 2018;
Huntenburg et al., 2018; Margulies et al., 2016; Paquola et al.,
2019a; Raut et al., 2020), histology (Beul and Hilgetag, 2019; Paquola et al., 2019a; Scholtens et al., 2014), transcriptomics (Burt
et al., 2018; Hansen et al., 2021; Krienen et al., 2016), receptor
autoradiography (Froudist-Walsh et al., 2021; Goulas et al.,
2021), and electrophysiology (Gao et al., 2020; Honey et al.,
2012; Murray et al., 2014) conform to this principal S-A axis.
Hence, joint spatial variation observed across numerous neurobiological features reflects a hierarchical axis of cortical function
that transitions from lower-order sensorimotor to highest-order
associative functions: from action to cognition, from perception
to introspection, from sensation to self-awareness.
In this review, we discuss how the spatial and temporal
patterning of cortical maturation proceeds along the S-A axis
throughout childhood and adolescence, and describe how this
developmental sequence systematically enhances functional
variation across the cortical mantle. To this end, we first synthesize data from analyses conducted across scales and species
that reveal a unified, principal sensorimotor-to-associative axis
of cortical organization. This axis elegantly captures known diversity in cortical anatomy, physiology, gene expression, and
function and provides a framework for understanding the progression and the biobehavioral outcomes of cortical development. We next review relevant evidence from studies that have

harnessed advanced in vivo neuroimaging in humans, which
have begun to characterize the unfolding of cortical maturation
from early childhood to adulthood. Specifically, we highlight
work from structural, diffusion, functional, and chemical neuroimaging that has documented differences in maturational patterns across sensorimotor and associative cortices. We further
explore relationships between neuroimaging, histological, physiological, and transcriptomics findings in brain development, in
an effort to link macroscale spatiotemporal developmental patterns to microscale mechanisms involved in cortical plasticity.
Finally, we consider major causes and consequences of inter-individual maturational variability.
Taken together, existing literature supports a model of human
brain development wherein maturation occurs along a dominant,
hierarchical organizational axis. In this developmental program,
transmodal association cortices develop over a more protracted
period of time than sensorimotor cortices, exhibiting sustained
development-associated changes through infancy, childhood,
and adolescence, and completing their course of maturation
comparatively later in development. This developmental program is critical for shaping many of the structural, functional,
and computational properties that differentiate transmodal associative cortices from the rest of the cortical landscape. However,
the prolonged plasticity seen in higher-order association
cortices—which is a defining feature of the brain’s developmental program—makes these cortical areas particularly vulnerable to the effects of developmental insults and puts humans at
risk for developmental psychopathology.
HIERARCHICAL CORTICAL TOPOGRAPHY AND THE
SENSORIMOTOR-ASSOCIATION AXIS
A hierarchical axis of cortical organization
A central goal of neuroscience is to understand intrinsic patterns
of cortical organization and topography (i.e., the spatial distribution of cortical areas) and relationships to cortical functioning.
Decades of research dedicated to this goal have revealed how
patterns of anatomical and functional organization can be understood as conforming to large-scale cortical hierarchies, defined
by ordered rankings of cortical areas (Hilgetag and Goulas,
2020). Research has established the importance of three such
cortical hierarchies—hierarchies that are described by cortical
anatomy, cortical function, and cortical evolution. Foundational
studies of cortical anatomy examining architectonic differentiation and the laminar origins of cortico-cortical connections
helped identify a dominant cortical hierarchy (Barbas, 1986;
Felleman and Van Essen, 1991). In this anatomically defined
cortical hierarchy, regions lowest in the hierarchy are those
with high neuron density and a greater proportion of supragranular-originating connections involved in feedforward communication (Garcı́a-Cabezas et al., 2019; Hilgetag and Goulas, 2020;
Hilgetag et al., 2019). Conversely, cortical regions highest in
the hierarchy are those with lowest neuron density and a predominance of infragranular-originating connections that facilitate feedback communication. The anatomical hierarchy,
originally described in the macaque visual system (Felleman
and Van Essen, 1991; Markov et al., 2014) and subsequently
expanded to the entire primate cortex (Burt et al., 2018;
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Chaudhuri et al., 2015; Hilgetag and Goulas, 2020; Hilgetag
et al., 2019), revealed how complex facets of cortical organization and communication can be understood through a graded
ordering of features along a simplified spatial dimension.
On the basis of theories of function following structure, it was
proposed that the anatomical hierarchy would facilitate hierarchical information processing proceeding from lower hierarchy
regions involved in externally oriented perception to higher hierarchy regions involved in internally focused cognitive processes
(Mesulam, 1998). A wealth of cross-species research—using
diverse techniques such as in vivo neural recordings, lesion mapping, neuromodulation, and task-based functional MRI—has
substantiated the relationship between a region’s position in
the anatomically defined hierarchy and its function. It is now
apparent that cortical areas lowest in the anatomical hierarchy
map to sensory and motor regions, whereas cortical areas mid
and high in the hierarchy are association cortices that enable
integrative, perceptually decoupled, and abstract mental functions. In other words, the anatomically defined hierarchy is
spatially coupled with a second, functional cortical hierarchy
that is arranged from lower-order to higher-order faculties, with
faculties that have progressed most in humans occupying the
apex of this hierarchy (Burt et al., 2018; Margulies et al., 2016;
Mesulam, 1998, 2008).
Remarkably, these anatomical and functional hierarchies map
onto a third, evolution-based cortical hierarchy. The evolutionary
hierarchy is indexed by patterns of cortical expansion observed
between humans and other species in the mammalian evolutionary tree. Lower-order sensory and motor cortical regions
were present and cortically dominant in the earliest of mammals
(i.e., those falling lowest in the evolutionary tree). In many
ensuing mammalian species, sensory brain regions underwent
additional functional specialization, accompanied by sensory
cortex enlargement or cortical magnification (Krubitzer, 2007).
In the primate lineage, however, the proportion of the cortical
surface dedicated to sensory and motor regions declined,
whereas the proportion occupied by phylogenetically new association cortices subserving higher-order functions grew significantly larger (Buckner and Krienen, 2013; Halley and Krubitzer,
2019; Krubitzer, 2007; Krubitzer and Kahn, 2003). Humans, in
particular, have frontal, temporal, and parietal association
cortices that are more expanded than those of both macaques
and chimpanzees—and substantially more expanded than expected from increases in brain size alone (Buckner and Krienen,
2013; Donahue et al., 2018; Hill et al., 2010a; Wei et al., 2019; Xu
et al., 2020). The human cortical evolutionary hierarchy can
therefore be uncovered by quantifying patterns of areal emergence and expansion across the human cortex. Of note, different
conceptualizations of an evolutionary hierarchy could then be
invoked. For example, sensory and motor regions could be
considered the peak of an evolutionary hierarchy, as they are
phylogenetically oldest and thus arguably the most evolutionarily
honed or refined. Here, however, we operationalize position in
the cortical evolutionary hierarchy by the degree to which an
area has expanded in humans compared with other mammalian
species, including other primates. Regions with the least expansion, which are nearly universally sensory and motor cortices, fall
lowest in the hierarchy. In contrast, regions with the greatest
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expansion, which localize to lateral prefrontal, temporal, and parietal transmodal association cortices, are positioned highest in
the hierarchy. Although defined by distinct measures, anatomical, functional, and evolutionary hierarchies exhibit convergent
spatial embedding across the human cortical mantle, suggesting
the existence of an overarching, hierarchy-related topography in
the brain (Figure 1).
Work examining spatial variation across heterogeneous brain
properties strongly supports the presence of a hierarchical axis
of cortical topographical organization. The study of cortical organization is frequently approached via characterizing regional
properties, for example, regional cytoarchitecture, connectivity,
genetic composition, cell type distribution, or functional features.
A complementary approach is to understand how such properties are distributed across the cortical landscape, by identifying
axes of maximum feature variance and their spatial embedding
in the brain. For univariate measures such as cortical thickness
or neuron density, an axis is determined by ordering regions
based directly on the univariate measure of interest. For multivariate measures such as functional connectivity profiles or gene
sets, an axis is defined by applying linear (e.g., principal component analysis) or non-linear (e.g., spectral embedding) dimensionality reduction techniques and analyzing the resulting lowdimensional representation; this low-dimensional representation
is often referred to as a gradient when feature variation along the
dimension is continuous. Efforts focused on defining axes of
cortical organization, although historically grounded, have accelerated substantially in recent years. These data-driven efforts
have demonstrated that although multiple large-scale organizational axes exist (such as anterior-posterior and dorsal-ventral
axes), the principal axis for diverse cortical features spatially
aligns with the three canonical hierarchies described by anatomy, function, and evolution.
This principal axis is evident when examining neuroimagingderived measures of cortical thickness (Burt et al., 2018; Wagstyl
et al., 2015), intracortical myelination (Burt et al., 2018; Huntenburg et al., 2017; Paquola et al., 2019a), areal allometric scaling
(Reardon et al., 2018), cerebral metabolism (Satterthwaite et al.,
2014; Vaishnavi et al., 2010), cortico-cortical connectivity dis€ger et al., 2017; Sepulcre
tance (Bazinet et al., 2020; Oligschla
et al., 2010), functional connectivity patterns (Margulies et al.,
2016), functional timescale length (Ito et al., 2020; Raut et al.,
2020), and structure-function coupling (Baum et al., 2020; Preti
and Van De Ville, 2019). Moreover, this principal axis is apparent
when examining histology-derived measures of cellular microstructure (Goulas et al., 2018; Paquola et al., 2019a, 2020a),
neuron density (Beul and Hilgetag, 2019; Cahalane et al.,
2012), and excitatory neuron spine density (van den Heuvel
et al., 2016a). Finally, this principal axis manifests in spatial
maps of transcriptomics-derived measures of cortical gene
expression (Burt et al., 2018) as well as autoradiography-derived
measures of neurotransmitter receptor densities (FroudistWalsh et al., 2021; Goulas et al., 2021). The concerted patterning
of such diverse neurobiological properties across the cortical
sheet provides strikingly convergent evidence for a unifying, hierarchical axis of organization that spans from primary sensory
and motor areas to transmodal association areas: the S-A axis
of cortical organization (; ; , Figure 2).
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Figure 1. Anatomical, Functional, and Evolutionary Cortical Hierarchies
Anatomical Hierarchy: the human cortical anatomical hierarchy is revealed by inter-regional variation in the neuroimaging-derived T1-weighted to T2-weighted
(T1w/T2w) ratio. The T1w/T2w ratio strongly negatively correlates with hierarchy level as estimated from the laminar origins of tract-traced cortical connections in
the macaque, validating it as a robust in vivo measure of anatomical hierarchy. Lower hierarchical ranking, pale yellow; higher hierarchical ranking, dark purple. rs,
Spearman’s rank correlation coefficient. Functional Hierarchy: the spatial embedding of the human cortical functional hierarchy—which captures a spectrum of
faculties ranging from motor and visual functions to executive, emotional, and social functions—depicted across the cortical mantle. A NeuroSynth-based metaanalysis of 24 terms was conducted to map functions to cortical regions that are ranked along the hierarchy. Lower hierarchical ranking, dark blue; higher hierarchical ranking, dark red. Evolutionary Hierarchy: quantification of vertex-wise macaque to human surface area expansion captures the human cortical
evolutionary hierarchy. Regions low in this hierarchy are predominantly sensory and motor cortices that are cortically dominant in mammals lower in the
evolutionary tree and that have expanded less in primate evolution. Regions high in this hierarchy are transmodal association cortices that are cortically dominant
in the primate lineage and that underwent marked cortical expansion in humans. Lower hierarchical ranking, blue; higher hierarchical ranking, red. Anatomical
Hierarchy adapted from Burt et al. (2018), copyright 2018 with permission from Springer Nature, Nature Neuroscience. Functional Hierarchy adapted with
permission from Margulies et al. (2016), copyright 2016 via the PNAS License to Publish. Evolutionary Hierarchy reprinted from Xu et al. (2020) with permission
(https://creativecommons.org/licenses/by-nc-nd/4.0/) (top) and adapted from Krubitzer (2007), copyright 2007 and Krubitzer and Kahn (2003), copyright 2003
with permission from Elsevier (bottom).

The S-A axis thus represents a major axis of brain organization
that captures systematic, correlated shifts in macrostructural,
microstructural, and molecular features across the human cortex. It must be noted that feature changes along this axis can
be continuous or abrupt between cortically adjacent regions
(capturing both gradual cortical changes and sharp areal boundaries), that non-uniformities in axis hierarchical ordering are
evident, and that additional prominent axes of cortical organization exist (Box 1). Although intrinsic and emergent characteristics
of the S-A axis have been elaborated upon in recent years, this
axis remains rooted in fundamental principles of both functional
and structural cortical organization. Functionally, the S-A axis
extends spatially outward from primary regions to the most cortically distant transmodal regions, traversing unimodal and multimodal cortices along the way, thus it is a cortex-wide embodiment of the principle of spatial continuity of function (Aflalo and
Graziano, 2011). This principle proposes that the high-dimensional information space composed of all functions relevant to
an organism’s behavior is low-dimensionally embedded in
cortical arrangement in a manner that optimizes continuity of
function between adjacent areas (Aflalo and Graziano, 2011).
This principle of functional continuity, which parallels the notion

of gradients of cognitive function introduced by Elkhonon Goldberg (Goldberg, 1989), seemingly applies at the microscale (e.g.,
orientation columns in V1), at the regional level (e.g., somatotopic maps in S1), and at the whole-brain level, as revealed by
the functional topography of the S-A axis (Aflalo and Graziano,
2011; Graziano and Aflalo, 2007). Structurally, the S-A axis coheres well with our understanding of systematic changes in the
laminar structure of the cortex. Laminar differentiation tends to
decrease from the sensorimotor to the association pole of the
axis. Thus, the S-A axis accords with early observations of
graded variation in architectonic differentiation (Sanides, 1962),
with the Structural Model linking architectonic to connectivity
variation (Barbas, 1986; Garcı́a-Cabezas et al., 2019), and with
Mesulam’s seminal theory on sensory-fugal processing (Mesulam, 1998, 2008). Mesulam divided the cortex into ordered,
spatially continuous zones of decreasing cytoarchitectonic differentiation and increasing level in a sensory-fugal processing
hierarchy. The resulting cortical zones, referred to as primary
sensory and motor zones, unimodal (or modality-selective) association zones, and transmodal association zones, align along the
S-A axis. Importantly, Mesulam further differentiated between
two broad types of transmodal association cortices on the basis

Neuron 109, September 15, 2021 2823

ll
Review
Figure 2. The sensorimotor-association axis of cortical
organization

A

Diverse neurobiological properties reveal a principal S-A axis of
topographical feature variation and organization. Cortical measures derived from ten different data types were independently
averaged within 180 left hemisphere parcels (Glasser et al.,
2016), and parcels were rank-ordered on the basis of value from
1 (low rank; yellow; sensorimotor-like) to 180 (high rank; purple;
association-like).
(A) Individual parcel rankings from the ten cortical maps displayed in (B) were averaged to derive an archetypal S-A axis.
(B) Cortical maps for ten fundamental brain features are colored
by parcel rankings. These macrostructural, microstructural,
functional, metabolic, transcriptomic, and evolutionary features
exhibit systematic variation between lower-order primary
sensorimotor regions and higher-order transmodal association
regions along the S-A cortical axis. Cortical maps (and data
sources) displayed include Anatomical Hierarchy (AH), quantified by the T1-weighted to T2-weighted ratio (data from Glasser
and Van Essen, 2011); Functional Hierarchy (FH), quantified by
the principal gradient of functional connectivity (data from
Margulies et al., 2016); Evolutionary Hierarchy (EH), quantified
by macaque-to-human cortical expansion (data from Hill et al.,
2010a); Allometric Scaling (AS), quantified as the relative extent
of areal scaling with scaling of overall brain size (data from
Reardon et al., 2018); Aerobic Glycolysis (AG), quantified from
positron emission tomography measures of oxygen consumption and glucose use (data from Vaishnavi et al., 2010); Cerebral
Blood Flow (CB), quantified via arterial spin labeling (data from
Satterthwaite et al., 2014); Gene Expression (GE), quantified by
the first principal component of brain-expressed genes (analysis
conducted as in Burt et al., 2018); NeuroSynth (NS), quantified
by the first principal component of NeuroSynth meta-analytic
decodings (Yarkoni et al., 2011); Externopyramidization (EX),
quantified as the ratio of supragranular pyramidal neuron soma
size to infragranular pyramidal neuron soma size (data from
Paquola et al., 2020a); and Cortical Thickness (CT), quantified
from structural MRI (Human Connectome Project S1200 data).
(C) A Spearman’s rank correlation matrix for the ten cortical
features is displayed. The color bar indexes the absolute value of
the Spearman’s correlation coefficient (rs) derived from each
pair of features. Correlation significance (pspin) was assessed
using a conservative parcel-based spatial permutation spin test
that preserves spatial covariance structure, as implemented by
Vása et al. (2018).
(D) The archetypical S-A axis shown in (A) captures divergence
between sensorimotor and association cortices across all ten
cortical features, as revealed by average sensorimotor tertile
versus association tertile feature Z scores. Sensorimotor and
association tertiles included 60 cortical parcels with the lowest
and the highest average ranks, respectively, based onthe
multimodal map computed in (A).

B

C
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Box 1. Boundaries and non-uniformities in the sensorimotor-association axis and additional axes of organization

The S-A axis—arranged from primary sensory and motor regions to unimodal, multimodal, and finally to transmodal association
regions with human-advanced cognitive, socioemotional, and mentalizing functions—offers an important framework for understanding cortical heterogeneity and the patterning of features across the cortical landscape. The delineation of this axis in diversified data types has helped integrate organizational trends observed across studies, spatial scales, and species. Furthermore, it is
now apparent that the systematic ordering of cortical regions along this axis on the basis of feature variation largely parallels their
ordering in anatomical, functional, and evolutionary hierarchies, suggesting alignment along a common spatial dimension. Importantly, feature changes along this spatial dimension can be continuously graded between cortical regions, yielding smooth cortical
transitions, or sharp and noncontinuous, as in the case of well-established anatomical and functional cortical boundaries (Bajada
et al., 2020). Consequently, depending on the data type examined, both continuous (gradient-like) and discrete (edge-like) transitions will be embedded within the larger S-A axis of feature variation. In addition, depending on the data type examined, the exact
sequence of regions along the axis will marginally differ, as non-uniformities in regional ordering can be identified; this is perhaps
most evident when considering whether paralimbic or heteromodal association cortices define the associative end of the axis. For
example, the paralimbic ventromedial prefrontal cortex frequently occupies the apex of the associative end of the S-A axis (e.g.,
when quantified fromintracortical myelination, intrinsic timescale length, and laminar differentiation). However, it occasionally sits
below heteromodal cortices near the upper third of the axis, rather than near the apex (e.g., when quantified fromdiversity of interregional structural connections, distance of functional connections, and evolutionary expansion). Furthermore, when comparing
across axes derived from ten fundamental cortical features (Figure 2B), the temporal pole, anterior insula, peri-entorhinal cortex,
precuneus, and portions of the cingulate (representing primarily paralimbic regions) exhibit substantially variable axis positions, as
quantified by the median absolute deviation of parcel rankings and displayed below.

These non-uniformities demonstrate that though the S-A axis provides a concise and powerful way to appreciate the immense
complexity of the cortex, it does not explain nor capture the entire spectrum of cortical variability. It represents a simplified,
low-dimensional representation of variability along one primary axis (i.e., along one data-driven vector, component, gradient, or
embedding). Critically, alternative axes of organization exist that can both inform our understanding of cortical form and function
and provide new insight into cortical development. The anterior-posterior axis of cortical variation is, for example, a prominent
organizational axis that has been developmentally linked to differences in the length of neurogenesis across the cortex, as well
as to early rostral and caudal morphogenic patterning centers (Charvet and Finlay, 2014; Chen et al., 2011; O’Leary et al.,
2007; Valk et al., 2020). The anterior-posterior axis runs perpendicular to an observed dorsal-ventral organizational axis; it is hypothesized that the dorsal-ventral axis may emerge from early neurodevelopmental gradients that emanate out from the paleocortex and the archicortex (Huntenburg et al., 2021; Valk et al., 2020). Additional secondary organizational axes with more poorly understood developmental origins have been identified, including an axis characterized by visual versus somatomotor poles
(Margulies et al., 2016) and an axis that captures divergence between cortices involved in perceptual versus affective processing
(Hansen et al., 2021). Future work should pursue deeper knowledge regarding alternate axes of organization, and prioritize the
study of when and how they are formed and refined throughout neurodevelopment.

of layer architecture. These include heteromodal association
cortices involved in cognitive elaboration and control (including
prefrontal, posterior parietal, lateral temporal, and medial temporal cortices with six layers) and paralimbic association cortices
involved in mentalizing, motivation, and socioemotional processing (including orbitofrontal, ventromedial prefrontal, insular,
temporopolar, and cingulate cortices with fewer apparent
layers).
The S-A axis thus represents a continuum, not a dichotomous
classification, as feature and function variation are apparent both
between and within sensorimotor and association cortices. Features that vary along this dimension of organization will therefore
exhibit both a marked degree of differentiation between sensorimotor and association cortex (Figure 2D), as well as subtler dif-

ferences within sensorimotor and within association cortices
(Figure 2B), providing nuanced insight into brain-wide differences in cortical functioning. Intracortical myelination, for
example, is highest in primary cortex and progressively declines
from primary to unimodal sensorimotor regions, from unimodal
to multimodal and heteromodal association cortices, and from
heteromodal to paralimbic association cortices (Burt et al.,
2018; Paquola et al., 2019a, 2019b), suggesting that potential
for ongoing plasticity is greatest in paralimbic cortices. Excitatory and inhibitory neural features additionally exhibit continuous variation along the entirety of the S-A axis, with functional
implications. The density of parvalbumin (PV) inhibitory interneurons decreases between primary sensory cortices, heteromodal
association cortices, and paralimbic association cortices
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(Anderson et al., 2020a; Burt et al., 2018), whereas excitatory
neuron size and spine density increase from primary to paralimbic (Elston and Fujita, 2014; Hilgetag et al., 2019). Correspondingly, the ratio of excitatory to inhibitory neurotransmitter receptors steadily increases along this principal axis of variation
(Goulas et al., 2021), with consequences for regional excitation:
inhibition (E:I) balance and electrophysiological information processing.
Neurodevelopment as a fourth hierarchy
The intrinsic co-variation of manifold properties across the
cortical mantle underscores that the S-A axis represents a natural dimension of brain organization (Garcı́a-Cabezas et al., 2019;
Hilgetag et al., 2019; Huntenburg et al., 2018; Mesulam, 1998)
that emerged with evolution (Buckner and Krienen, 2013). In
addition, existing data suggest that feature variation along this
principal axis is refined during brain development as cortical
maturation proceeds from lower-order sensory and motor
cortices to higher-order association cortices, in other words,
as developmental programs advance along the hierarchical
S-A axis. Thus, in addition to the three canonical hierarchies of
anatomy, function, and evolution, it is increasingly evident
that there exists a fourth hierarchy—a neurodevelopmental
hierarchy—that describes the temporal sequence of brain development and aligns with the principal S-A axis. This neurodevelopmental hierarchy captures the progression of brain development from early to late maturation and thus from primary
cortex to transmodal association cortex. In what follows, we review evidence of a neurodevelopmental hierarchy derived from
both neuroimaging and complementary histological, electrophysiological, and transcriptomics studies, and we discuss
how the unfolding of this developmental hierarchy shapes
cortical function and complex human behaviors throughout
childhood and adolescence.
NEURODEVELOPMENT OF THE ASSOCIATION
CORTICES
Overarching patterns and temporal extension of human
cortical development
In neurodevelopment the brain grows, organizes, and matures
into an adult-like architecture, shaped by intrinsic biological factors as well as by extrinsic environments and experiences.
Beginning in the third week of gestation, neurodevelopment continues until at least the third decade of life. By 2 years of age, the
macroscale layout of the brain, patterns of cortical gyrification,
major white matter connections, and identifiable functional networks have been established, forming the brain’s basic structural and functional blueprint (Gilmore et al., 2018). This blueprint, however, is continuously refined throughout the next
decades of life. Continuous refinement enables increasingly
complex cognitive and behavioral repertoires to emerge, yet it
also confers susceptibility to aberrant maturational processes,
thereby heightening vulnerability to developmental psychiatric
symptomatology (Kessler et al., 2005; Paus et al., 2008).
In this review, we focus specifically on refinement of the cortex
in childhood and adolescence; a discussion of subcortical development is thus outside the scope of this work but is of clear
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neurobiological and clinical interest for future investigations.
During childhood and adolescence, the temporal sequence of
cortical refinement tends to progress in a spatially ordered
manner along the S-A axis. Sensory and motor regions are predominantly modified during the first decade of life, in accordance
with early development of vision, audition, and motor control. In
contrast, transmodal association regions display a more protracted developmental course, remaining comparatively immature throughout childhood and the beginning of adolescence.
Indeed, neurodevelopment of higher-order prefrontal, cingulate,
middle temporal, and parietal association regions is so extended
that it lengthens the total time course of human brain development. A multi-decade period of brain change, attributable to
markedly late association cortex maturation, distinguishes human neurodevelopment from that of other primate species (Miller
et al., 2012; Petanjek et al., 2011).
Comparative anatomy studies have shown that species with
smaller brains and fast, synchronous cortical maturation exhibit
minimal feature variation across the cortical sheet (Charvet and
Finlay, 2014). As brains enlarge and overall developmental
schedules lengthen, differences in both the timing of development and regional characteristics emerge across the cortex
(Charvet and Finlay, 2014). These observations link temporal
neurodevelopmental variability to spatial feature variability and
highlight how the extension of association cortex development
in humans may endow the growing human brain with evolutionarily novel structural, circuit, and electrophysiological properties
(Buckner and Krienen, 2013). In the following section, we present
in vivo studies of cortical macrostructure, intracortical myelination, structural connectivity, and functional systems that clearly
reveal the pattern of neurodevelopmental variability across the
human cortical mantle. This pattern is in large part temporally
governed by the S-A axis and thus defines a developmentrelated hierarchy that parallels the brain’s anatomical, functional,
and evolutionary hierarchies.
Neuroimaging of macroscale neurodevelopment
Cortical macrostructure
In vivo MRI enables quantification of macroscopic properties
of cortical structure, including cortical thickness and surface
area; together, these determine cortical volume. These properties, derived from a signal intensity-based segmentation of
gray matter, reflect the thickness or area of brain tissue occupied
by neurons and surrounding glia, vasculature, free water, and
extracellular space. Imaging-derived measures of cortical thickness and evolutionary surface area expansion tend to increase
from the sensorimotor pole to the associative pole of the S-A
axis (Fischl and Dale, 2000; Hill et al., 2010a; Sotiras et al.,
2017; Wagstyl et al., 2015, 2020) (though motor cortex is thick;
Wagstyl et al., 2020). Imaging-derived measures of cortical
macrostructure additionally display robust and reliable nonlinear changes from birth into adulthood. As measures of cortical
macrostructure change developmentally, the macrostructural
S-A axis, which is present to some extent at birth (Ball et al.,
2020a), becomes increasingly pronounced (Li et al., 2015).
Global cortical thickness increases from birth to early childhood (Gilmore et al., 2020; Li et al., 2015; Lyall et al., 2015;
Wang et al., 2019), followed by a protracted decline;
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consequently, most of childhood and adolescence are typified
by macrostructural cortical thinning. Although earlier neuroimaging efforts did report localized thickness increases until approximately mid to late childhood within temporal, parietal, and frontal association cortices (e.g., Shaw et al., 2008; Sowell et al.,
2004)—possibly because of unmitigated motion artifact in
younger children—more recent studies provide substantial evidence of widespread cortical thinning from as early as 2–4 years
of age (Amlien et al., 2016; Ball et al., 2020b; LeWinn et al., 2017;
Teeuw et al., 2019; Wang et al., 2019; Wierenga et al., 2014;
Zhou et al., 2015; Zielinski et al., 2014). Cortical thinning in childhood and adolescence is extensive at the depths of sulci and
less prominent at the gyral surface (Vandekar et al., 2015). This
depth-dependent pattern of thinning is driven largely by preferential increases in myelin within deeper cortical layers (Paquola
et al., 2019b; Whitaker et al., 2016), as myelination near sulcal
cortex shifts the gray-white boundary outward, producing
thinner gray matter (Natu et al., 2019; Vandekar et al., 2015; Whitaker et al., 2016). Myelination does not explain the full extent of
age-related thickness decreases, however; macrostructural
changes in cortical curvature and surface area (Natu et al.,
2019) and changes in microstructure (Whitaker et al., 2016) are
additionally understood to contribute to thinning.
The time frame and rate of cortical thinning are heterogeneous
across the cortical sheet. Primary and unimodal cortical areas
supporting sensory and motor functions (including occipital, precentral, postcentral, and medial temporal cortices) undergo a
period of early, more rapid thinning prior to middle childhood
(Amlien et al., 2016; Gilmore et al., 2018), followed by more minimal thinning in adolescence (Ball et al., 2020b; Sotiras et al.,
2017; Vandekar et al., 2015; Whitaker et al., 2016). Despite this
deceleration in thinning in sensorimotor cortex, near the onset
of adolescence the overall rate of cortical thinning increases
(Teeuw et al., 2019; Zhou et al., 2015), driven by enhanced thinning across transmodal association cortices (Ball et al., 2020b;
Sotiras et al., 2017; Vandekar et al., 2015; Whitaker et al.,
2016). In fact, heteromodal and paralimbic association regions
that occupy the furthest end of the S-A axis continue to thin substantially from early childhood into the early twenties (Ball et al.,
2020b; Sotiras et al., 2017; Vandekar et al., 2015; Whitaker et al.,
2016). Available structural MRI findings thereby suggest a relationship between a region’s temporal window of maximal thinning and its position in anatomical, functional, and evolutionary
cortical hierarchies. Indeed, regions displaying the largest thickness-related changes in adolescence are also those that have
expanded the most in evolution (Amlien et al., 2016; Sotiras
et al., 2017). This observation suggests that the protracted timeline of macroanatomical cortical maturation observed in humans
compared with other primates is largely carried by areally
expanded association cortices.
Whereas cortical thickness increases in infancy and then undergoes a progressive developmental decline, cortical surface
area increases throughout a longer period of brain development.
Surface area begins to dramatically expand near the start of the
third trimester of pregnancy (Clouchoux et al., 2012) as gyrification occurs and cells continue to migrate to their laminar position
and extend new processes. Surface area further increases
approximately 3-fold after birth (Hill et al., 2010a, 2010b; Razna-

han et al., 2011; Wierenga et al., 2014), reaching a global peak at
about 9–12 years of age and subsequently plateauing or
modestly declining (Amlien et al., 2016; LeWinn et al., 2017; Raznahan et al., 2011; Wierenga et al., 2014). Surface area expansion early in childhood is driven largely by additional folding of
secondary and tertiary sulci and by increasing sulcal depth (Hill
et al., 2010a, 2010b; Li et al., 2013), although sensory regions
with low between-subject gyral variability already show adultlike folding at birth (Hill et al., 2010a). Surface area enlargement
in later childhood, on the other hand, reflects steady growth at
the gyral surface (Raznahan et al., 2011), potentially related to
changes in cortical layer microstructure, gliogenesis, or expansion of underlying white matter.
Critically, the overall topography of the cortex shifts
throughout development, with lateral temporal, lateral parietal,
and dorsal and medial prefrontal association cortices expanding
4-fold so as to occupy a larger percentage of the cortex (Hill
et al., 2010a). In contrast, insular, medial temporal, and occipital
cortices exhibit less (2-fold) expansion. Thus, sensory and paralimbic cortices generally make up a smaller proportion of the
cortical surface in mature individuals than in young children
(Hill et al., 2010a). Healthy cortical development thereby involves
areal redistribution (a shift in the allocation of cortical real estate)
with heteromodal association regions supporting flexible and
conceptual cognitive functions scaling most to occupy relatively
larger territories. Interestingly, Reardon et al. (2018) demonstrated that, controlling for the effects of age, individuals with
larger brains exhibit disproportionately greatest expansion (positive allometric scaling) of the same heteromodal associative regions. Moreover, in recent primate evolution, heteromodal association cortices expanded most on the cortical mantle (Hill et al.,
2010a; Reardon et al., 2018). Such evidence supports that there
are areal scaling principles that differ in extent across the principal S-A axis and that govern multifaceted cortical organizational shifts across timescales and individuals. Accordingly,
shared mechanisms may drive the changes in cortical patterning
seen throughout evolution, during brain development, and when
examining inter-individual differences in neuroanatomy.
Collectively, studies examining cortical thickness and surface
area reveal a progression of cortical maturation along the S-A
axis. This progression begins in primary and unimodal visual,
auditory, somatosensory, and motor cortices; transitions to
intermediate, multimodal integration areas; and ends in transmodal areas with emotional, social, and executive functions.
Significantly, association areas that continue to develop in
adolescence and young adulthood ultimately show the greatest
inter-individual variability in cortical thickness, surface area, and
sulcal depth (Fischl and Dale, 2000; Mueller et al., 2013; Reardon
et al., 2018). In addition, bulk tissue samples collected from latedeveloping association areas show elevated expression of
genes implicated in schizophrenia, bipolar disorder, and major
depression (Ball et al., 2020b; Whitaker et al., 2016). Together,
these findings identify cortical regions that undergo significant
adolescent structural development as sources of neurobiological heterogeneity in health and psychiatric illness.
Intracortical myelination
Cortical areas exhibit distinct myeloarchitectures, determined by
the density, thickness, and organization of myelinated fibers.
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Intracortical myelin content can be indirectly quantified with multiple in vivo imaging measures that are sensitive to myeloarchitecture, including magnetization transfer (MT) imaging, the T1weighted to T2-weighted (T1w/T2w) ratio, and the R1 (1/T1)
signal. In newborns, variability in myelin-sensitive imaging measures does not strongly follow the S-A axis (Ball et al., 2020a;
Larivière et al., 2020). By adulthood, however, non-invasive measures of myelin content are highest in auditory, visual, somatosensory, and motor cortices, and they decline along the S-A
axis, decreasing from multimodal to heteromodal to paralimbic
cortices (Burt et al., 2018; Glasser and Van Essen, 2011; Grydeland et al., 2019; Huntenburg et al., 2017; Paquola et al., 2019a).
This axis of cortical myelination is heavily influenced by variation
in myelin content across cortical layers. In particular, whereas
primary cortices are heavily myelinated across all cortical layers,
most paralimbic association areas are only lightly myelinated in
superficial layers; the continuum between these two myeloarchitectural patterns comprises the observed S-A myelin axis (Paquola et al., 2019b). This myeloarchitectural continuum may originate in part due to differences in the laminar origins
(supragranular versus infragranular) of myelinated structural
connections. Furthermore, it may signify that anatomical plasticity is less constrained by myelin-related proteins in superficial
cortical layers within regions falling higher in the cortical hierarchy.
Whereas reductions in thickness are seen across the cortex
from early childhood, both myelin-sensitive imaging and postmortem histology reveal that cortical myelin continuously increases with age (Grydeland et al., 2019; Miller et al., 2012;
Natu et al., 2019; Norbom et al., 2019; Paquola et al., 2019b;
Shafee et al., 2015; Whitaker et al., 2016). Increases in intracortical myelin are substantial within the first decade of life and
continue until at least the middle of the third decade, with a second prominent wave of myelination beginning around 18–20
years of age (Grydeland et al., 2013, 2019; Miller et al., 2012;
Shafee et al., 2015; Whitaker et al., 2016). Such a protracted second wave of cortical myelination is unique to humans (Miller
et al., 2012) and is predominantly a consequence of late myelination of association cortices (Grydeland et al., 2019; Paquola
et al., 2019b; Vá
sa et al., 2018; Whitaker et al., 2016; Ziegler
et al., 2019). Using a lifespan approach and the myelin-sensitive
T1w/T2w ratio, Grydeland et al. (2019) characterized the early
and late waves of human intracortical myelination. The first
wave was distinguished by substantial and rapid myelin growth
before age 13 years; this wave occurred primarily within brain
regions that support motor and somatosensory functions. The
second wave of myelin growth occurred more gradually after
13 years of age (peak growth rate at 19.5 years) in cortical areas
that are robustly activated by language, comprehension, theory
of mind, and mentalizing-related tasks in functional MRI studies.
Additional work conducted with more restricted age ranges and
MT imaging has replicated the finding of late myelination in association cortices (Paquola et al., 2019b; Whitaker et al., 2016; Ziegler et al., 2019), while also reporting that adolescent increases in
myelin are larger within heteromodal than paralimbic cortices
(Paquola et al., 2019b).
Knowledge regarding myeloarchitecture maturation has been
further advanced by studies revealing that during adolescence
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and young adulthood, the process of myelination extends to superficial cortical layers within sensorimotor cortices, while it occurs primarily in deeper cortical layers in higher-order association cortices (Paquola et al., 2019b; Shafee et al., 2015). This
distinction highlights fairly late developmental shaping of the
layer-dependent adult S-A myelination axis. Interestingly, variable layer-specific (superficial versus deep) myelination during
development further segregates sensorimotor and transmodal
areas along the S-A axis. Specifically, during late adolescence,
unimodal and heteromodal association cortices that occupy
the middle of the S-A axis in childhood are drawn outward toward the poles of the axis (Paquola et al., 2019b). As a consequence, the myelin-defined axis expands into an increasingly
bimodal distribution, indicative of greater differentiation across
the principal axis in young adults than in both children (Paquola
et al., 2019b) and infants (Ball et al., 2020a).
White matter microstructure and connectivity
The volume of the brain’s white matter continually increases from
birth to adulthood (Lebel and Beaulieu, 2011; Westlye et al.,
2010). Furthermore, though most of the brain’s major white matter pathways (also called tracts or bundles) are identifiable at
birth, white matter microstructural tissue properties (e.g., axonal
density, caliber, myelination) evolve throughout brain maturation. The development of cortico-cortical white matter pathways
occurs in coordination with local patterns of gray matter change
(Moura et al., 2017), suggesting interdependent refinement of
cortical macrostructure and connectivity. Moreover, the development of cortico-cortical white matter pathways follows a
sequential progression that is largely determined by the hierarchical position of the cortical areas connected by each pathway.
White matter microstructural development has been most
frequently studied using diffusion tensor imaging (DTI), a single-compartment modeling approach that fits one diffusion
tensor per voxel. DTI studies have consistently reported global
developmental increases in white matter fractional anisotropy
(FA; a normalized measure of diffusion anisotropy) and decreases in mean diffusivity (MD; a direction-independent measure of overall diffusivity) (Tamnes et al., 2018). Global white matter FA reaches a peak in the early thirties (Kochunov et al., 2012;
Westlye et al., 2010); however, there are differences in maturational periods across white matter pathways. Projection tracts,
occipital and parietal commissural tracts, and white matter pathways connecting sensory and motor brain regions develop
significantly in early and middle childhood (Lebel and Beaulieu,
2011; Simmonds et al., 2014). This early microstructural development is both accompanied and followed by the maturation
of pathways that connect lower- and higher-order brain regions,
including the inferior fronto-occipital fasciculi (connecting occipital and frontal regions), the inferior longitudinal fasciculi (connecting temporal and occipital regions), and the superior longitudinal fasciculi (connecting occipital, temporal, and parietal lobes
to frontal regions). Finally, pathways connecting paralimbic
cortices involved in emotional and executive functions, such as
the uncinate fasciculi and the cingulum bundles, exhibit their
largest increases in FA and decreases in MD from adolescence
until approximately the mid-thirties (Kochunov et al., 2012; Lebel
and Beaulieu, 2011; Simmonds et al., 2014; Slater et al., 2019).
Overall, tract-specific maturational windows illustrate that white
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matter development is influenced by dual macroscale temporal
axes—posterior-to-anterior and S-A axes—aligning with temporal patterns of white matter myelinogenesis documented by
post-mortem histology (Yakovlev and Lecours, 1967).
The precise neurobiology underlying age-related increases
in FA and decreases in MD remains somewhat unclear. This
pattern of results could reflect increases in axon diameter, myelination, or packing density; proliferation of astrocytes; or decreases in membrane permeability or tissue free water content.
Additional work has therefore harnessed multi-compartment
diffusion modeling approaches (Pasternak et al., 2018) and
myelin-sensitive imaging techniques in an effort to provide a
deeper understanding of white matter diffusion maturation.
Two advanced diffusion modeling approaches that have been
applied to neurodevelopment are neurite orientation dispersion
and density imaging (NODDI) (Zhang et al., 2012), a threecompartment diffusion model, and constrained spherical deconvolution (CSD), a method capable of modeling complex fiber
architectures (Tournier et al., 2007). Both methods produce a
measure related to restricted diffusion within the intra-axonal
space, referred to as neurite density for NODDI and fiber density
for CSD. Significant changes in both neurite density (Chang
et al., 2015; Geeraert et al., 2019; Pines et al., 2020) and fiber
density (Dimond et al., 2020; Genc et al., 2020) have been reported in early to late childhood, providing indirect support for increases in axon packing or diameter during these developmental
stages (Genc et al., 2020). Select studies have also demonstrated that MT, R1, and R2* (transverse relaxation rate) signals
increase within higher-order association bundles through childhood and adolescence, suggestive of increases in myelination
(Bartzokis et al., 2012; Slater et al., 2019; Vanes et al., 2020;
Yeatman et al., 2014; but see Moura et al., 2016). For example,
a lifespan study of individuals 7 years of age and older reported
significant increases in myelin-sensitive R1 into the thirties, with
a clear hierarchical pattern of white matter tract R1 refinement
(Yeatman et al., 2014).
Diffusion MRI measures are highly correlated across major
white matter pathways at birth (Lee et al., 2017). Yet during
development, individual bundles differentiate, concurrent with
cortical feature differentiation across the S-A axis. This process
of differentiation modifies central properties of the macroscale
structural connectome, including its modular organization. A
module is a densely interconnected group of cortical areas
with sparse external connections; modularity enables efficient
within-module communication and functional specialization.
Throughout childhood and adolescence, structural connectivity-based modules become more segregated, driven by greater
strengthening (defined as a greater increase in FA) of withinmodule white matter connections than between-module connections (Baum et al., 2017). Strengthening of within-module
connectivity occurs for modules composed of regions located
across the S-A axis but appears strongest for modules that fall
at the extremes of the axis, within primary visual cortex, heteromodal cortex, and paralimbic cortex (Baum et al., 2017; Park
et al., 2021). The pattern of strengthening modularity ultimately
causes the structural connectivity architectures specific to prefrontal, temporal, and lateral parietal transmodal association
cortices to further diverge from the connectivity profiles dis-

played by the rest of the cortex (Park et al., 2021). The result is
enhanced differentiation of cortico-cortical connectivity across
the S-A organizational axis (Park et al., 2021). Yet even while
white matter modules become increasingly segregated and
structural connectivity profiles diverge, there is an overall increase in global structural connectome integration (Baum
et al., 2017). These seemingly paradoxical findings can be understood in light of the specific and substantial strengthening of
white matter pathways connected to a small set of higher-order,
interconnected cortical hubs: regions of association cortex with
a large density of long-range, spatially distributed, betweenmodule connections (Baker et al., 2015; Baum et al., 2017; Wierenga et al., 2018). Thus, as the properties of the structural
connectome diversify along the S-A axis during youth, modular
segregation allows for increasing circuit efficiency, and strengthening association hub connectivity allows for improved cortical
synchronization (Baum et al., 2020) and information integration.
Functional systems
Functional MRI measures time-dependent changes in the blood
oxygen level-dependent (BOLD) signal. As a result, functional
MRI enables quantification of inter-regional functional connectivity, which indexes the degree to which BOLD signal fluctuations
are correlated between regions of cortex. Studies characterizing
widespread patterns of cortico-cortical functional connectivity
have identified multiple discrete, reproducible, large-scale functional systems in the brain. These dissociable systems cover
distributed areas of cortex and consist of groups of regions that
exhibit synchronized BOLD activity at rest (Power et al., 2011;
Yeo et al., 2011). Functional systems exhibit greater structural
connectivity (Hermundstad et al., 2013) and more correlated
gene expression within than between systems (Anderson et al.,
2018; Krienen et al., 2016). They furthermore recapitulate coordinated activity changes evoked during task-based functional MRI
(Smith et al., 2009). Functional systems thus provide a powerful,
data-driven way of understanding intrinsic cortical organization in
a manner that interpretably maps onto brain function.
Individual functional systems are composed of cortical regions
that are concentrated in similar positions along the S-A axis
(Margulies et al., 2016). Lower-order functional systems,
including visual, auditory, and somatomotor systems, are
defined by the primary and unimodal end of the axis, whereas
dorsal attention, ventral attention, and salience systems are
formed from cortical regions occupying more intermediate positions along the S-A axis. Frontoparietal, cingulo-opercular, and
default mode systems predominantly consist of transmodal association cortices and thus fall near the association end of the
axis (Margulies et al., 2016). Just as regional structure and connectivity vary along the S-A axis, so too do properties of these
spatially distributed systems. Lower-order systems display
shorter connections, canonical feedforward-feedback circuit architecture, and minimal inter-individual topographical variability.
Higher-order systems exhibit distributed long-range connections, non-canonical circuit organization, and substantial spatial
variability across individuals (Buckner and Krienen, 2013; Cui
€ger
et al., 2020; Kong et al., 2019; Mueller et al., 2013; Oligschla
et al., 2017; Sepulcre et al., 2010).
Visual, auditory, and somatomotor systems display an adultlike topography in newborns (Gilmore et al., 2018). In contrast,
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association functional systems become identifiable in the first
few years of life and undergo considerable reconfiguration during both childhood and adolescence, with attention and frontoparietal systems maturing before the default mode system
(Dong et al., 2020). Mirroring the development of the structural
connectome, functional systems of the association cortex
become increasingly modular and segregated during brain
maturation, driven by the strengthening of within-system functional connections as well as the weakening of between-system
functional connections (Bassett et al., 2018; Dosenbach et al.,
2010; Fair et al., 2008; Satterthwaite et al., 2013). For example,
whereas the default mode system is only weakly connected
at about 7–9 years of age, its within-system connections
strengthen considerably into adulthood (Fair et al., 2008).
Furthermore, whereas the heteromodal frontoparietal system
and paralimbic cingulo-opercular system are more strongly
functionally connected in children, these two systems gradually
segregate over time, enabling a clearer demarcation of functional systems that occupy different zones of transmodal cortex
(Fair et al., 2007). Together, concordant patterns of structural
and functional segregation within associative brain systems
lead to a strengthening of structure-function coupling (i.e., to a
stronger correspondence between white matter architecture
and patterns of coordinated functional system activity). The
magnitude of age-related coupling increases is predicted by
cortical hierarchy: developmental enhancements in coupling between structural connectivity and functional communication progressively increase as regions rank higher in functional and
evolutionary hierarchies, and thus tend to increase with greater
distance from primary cortex (Baum et al., 2020).
The restructuring of functional system connections as youth
progress toward adulthood leads to the modification of overall
functional system topography, a clearer delineation of functional
system boundaries, and greater between-individual functional
connectome distinctiveness (Cui et al., 2020; Fair et al., 2007;
Kaufmann et al., 2017). In addition, the maturation of functional
connections appears to enhance connectivity differences between lower-order and higher-order functional systems, further
embedding the S-A axis as a primary functional organizational
axis over time (Dong et al., 2020; Nenning et al., 2020). It has in
fact been shown that the S-A axis explains a lesser degree of
variation in regional functional connectivity profiles in neonates
(Larivière et al., 2020) and young children (Dong et al., 2020)
than in adolescents. Accordingly, during infancy and early childhood, alternative functional connectivity-derived spatial axes are
dominant, including visual-somatomotor and anterior-posterior
axes (Dong et al., 2020; Larivière et al., 2020). Interestingly, a
visual-somatomotor axis presents as a prominent axis of connectivity variability in both mice and macaques (Huntenburg
et al., 2021; Xu et al., 2020). These collective findings suggest
that throughout the course of cortical development, the functional organization of the human brain becomes increasingly
sensorimotor-to-associative, and increasingly differentiable
from the organization characteristic of other mammals. In sum,
phylogenetically older, lower-order functional systems are
refined in childhood, whereas evolutionarily newer systems subserving higher-order faculties continue to mature throughout
adolescence. The spatiotemporal maturation of functional sys-
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tem properties, cortical macrostructure, intracortical myelination, and white matter connectivity thus progresses heterochronously along the S-A organizational axis, conforming to the three
canonical hierarchies of anatomy, function, and evolution, and
defining a hierarchical neurodevelopmental axis in youth
(Figure 3).
Microscale mechanisms driving macroscale
developmental changes
Evidence that the brain exhibits both a hierarchical spatial
feature axis and temporal neurodevelopmental axis that correspond to a principal S-A axis arises not just from macroscale
neuroimaging data but also from microscale cellular and molecular data. In this section, we introduce important cellular and molecular features that systematically vary along the S-A axis in
adulthood, and review foundational human and animal studies
examining how these features change throughout child and
adolescent (or juvenile and peripubertal) development. Notably,
major neurodevelopmental events including neurogenesis, cell
migration, laminar allocation, and initial wiring are largely complete prenatally or in the first years of life (Lim et al., 2018). Childhood and adolescence are therefore characterized predominantly by cellular and circuit refinement processes. Here we
focus on developmental refinement of cortical excitation, cortical
inhibition, and glial function, while calling attention to spatiotemporal variability in refinement processes along the S-A axis.
Although our understanding of regional differences in microscale
maturational processes is incomplete, existing work provides
insight as to how developmental findings are linked across
scales. Specifically, available data indicate that the hierarchical
pattern of cortical maturation observed with neuroimaging at
the macroscale is driven in part by developmental plasticity
associated with excitatory, inhibitory, and glial cell types at the
microscale (Larsen and Luna, 2018; Toyoizumi et al., 2013).
Cortical excitation
An axis of excitation exists within the adult cerebral cortex, with
numerous excitatory features progressively increasing in brain
regions that fall higher in anatomical, functional, and evolutionary
hierarchies (Chaudhuri et al., 2015; Elston et al., 2011; Goulas
et al., 2021; van den Heuvel et al., 2016b; Hoftman et al., 2018;
Wang, 2020). These features include markers of glutamatergic
neurotransmission (Froudist-Walsh et al., 2021; van den Heuvel
et al., 2016b; Hoftman et al., 2018), the ratio of excitatory to
inhibitory neurotransmitter receptors (Goulas et al., 2021), and
excitatory neuron spine counts (Elston et al., 2009). The adult
axis of cortical excitation emerges largely from areal variability
in the architecture and receptor expression of pyramidal neurons, the predominant type of excitatory neuron in the mammalian cortex. Adult pyramidal neurons exhibit pronounced microstructural differences between sensory and association cortical
areas, as well as finer alterations between heteromodal and paralimbic association areas. As laminar differentiation decreases
along the S-A axis from primary to unimodal, heteromodal, and
paralimbic cortices, pyramidal neurons display increasingly
larger soma cross-section, greater dendritic tree size, and a
higher spine and synapse count (Beul and Hilgetag, 2019; Cahalane et al., 2012; Elston and Fujita, 2014; Hilgetag et al., 2019).
As a result, association cortex excitatory neurons occupy a
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Figure 3. Hierarchical neurodevelopment in youth
(A–E) The magnitude and timing of development-related changes varies across the cortical mantle during childhood and adolescence and is linked to anatomical,
functional, and evolutionary hierarchies. Consequently, compared with primary and unimodal visual, auditory, somatosensory, and motor cortices, transmodal
association cortices tend to exhibit greater total surface area expansion (A), enhanced adolescent cortical thinning (B), a later age of peak intracortical myelin
growth (C), temporally delayed functional system maturation (D), and a larger increase in structure-function coupling (E), with continuous variation being evident
along the S-A axis. VIS, visual; SM, somatomotor; FP, frontoparietal; DA, dorsal attention; VA, ventral attention; LIM, limbic; DM, default mode; r, Pearson’s
correlation coefficient.
(A) Adapted with permission from Hill et al. (2010a), copyright 2010 via the PNAS License to Publish.
(B and E) Adapted from Ball et al. (2020b) and Baum et al. (2020), copyright 2020 with permission (https://creativecommons.org/licenses/by-nc-nd/4.0/).
(C) Adapted from Grydeland et al. (2019), copyright 2019 with permission (https://creativecommons.org/licenses/by/4.0/).
(D) Adapted from Dong et al. (2020), copyright 2020 with permission (https://creativecommons.org/licenses/by-nc/4.0/).

substantially larger cortical volume and area, in line with neuroimaging findings that thickest association cortices have greatest
expression of excitatory neuron marker genes (Patel et al., 2020;
Seidlitz et al., 2020). The expression of excitatory N-methyl-Daspartate (NMDA) receptor subunits also varies along the S-A
axis. NMDA receptors are glutamate-gated receptors that
exhibit variable biophysical properties determined by their subunit composition. Significantly, the density of NMDA subunit
NR2B, which lengthens the time course of excitatory synaptic
activity and facilitates synaptic plasticity, also continuously increases from primary to transmodal cortices (Burt et al., 2018;
Wang et al., 2008). Increased dendritic tree size, spine and synapse density, and NMDA NR2B expression allow transmodal
associative pyramidal cells to achieve greater input integration
and regulation, more sustained excitatory activity, and an
enhanced functional range (Elston, 2003; Hilgetag et al., 2019;
Wang, 2020).

Differences in pyramidal cell properties across the S-A axis are
far more pronounced in adulthood than in infancy, suggesting
that the axis of cortical excitation unfolds throughout child or
adolescent development (Elston and Fujita, 2014; Elston et al.,
2009). Supporting this view, in the first few years of life, excitatory pyramidal cells in prefrontal association cortices exhibit
substantially larger increases in basal dendritic tree size, spine
density, and synapse number than cells located in primary visual
and unimodal visual association cortices (Elston and Fujita,
2014; Elston et al., 2009). Lower-order sensory and higher-order
association cortices additionally display differences not only in
the extent but also in the timing of spinogenesis and synaptogenesis, as well as in the timing of spine and synaptic pruning. Prefrontal association regions reach peak synaptic density later than
auditory and visual sensory regions (in late rather than early
childhood) and undergo pruning throughout adolescence, long
beyond when synaptic stability is reached in sensory cortices
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(Elston et al., 2009; Glantz et al., 2007; Huttenlocher, 1979; Petanjek et al., 2011). Delayed attainment of synaptic stability in association cortices allows forcontinued experience-dependent
refinement of neural connections (Holtmaat et al., 2006), thus
prolonging the window during which association circuit-subserved functions can be updated and enhanced (Holtmaat
et al., 2006)—or potentially disrupted by early life stress (Lupien
et al., 2009). For example, experience-dependent synaptic pruning is regulated by glucocorticoid stress hormones, yet prolonged glucocorticoid exposure during development can cause
excessive and irreversible synapse loss (Liston and Gan, 2011;
Liston et al., 2013). Finally, as demonstrated by rodent studies,
association regions also display an increase in NMDA NR2Bdependent neurotransmission during the peripubertal (quasiadolescent) period, which facilitates continued plasticity within
higher-order cortex (Flores-Barrera et al., 2014). Microscale
studies of cortical excitation thus corroborate the prolonged
period of association cortex maturation identified by neuroimaging data and reveal that excitatory plasticity-related events may
be important drivers of how structural and functional imaging
measures change during hierarchical neurodevelopment.
Cortical inhibition
Cortical association regions express lower levels of GABA synthetic enzymes and GABAA receptors than sensory regions
(Froudist-Walsh et al., 2021; Hoftman et al., 2018). There is
thus evidence for an intrinsic axis of cortical inhibitory strength
that is the inverse of, and may to a degree facilitate, the axis of
excitation described above (Wang, 2020). Studies conducted
with rodents, macaques, and humans have characterized
regional differences in the expression of interneurons that
inhibit excitatory pyramidal cells, including perisomatictargeting, output-gating PV interneurons and dendrite-targeting, input-gating somatostatin (SST) interneurons (Anderson
et al., 2020a). PV interneurons, in particular, decrease in
expression from primary and unimodal sensory and motor
cortices to transmodal association cortices, hence variability
in the expression of PV cells may serve as a cellular basis for
variation in GABAergic function across the S-A axis.
During brain development, levels of GABA and the strength of
GABAergic neurotransmission increase (Larsen et al., 2021), as
revealed by both in vivo human magnetic resonance spectroscopy (Ghisleni et al., 2015; Silveri et al., 2013) and animal model
studies (Piekarski et al., 2017; Zhang et al., 2011). This increase
in cortical inhibition arises largely from the maturation of PV interneurons (Fung et al., 2010) and the strengthening of PV inputs
onto pyramidal neurons (Caballero et al., 2014; Hensch, 2005;
Takesian and Hensch, 2013). Significantly, developmental increases in PV interneuron signaling have been shown to initiate
the onset of critical period plasticity in sensory cortices, as
increasing or decreasing inhibitory interneuron activity alone
can accelerate or delay the timing of a critical period (Fagiolini
and Hensch, 2000; Hensch, 2005; Larsen and Luna, 2018; Reh
et al., 2020; Takesian and Hensch, 2013; Toyoizumi et al.,
2013). Moreover, developmental increases in PV signaling follow
the temporal neurodevelopmental hierarchy. PV interneurons
reach adult levels relatively quickly in sensory cortices, whereas
gradual increases in PV interneuron cell counts, mRNA expression, and protein expression occur until the adolescent period
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in association cortices (Caballero et al., 2014; Condé et al.,
1996; Fung et al., 2010; Larsen and Luna, 2018; Toyoizumi
et al., 2013). Given that the maturation of PV interneurons is
largely experience-dependent, heterochronous PV development
may arise because of temporal differences in exposure to key
lower-order sensory experiences versus higher-order cognitive
experiences (Reh et al., 2020; Takesian and Hensch, 2013). Overall, the spatiotemporal pattern of PV signaling enhancement indicates that delayed maturation of plasticity-regulating cortical inhibition within association cortices may be causally linked to their
late periods of development documented with neuroimaging.
Glia
Glia are non-neuronal cells that are at least as populous in the
brain as neurons. Glia are subdivided into three major cell classes with distinctive functional roles. Broadly, oligodendrocytes
are responsible for myelin production, astrocytes regulate synapse formation and neurotransmission, and microglia function
as immune cells. Whereas the density of microglia appears relatively constant across the cortex (Dos Santos et al., 2020), the
density of astrocytes (Carlo and Stevens, 2013) and oligodendrocytes (Kamholz et al., 1988) varies along the S-A axis. Astrocytes, which facilitate synaptic plasticity, increase in density
along the S-A axis, resulting in a greater number of these cells
in the association cortex during development (Carlo and Stevens, 2013; Patel et al., 2020). In contrast, oligodendrocytes,
which help suppress synaptic plasticity, decrease in density
along the S-A axis and are thus expressed at a lower density in
transmodal association regions when the brain is maturing
(Burt et al., 2018; Glasser and Van Essen, 2011; Huntenburg
et al., 2017; Paquola et al., 2019a).
Oligodendrocytes produce the early and late waves of myelination observed with myelin-sensitive imaging techniques in somatomotor (early wave) and association (late wave) cortices
(Grydeland et al., 2019; Miller et al., 2012). Myelination of the cortex restrains further axonal and dendritic plasticity (McGee et al.,
2005), as myelin-associated proteins inhibit neurite outgrowth.
Consequently, myelin is understood to be one of two main structural brakes on plasticity, with the second being perineuronal
nets: extracellular matrix structures that ensheath dendrites
(preferentially PV interneuron dendrites) and control their plasticity (Carulli et al., 2010; Hensch, 2005; Mauney et al., 2013;
Takesian and Hensch, 2013). Myelin and perineuronal nets
thereby help stabilize the architecture of developing neural
circuits, yet they do not reach adult levels until relatively late
in association cortices, after the second decade of life. The hierarchical development of myelin and extracellular limiters of plasticity indicates that transmodal association cortices display not
only a late increase in plasticity-inducing cortical inhibition and
plasticity-facilitating excitatory mechanisms, but additionally a
markedly slow and protracted increase in plasticity-stabilizing
features (Larsen and Luna, 2018; Toyoizumi et al., 2013).
Functional significance of multi-scale development
Developmental changes in cortical excitation, cortical inhibition,
and glia coincide with, and likely partly underlie, the hierarchical
refinement of macroscale cortical features observed with neuroimaging from early childhood to early adulthood (Figure 4). As
discussed below, this multi-scale maturation has fundamental
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Figure 4. Multi-scale temporal
neurodevelopment in sensorimotor and
association cortex
The time course and tempo of major developmental
changes in sensorimotor cortex (SM; yellow) and
association cortex (ASSOC; purple) are illustrated;
darker shading indicates larger magnitude changes.
This qualitative synthesis of the reviewed literature
underscores how the temporal neurodevelopmental
axis indexes heterochronous changes between
lower-order versus higher-order cortical regions.
This synthesis further reveals prolonged association
cortex neurodevelopment marked by substantial
changes in late childhood and adolescence.
Convergent data arise from neuroimaging-derived
measures and plasticity-related cellular changes. E,
early; M, middle; L, late; PV, parvalbumin.

consequences for cortical functioning, as it modifies microcircuit
activity, macrocircuit connectivity, and cortical information processing. Furthermore, because the maturation of multi-scale
features is asynchronous and hierarchical, it strengthens and expands the brain’s S-A spatial feature axis, such that it explains a
greater degree of cortical variability in young adulthood than in
childhood and infancy. The result, as emphasized here, is the
emergence of essential properties of higher-order, transmodal
association cortices—properties that enable uniquely human
cognitive and mentalizing functions.
Microcircuit activity
As excitatory neurons are pruned and GABAergic interneurons
mature—early in sensory cortices and later in association
cortices—the cortical E:I ratio decreases (Larsen et al., 2021).
This decline in the local E:I ratio, a hallmark of neurodevelopmental plasticity, reduces baseline pyramidal neuron firing rates and
shifts the balance of circuit activity from spontaneous to evoked
(Toyoizumi et al., 2013). The result is an enhanced microcircuit
signal-to-noise ratio, more reliable stimulus-evoked population
responses, and a greater synchronization of neural communication; temporal development of these properties parallels hierarchical functional system maturation. Notably, once pruning
ceases and inhibitory circuitry fully develops, the E:I ratio appears
to stabilize at a higher level near the associative pole of the S-A
axis, which encompasses primarily frontoparietal and default
mode system regions (Chaudhuri et al., 2015; van den Heuvel
et al., 2016b; Hoftman et al., 2018; Margulies et al., 2016;
Wang, 2020). A higher E:I ratio could allow for an overall greater
level of spontaneous (rather than evoked) activity and thus for
heightened internally driven (rather than extrinsically driven)
signaling (Yizhar et al., 2011). This property of greater stimulus-independent signaling may be central to perceptually decoupled
cognition, internal mentation, and self-referential processing,
core executive and default mode system-supported processes
(Murphy et al., 2018, 2019).
Cortico-cortical connectivity
Cortico-cortical structural connections are microstructurally
modified and myelinated in youth, as revealed by multi-compart-

ment diffusion MRI, myelin-sensitive imaging, and post-mortem histology. The maturation of cortico-cortical white matter
facilitates faster, more reliable long-range
axonal signal transduction and more efficient communication
between cortical modules. Cortico-cortical white matter maturation additionally enhances the capacity for association cortex
hubs to integrate signals from diverse brain regions, leading to
more complex functional dynamics that support advanced computations in association cortex. Notably, pyramidal neurons
largely constitute the cellular basis of long-distance corticocortical connections. Age-dependent changes in macroscale
cortico-cortical connectivity are thus intrinsically linked to
changes in this major class of excitatory neurons. Cortical areas
with more complex pyramidal neuron dendritic trees and greater
spine density (i.e., heteromodal and paralimbic association
cortices) connect to more extensive areas of cortex, as evinced
by the integration of histology with tract tracing (Beul and Hilgetag, 2019) and diffusion MRI (van den Heuvel et al., 2016a; Scholtens et al., 2014). The environment in which association cortex
pyramidal neurons develop thus engenders both greater local
connectivity and more distributed, long-range connectivity,
yielding a highly interconnected circuit architecture. This circuit
architecture, designed to enhance integration of local inputs as
well as communication with wide-spanning, functionally heterogeneous cortical areas, appears to be phylogenetically newer
and optimized for exerting top-down cognitive control over
ongoing neural processes (Buckner and Krienen, 2013).
Electrophysiological information processing
Although variation in areal properties exists to some degree
along the S-A axis at birth (Ball et al., 2020a), the temporal
and topographical sequence of neurodevelopment serves to
enhance feature divergence between lower-order and higher-order brain regions, widening and strengthening the S-A axis. As a
result, in adulthood, transmodal association cortices that define
the upper end of the axis are commonly characterized by greater
cortical thickness, expanded surface area, larger excitatory
pyramidal cell arbors, denser cortico-cortical inputs, higher
expression of NMDA NR2B subunits, lower PV interneuron density, and reduced intracortical myelination. The confluence
of these macro- and micro-scale features gives rise to electrophysiological and circuit differences that yield two emergent
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Figure 5. Excitatory and inhibitory feature variability produces a gradient of information processing timescales
(A) Results from an anatomically informed computational model of the macaque cortex support a link between longer intrinsic timescales and stronger local and
long-range excitatory inputs. Each bar represents a cortical region that was modeled. The strength of local and long-range excitatory inputs varied by region
(excitatory strength increasing from purple to red) and was informed by pyramidal neuron dendritic spine count data and tract tracing data. The cortical regions
modeled include (from purple to red) V1, V4, 8m, 8l, TEO, 2, 7A, 10, 9/46v, 9/46d, TEpd, 7m, 7B, 24c. Adapted from Chaudhuri et al. (2015), copyright 2015 with
permission from Elsevier.
(B and C) The integration of human electrocorticography recordings and post-mortem human brain gene expression data uncovers an association between
longer intrinsic timescales and both higher expression of the excitatory NMDA receptor subunit NR2B (B) and lower expression of parvalbumin inhibitory interneurons (C). Adapted from Gao et al. (2020) copyright 2020 with permission (https://creativecommons.org/licenses/by/4.0/).
(D) Patterned variability in these excitatory and inhibitory features along the S-A axis facilitates a hierarchical gradient of intrinsic timescales characterized by
transient responding in early sensory and motor cortices and sustained responding in transmodal association cortices. Adapted with permission from Raut et al.
(2020) copyright 2020 via the PNAS License to Publish.

properties of association cortex neurons: longer intrinsic timescales and mixed selectivity.
Intrinsic timescale reflects how long neural activity persists
above a given threshold following activity onset, either at the level
of single neurons (duration of spiking) or cortical regions (duration
of autocorrelated neural-related signal, quantified from local field
potential recordings or the BOLD signal). Numerous structural
and neurochemical features are understood to promote persistent, tonic firing over transient, phasic firing, and to thereby
lengthen cortical timescales. These features include increased
number and strength of local excitatory inputs, higher expression
of the NMDA NR2B subunit, lower expression of PV interneurons,
and a greater number of long-range, cortico-cortical projections
(Chaudhuri et al., 2015; Gao et al., 2020; Murray et al., 2014; Raut
et al., 2020; Wang, 2020). Critically, these neurobiological features are characteristic of transmodal association cortices in
adulthood, and they gradually evolve throughout neurodevelopment, suggesting maturational calibration of cortical timescales.
Ultimately, by early adulthood, topographical variability in these
features across the cortex results in a gradient of neural timescales that aligns to the S-A axis (Figure 5). At one end of this
gradient, sensory and motor brain regions exhibit short intrinsic
timescales characterized by rapid-onset, high-frequency, adaptable responses. At the other end, transmodal frontal, parietal, and
medial temporal association cortices manifest long intrinsic timescales characterized by slow fluctuations, sustained activity, and
prolonged information processing. This continuous spectrum of
timescales is evident in macaque single neuron spike train data
(Murray et al., 2014), human electrocorticography recordings
(Gao et al., 2020; Honey et al., 2012), and human functional
MRI data (Ito et al., 2020; Raut et al., 2020), and it in part enables
functional diversity across the cortex. The short timescales
observed in sensory and motor regions are critical for detecting
momentary changes in the external environment, and thus for
fast perception and action. The longer timescales observed in
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transmodal association regions are linked to temporally extensive information accumulation and modulation (Honey et al.,
2012), and thus to physiological features that support flexible,
abstract, and cumulative cognitive functions such as problem
solving, learning, and decision making (Gao et al., 2020; Murray
et al., 2014; Wang, 2020).
In addition to variance in intrinsic timescales across the
cortical sheet, areas also systematically differ in their level of
stimulus selectivity. Primary sensory regions have a higher prevalence of pure selectivity neurons, which exclusively and linearly
encode single stimulus features or stimulus categories via lowdimensional activity patterns. Higher-order frontal and parietal
association cortices, conversely, appear to have a relatively
higher proportion of mixed selectivity neurons. Mixed selectivity
neurons encode combinations of stimulus features and taskrelevant variables. They behave differently (yet reproducibly) depending on the context, thereby enabling adaptable, non-linear,
and high-dimensional neural encoding (Fusi et al., 2016; Rigotti
et al., 2013).
Mixed selectivity may have ontogenic origins in the spatiotemporal maturation of cortical inhibition. Previous work has established that developmental increases in inhibition are coupled to
the emergence of stimulus selectivity within sensory cortices,
and that higher levels of inhibition lead to narrower tuning of neural
responses (Li et al., 2012; Sadagopan and Wang, 2010). These
findings suggest that the delayed maturational increase in cortical
inhibition and higher E:I ratio within association cortex may facilitate the emergence of mixed selectivity neurons, simultaneously
enabling more complex computations. Pure selectivity allows for
localized and invariant responses to very specific features and
thus for cortical specialization. Mixed selectivity, however, produces multifaceted population responses that expand the functional range and computational capacity of a cortical region,
thus supporting more diverse and dynamic forms of cognition
and associated behaviors (Fusi et al., 2016; Rigotti et al., 2013).
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Although mixed selectivity describes patterns of encoding at the
neuronal level, an inherent relationship between increasing degrees of mixed selectivity and greater dimensionality of neural representations ensures that selectivity can be estimated at the
macroscale with functional neuroimaging. Indeed, the approach
originally used to infer dimensionality from single neuron recordings (Rigotti et al., 2013) has been adapted to quantify the
dimensionality of functional MRI activity, revealing that higher
dimensional stimulus representations are associated with faster
learning (Tang et al., 2019). In this approach, dimensionality is indexed by the number of linear classifiers that can be trained on
BOLD activity to reliably distinguish between binary task or stimulus conditions, with linear classifications increasing exponentially
with the dimensionality of local neural responses. Moving forward,
the selectivity of neural encoding could be mapped across the S-A
axis during neurodevelopment by evaluating areal dimensionality
of stimulus representations, in particular for stimuli that are both
diverse and represented across most of the cortex (e.g., natural
language and semantic representations; Huth et al., 2016).
Hierarchical multi-scale development gives rise to an
extended window of association cortex plasticity
Taken together, convergent evidence from multiple data types
and scales of analysis supports that human neurodevelopment
progresses across the cortical landscape in a spatially ordered
manner, in accordance with canonical anatomical, functional,
and evolutionary hierarchies. This sequence of brain development ensures that transmodal association cortices undergo sustained development through childhood and adolescence and
into young adulthood, allowing these areas of cortex to continuously diverge in form and function from primary and unimodal
cortices. Such prolonged malleability indicates that higher-order
association cortices remain plastic throughout later developmental epochs. Their increased duration of plasticity is facilitated
by the late maturation of inhibitory circuitry, by a slower reduction in local E:I ratio, and by adolescent enhancement of plasticity-facilitating NMDA N2RB subunits. Moreover, it is enabled
by the temporally prolonged development of plasticity-stabilizing features such as intracortical myelination and perineuronal
nets, which do not reach adult-like levels in higher-order cortices
until after multiple decades of life. This temporal patterning of
cortical plasticity underlies hypotheses that late childhood and
adolescence represent a sensitive or critical period for refinement of association cortices and the functions that they subserve (Fuhrmann et al., 2015; Gabard-Durnam and McLaughlin,
2020; Larsen and Luna, 2018; Larsen et al., 2021). A prolonged
plastic period, although a vital and unique component of human
neurodevelopment, leads to heightened inter-individual developmental variability and vulnerability within association cortex.
CAUSES AND CONSEQUENCES OF INTER-INDIVIDUAL
VARIABILITY IN THE DEVELOPMENT OF ASSOCIATION
CORTICES
Individualization across the sensorimotorassociation axis
Existing work suggests that the hierarchy of the S-A axis serves
as the foundation for human brain development. Each individ-

ual’s unique combination of biology and experience differentially interacts with this foundation, giving rise to inter-individual
cortical variability. Although marked inter-individual cortical
variability is embedded within the first few years of life (Gilmore
et al., 2020; Stoecklein et al., 2020), variability is believed to increase over the course of development, particularly within
phylogenetically expanded association cortices (Stoecklein
et al., 2020). Here, we first briefly consider putative intrinsic
and extrinsic causes of developmental variability. Although establishing causal determinants of neurobiological variability is
quite difficult, convergent data from humans and animals point
to the impact of genes, molecular signals, the environment, and
experience. We also consider how proposed underpinnings of
neurobiological variability differ to an extent across time and
across the S-A axis, in a manner that ultimately amplifies individual differences in association areas supporting humanenhanced psychological faculties. Finally, we end by discussing
ramifications of cortical variability, describing how transdiagnostic symptoms of mental illness can be conceptualized as
an important potential consequence of variable association cortex development.
Intrinsic and extrinsic causes of association cortex
maturational variability
Genes
A wealth of in vivo imaging work has established that cortical features are heritable and polygenic, with evidence for heritability of
both brain structure (cortical thickness, surface area, sulcal
width, intracortical myelination) and function (functional connectivity, signal amplitude) (Alexander-Bloch et al., 2020; Anderson
et al., 2020a; Chen et al., 2011; Elliott et al., 2018; Schmitt et al.,
2020; Valk et al., 2020). The aggregate effects of many genetic
variants thereby exert a substantial influence on the organization
and physiology of an individual’s cortex, with some evidence for
lower heritability in paralimbic and heteromodal association
cortices than in unimodal and primary cortices (Vainik et al.,
2020). The genes that affect cortical properties vary across the
brain, yet regions that share more similar positions in the S-A
axis are more likely to share genetic determinants (Chen et al.,
2011; Rimol et al., 2010; Valk et al., 2020). A critical outcome
of this topographical pattern of genetic influence is that certain
genetic variants underlying cortical variability will have concentrated effects within transmodal association cortices, and thus
on advanced mental faculties. Of interest, select studies have
shown that genetic influence on association cortex macrostructure is greater in adolescence than in childhood, paralleling reports that the heritability of IQ and prosocial behavior increases
in later development (Lenroot et al., 2009; Schmitt et al., 2014).
Finally, it has been hypothesized that genetic diversity within
the population is greater for genes that determine association
cortex compared with sensorimotor cortex properties, as genes
that shape evolutionarily newer regions may have had less time
to reach allelic fixation (Schmitt et al., 2014). This hypothesis is
well supported by evidence that evolution-linked, humanaccelerated genes (genes that display elevated divergence in
humans compared with other primates) are most highly expressed in association cortices near the apex of the cortical hierarchy (Wei et al., 2019). Cortex-related genetic variability, and
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the inter-individual neurobiological variability it engenders, may
thus map onto the brain’s organizational S-A axis.
Molecular signals
Just as the genes governing cortical maturation differ across the
cortex, so too do development-related molecular signals. During
prenatal development, gradients of evolutionarily conserved
signaling molecules associated with primary patterning centers
(e.g., fibroblast growth factor family 8, sonic hedgehog, bone
morphogenetic proteins, Wnts) determine the location and arealization of sensory and motor cortical areas (O’Leary et al., 2007).
Yet these patterning molecules are proposed to be more highly
expressed near primary cortex and to thus exert less control
over the development of cortically distant association regions,
especially within the context of the expanded human cortex
(Buckner and Krienen, 2013). Lower expression of phylogenetically old molecular developmental determinants within association cortex would ensure that other classes of signaling molecules, ones that we speculate may be more variable across
individuals, have a larger impact on association cortex specification and molding. Candidate molecules include prenatally expressed signals thought to influence the size and connectivity
of prefrontal cortex in primates (e.g., retinoic acid) (Shibata
et al., 2019), as well as signals expressed later in development
shown to affect association cortex structural refinement.
Indeed, during late childhood and adolescence, a different
class of molecular signals appears to substantially influence association cortex development: pubertal hormones. Preliminary
neuroimaging studies have shown that levels of testosterone
and estrogen in developing youth are associated with individual
differences in cortical macrostructure and white matter microstructure (Herting et al., 2012; Koolschijn et al., 2014; Vijayakumar et al., 2021). Associations between hormone levels and
cortical variability have been observed almost exclusively in association cortex, underlying white matter, and subcortical structures, suggesting a degree of spatial specificity for the influence
of adolescent pubertal hormones. Rodent studies provide
consistent evidence, revealing that during adolescence, pubertal
hormones affect pyramidal neuron pruning (Delevich et al.,
2020), the expression of NMDA NR2B subunits (Smith and
McMahon, 2006), and increases in cortical inhibition (Piekarski
et al., 2017). Piekarski et al. (2017) found that estrogen facilitates
increases in cortical inhibition within medial frontal but not somatosensory cortex, supporting spatially localized effects in
associative but not primary cortices. Prior work thus suggests
that molecular mechanisms of cortical modeling are both temporally and spatially differentiable, with variability in pubertal hormone levels contributing to further individualization of the association cortices during adolescence.
Environment and experience
Abundant evidence suggests that the environments and experiences encountered during youth affect brain development. However, the specific impact of a given environmental stimulus is critically dependent upon the neurotemporal context or upon how
plasticity is distributed along the S-A axis at the time (Cooper
and Mackey, 2016). Cortical maturation is putatively most
affected when there is temporal alignment between a cortical region’s peak period of maturational plasticity and exposure (or
lack thereof) to experiences that effectively engage that region.
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Sensory and motor experiences disproportionately affect the
developing brain early in life, when primary regions are most
plastic. For example, in early infancy, deprivation of auditory, visual, and tactile stimuli greatly affects the organization and maturation of sensorimotor regions (Hubel and Wiesel, 1970; Kanjlia
et al., 2019; Simons and Land, 1987). Deprivation of these stimuli
during later developmental periods has comparably minimal effects, although notably abnormal development of sensory regions early in life may affect later development of connected association regions (Rosen et al., 2019). Remarkably, cognitive,
social, and emotional experiences significantly affect cortical
development not only during infancy (McLaughlin et al., 2014)
but additionally during childhood, adolescence, and early adulthood—attributable to the elevated level of plasticity maintained
in higher-order cortices throughout these developmental periods
(Mackey et al., 2013). Indeed, variability in peer social exposure
(Hinton et al., 2019), cognitive training (Huber et al., 2018; Iuculano et al., 2015), stress (Lupien et al., 2009; Sheth et al.,
2017), and enrichment versus deprivation of one’s socioemotional, educational, and neighborhood environments (Alnæs
et al., 2020; Leonard et al., 2019; Llera et al., 2019; Modabbernia
et al., 2021; Smith et al., 2015; Tooley et al., 2020) is thought to
affect association cortex maturation in middle and late periods
of development. Collectively, these data underscore how the nature of brain-environment associations may change as brain
development unfolds along the hierarchical S-A axis.
Linking genetic, molecular, and experiential variability
to neurobiological variability
Neurobiological variability is not equal across the cortex; rather,
it systematically varies. Neurobiological variability is predicted to
be higher in cortical regions with more genetic diversity, higher
human-accelerated gene expression, weaker constraints from
phylogenetically older patterning centers, and greater individual
differences in developmental signaling molecules. Furthermore,
variability is predicted to be higher in regions that are sculpted by
diverse experiences and that remain malleable by experience for
a longer period of time. Critically, genetic diversity, humanaccelerated gene expression, distance from primary patterning
centers, effects of adolescent hormonal signals, experiential
variability, and the time frame of plasticity all increase along
the S-A axis. Accordingly, inter-individual neurobiological variability increases along the S-A axis as well, with most marked individual differences found in evolutionarily expanded heteromodal association cortices (Cui et al., 2020; Mueller et al., 2013;
Reardon et al., 2018; Figure 6). Heightened neurobiological variability within transmodal associative compared with unimodal
sensorimotor cortices is apparent when examining both macroscale and microscale features, including cortical structure (Fischl
and Dale, 2000; Hill et al., 2010a; Mueller et al., 2013; Reardon
et al., 2018), connectivity architecture (Gratton et al., 2018; Mueller et al., 2013; Xu et al., 2019), the topographical organization
of functional systems (Cui et al., 2020; Kong et al., 2019), and the
total number of pyramidal neuron dendritic spines (Elston et al.,
2011). As discussed below, such pronounced individual differences within the brain’s higher-order, evolutionarily newer,
enduringly plastic association cortices produce a wide spectrum
of psychological functioning in both health and mental illness.
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Figure 6. Inter-individual variability in
functional and structural properties across
the cortical mantle
Inter-individual variability in functional system
topography, cortico-cortical functional connectivity architecture, proportional surface area, and
sulcal depth varies by the S-A organizational axis
and is generally highest in transmodal heteromodal association regions. Functional system
topography adapted from Cui et al. (2020), copyright 2020 with permission from Elsevier. Corticocortical connectivity and sulcal depth adapted
from Mueller et al. (2013), copyright 2013 with
permission from Elsevier. Proportional surface
area data from Reardon et al. (2018).

Consequences of association cortex maturational
variability: Transdiagnostic developmental
psychopathology
Symptoms of mental illness often emerge in mid to late childhood
(e.g., anxiety symptoms) or in adolescence and early adulthood
(e.g., mood and psychosis-spectrum symptoms), during prominent periods of plasticity for cortices subserving cognitive, mentalizing, and socioemotional functions (Caspi et al., 2020; Kessler
et al., 2005; Merikangas et al., 2010; Paus et al., 2008). Although
the canonical psychiatric diagnostic system (the Diagnostic and
Statistical Manual of Mental Disorders) defines mental illnesses
as discrete disorders, epidemiological data underscore the
fact that most individuals experience comorbid symptoms not
adequately captured by a single diagnosis (Caspi et al., 2020;
Merikangas et al., 2010). Moreover, common and important
symptom domains (e.g., anhedonia, emotion dysregulation, anxiety, irritability, executive dysfunction) are transdiagnostic features of many disorders. Given the comorbid and transdiagnostic
nature of psychiatric symptomatology, it has been proposed that
there is a latent factor that predicts a generalized vulnerability
to diverse psychopathology (the ‘‘p-factor’’) (Caspi et al.,
2014, 2020; Michelini et al., 2019). Significantly, the comorbid
symptoms captured by the p-factor all tend to emerge relatively
later in the brain’s hierarchical developmental program, strongly
implicating non-normative maturation of transmodal association
cortices in transdiagnostic psychopathology.
Multiple lines of evidence support the claim that maturational
variability within higher-order association cortices is causally
related to inter-individual variability in psychological functioning
and psychiatric illness. First, genes influencing variability in association cortex features confer overlapping genetic liability to
multiple psychiatric conditions (Anttila et al., 2018; Grasby
et al., 2020; Hofer et al., 2020). Second, an earlier increase in pubertal hormones that affect association cortex maturation, driven
by younger pubertal onset, confers heightened risk for developing all forms of psychopathology (Ullsperger and Nikolas,
2017). Third, environmental and experiential factors that affect
association cortex development, including low social support,

neighborhood deprivation, and stress,
are risk factors for mental illness (Modabbernia et al., 2021). Fourth, differences in
cortical structure and function shared
across many forms of psychopathology
occur within the association cortices, with larger effects detectable as regions progress up the S-A axis (McTeague et al., 2017;
Romer et al., 2021; Figure 7A). Specifically, symptoms of depression, anxiety, fear, mania, compulsivity, psychosis, and generalized psychopathology are associated with reduced volume and
thickness of the association cortices (Goodkind et al., 2015;
Kaczkurkin et al., 2019; Romer et al., 2021). Moreover, these
diverse symptoms are associated with microstructural modifications in white matter pathways projecting from higher-order
frontal cortices (Alnæs et al., 2018), and with altered activity
and connectivity of cingulo-opercular, frontoparietal, and default
mode systems (McTeague et al., 2017; Shanmugan et al., 2016;
Xia et al., 2018).
The enrichment of phenotypes associated with psychopathology within the association cortices suggests that evolutionarily
newer brain regions that undergo prolonged neurodevelopment
play a central role in diverse psychiatric symptoms. Overlap in
neuroimaging signatures of developmental psychopathology
does not, however, necessarily indicate shared microscale
mechanisms; it is likely that disparate mechanisms lead to similar
macroscale cortical phenotypes. Still, studies combining in vivo
imaging with histology and transcriptomics collectively point to
alterations in plasticity-related cellular features as potentially critical for developmental psychopathology. In particular, recent
work bridging the macroscale and the microscale suggests that
psychopathology-related dysfunction involves deviations in
plasticity mechanisms related to cortical excitation, cortical inhibition, and glia. For example, psychosis-linked alterations in
macroscale structural connectivity are largest in regions that
exhibit the greatest psychosis-linked reductions in pyramidal
spine density; this observation potentially relates disordered cortico-cortical connectivity to alterations in cortical excitatory plasticity and pruning (van den Heuvel et al., 2016a; Figure 7B). In
addition, the cortical distribution of altered resting state signal
amplitude observed in depression corresponds to the expression
of SST inhibitory interneurons (Anderson et al., 2020b), implicating irregularities in inhibition or inhibition-associated plasticity
in affective symptoms (Larsen et al., 2021; Figure 7C). Extending
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this pattern, individuals with greater symptoms of anxiety, impulsivity, thought disorder, and generalized psychopathology
exhibit non-normative development of association cortex intracortical myelin, a critical feature for stabilizing developmental
plasticity (Norbom et al., 2019; Ziegler et al., 2019).
The complex relationship between association cortex maturation, plasticity-regulating mechanisms, and transdiagnostic
developmental psychopathology has profound implications for
mental health interventions and treatment. First, this relationship
suggests that initiatives that support healthy development of the
association cortices may decrease risk for many forms of psychopathology. Initiatives could include school-based programs
that train individuals to alleviate stress, regulate emotions,
improve social skills, explore rewarding activities, enhance
reasoning and planning capabilities, and engage in flexible and
critical thinking (Durlak et al., 2011; Robinson, 2004; Zenner
et al., 2014), as well as community-based programs that focus
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Figure 7. Psychopathology-linked cortical
phenotypes and potential cellular
correlates
(A) The strength of the association between more
severe generalized psychopathology (p-factor)
and reduced cortical thickness (CT) increases
along the cortical functional hierarchy, with
stronger effects in transmodal (orange/red) than in
unimodal (blue/green) cortices.
(B) Cortical regions that exhibit larger alterations in
macroscale structural connectivity in individuals
with psychosis (in vivo diffusion-weighted imaging
[DWI] data) additionally display greater reductions
in neuron spine density in psychotic individuals
(post-mortem data).
(C) The across-cortex pattern of resting state
functional amplitude (RSFA) differences between
individuals with a history of major depressive disorder (MDD) and healthy controls (HC) (indexed by
Cohen’s d) corresponds to the spatial distribution
of three somatostatin inhibitory interneuron
markers, somatostatin (SST), cortistatin (CORT),
and neuropeptide Y (NPY). rs, Spearman’s rank
correlation coefficient; r, Pearson’s correlation
coefficient.
(A) adapted from Romer et al. (2021) with
permission from the American Journal of Psychiatry, (copyright 2021). American Psychiatric Association. All rights reserved. (B) adapted from van
den Heuvel et al. (2016a) copyright 2016 with
permission from Elsevier. (C) Adapted from Anderson et al. (2020b) copyright 2020 with permission (https://creativecommons.org/licenses/bync-nd/4.0/).

on environmental enrichment and the
reduction of socioeconomic and racial
disparities (Mackey et al., 2013; Modabbernia et al., 2021; Reiss, 2013). Links
among association cortex maturation,
plasticity, and diverse psychiatric symptoms additionally suggest that psychotropics that target plasticity-related
neurobiological mechanisms and transdiagnostic therapies for youth may prove
to be particularly effective interventions
(Caspi and Moffitt, 2018; Dalgleish et al., 2020). Importantly,
late childhood and adolescence may represent an optimal
period for implementing these interventions, as this developmental period is characterized by programmed plasticity within
association cortices at the apex of anatomical, functional, evolutionary, and neurodevelopmental hierarchies. Interventions in
this uniquely human sensitive period may hold great potential
for preventing psychopathology-related developmental insults
from becoming permanently embedded in cortical organization.
FUTURE EXPLORATION OF THE SENSORIMOTORASSOCIATION AXIS OF HUMAN NEURODEVELOPMENT:
INTRINSIC DRIVERS, INDIVIDUALIZATION, AND
INTERVENTIONS
Although the human cortex exhibits nearly unparalleled
complexity, the S-A axis represents one important large-scale
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Box 2. Outstanding questions to be explored in future work
How is the S-A axis established during early brain development, and when does it become a principal axis of cortical organization? Does the
S-A axis emerge because of interactions among multiple early morphogenic and transcriptional gradients?
How does subcortical development interact with hierarchical cortical development? Can the neurodevelopmental hierarchy be extended to
maturation of subcortical structures?
When in life do alternative prominent axes of organization (Box 1) emerge, and how can they inform our understanding of cortical maturation?
How does their development interact with development of the S-A axis?
What factors influence individual differences in the topographical maturation and developmental strengthening of the S-A axis?
To what extent does altered development of sensorimotor cortices early in life affect subsequent maturation of cortical properties across the
entire S-A axis?
How do structural, neurochemical, and electrophysiological changes jointly govern hierarchical cortical development, and can temporal
precedence be identified?
Do the genes governing cortical maturation change throughout brain development, as development unfolds along the S-A axis? How do
epigenetic mechanisms contribute?
How do pubertal hormones affect the timing and the nature of human developmental plasticity? Are hormonal effects spatially localized, sex
specific, or variable among individuals with different gender identities?
What environments and experiences have the largest impact on the association cortices, and when? Can sensitive periods be demarcated?
Can experience modulate the onset and temporal trajectory of association cortex development?
What neurobiological mechanisms underlie transdiagnostic differences in association cortex structure and function?
When is developmental programming of the association cortices most amenable to interventions aimed at preventing or treating psychiatric
symptomatology?

organizational motif. The S-A axis describes the hierarchical
patterning of cortical variability and provides insight into the origins of functional diversity across the brain. Furthermore, the
S-A axis in part encapsulates the evolution of the primate
cortex, as well as its non-linear expansion in humans. Finally,
as revealed by extensive human neuroimaging investigations
and complementary studies conducted at the microscale, the
temporal sequence of human cortical maturation progresses
along the S-A axis, culminating in a late period of plasticity
within transmodal association cortices supporting advanced
faculties. This maturational program modifies, strengthens, and
expands the S-A feature axis, facilitating the development of
higher-order brain functions that are both unique to the human
species and markedly variable between individuals within our
species.
The work reviewed here has begun to elegantly characterize
patterns of human cortical maturation, underlying mechanisms,
and complex links to transdiagnostic psychopathology.
Although only cortical maturation was considered, subcortical
regions that execute heterogeneous, multi-order functions,
including the striatum, thalamus, hippocampus, and cerebellum, display regional S-A axes; these axes capture variation
both in local function and in patterns of cortical connectivity
€ller et al., 2020; Paquola
(Guell et al., 2018; Haber, 2003; Mu
et al., 2020b; Raut et al., 2020; Yang et al., 2020). Moreover,
subcortical regions develop in tandem with functionally similar
cortex, with subcortical structural and functional connections
to transmodal association cortices continuing to change in
strength throughout adolescence (Larsen et al., 2018; Park
et al., 2021; Vása et al., 2020). Given such evidence supporting
hierarchical organization and development of subcortical regions—and the profound impact these regions have on cortical

arealization, whole-brain functional dynamics, and psychopathology-relevant behaviors—it is clearly of interest to determine
whether the conceptual framework put forth in this review extends to the subcortex. This represents one major avenue
to be explored in future work (see also Box 2). Continued
investigation of these outstanding questions will provide rich
information on intrinsic drivers of hierarchical human brain
development in cortex and subcortex, will identify additional
spatiotemporal axes of maturation, will delineate factors influencing individualized maturational trajectories, and will further
uncover how inter-individual variation in neurobiological properties produces a spectrum of cognitive and psychological
functioning. Ultimately, such insights may yield interventions
that align with the developmental context described by the hierarchical neurodevelopmental axis, and that are thus capable
of mitigating risk for the development of diverse and disabling
psychopathologies in youth.
ACKNOWLEDGMENTS
This work was supported by a National Science Foundation Graduate
Research Fellowship (DGE-1845298 to V.J.S.) and by the National Institute
of Mental Health (R01 MH112847 to T.D.S., R01 MH113550 and RF1
MH116920 to T.D.S. and D.S.B., R01 MH120482 to T.D.S. and M.P.M., T32
MH014654 to B.L., K08 MH120564 to A.A.-B., F31 MH123063 to A.P., R01
MH120174 and R01 MH119185 to D.R., T32 MH19112-29 to J.S., and R01
MH111439 to T.X.).
AUTHOR CONTRIBUTIONS
Conceptualization, V.J.S. and T.D.S.; Writing – Original Draft, V.J.S., B.L., and
T.D.S.; Writing – Review & Editing, V.J.S., B.L., D.S.B., A.A.-B., D.A.F., C.L.,
A.P.M., M.P.M., A.P., D.R.R., J.S., T.X., A.R., and T.D.S.; Visualization,
V.J.S. and J.S.; Supervision, T.D.S.

Neuron 109, September 15, 2021 2839

ll
Review
DECLARATION OF INTERESTS
The authors declare no competing interests.
REFERENCES

segregation of structural brain networks supports the development of executive function in youth. Curr. Biol. 27, 1561–1572.e8.
Baum, G.L., Cui, Z., Roalf, D.R., Ciric, R., Betzel, R.F., Larsen, B., Cieslak, M.,
Cook, P.A., Xia, C.H., Moore, T.M., et al. (2020). Development of structurefunction coupling in human brain networks during youth. Proc. Natl. Acad.
Sci. U S A 117, 771–778.

Aflalo, T.N., and Graziano, M.S.A. (2011). Organization of the macaque extrastriate visual cortex re-examined using the principle of spatial continuity of function. J. Neurophysiol. 105, 305–320.

Bazinet, V., de Wael, R.V., Hagmann, P., Bernhardt, B.C., and Misic, B. (2020).
Multiscale communication in cortico-cortical networks. bioRxiv. https://doi.
org/10.1101/2020.10.02.323030.

Alexander-Bloch, A.F., Raznahan, A., Vandekar, S.N., Seidlitz, J., Lu, Z., Mathias, S.R., Knowles, E., Mollon, J., Rodrigue, A., Curran, J.E., et al. (2020). Imaging local genetic influences on cortical folding. Proc. Natl. Acad. Sci. U S A
117, 7430–7436.

Beul, S.F., and Hilgetag, C.C. (2019). Neuron density fundamentally relates to
architecture and connectivity of the primate cerebral cortex. Neuroimage 189,
777–792.
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