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Multimodal Connectomics in Psychiatry:
Bridging Scales From Micro to Macro

Lianne H. Scholtens and Martijn P. van den Heuvel
ISS
ABSTRACT
The human brain is a highly complex system, with a large variety of microscale cellular morphologies and macroscale
global properties. Working at multiple scales, it forms an efficient system for processing and integration of multimodal
information. Studies have repeatedly demonstrated strong associations between modalities of both microscales and
macroscales of brain organization. These consistent observations point toward potential common organization
principles where regions with a microscale architecture supportive of a larger computational load have more and
stronger connections in the brain network on the macroscale. Conversely, disruptions observed on one organizational
scale could modulate the other. First neuropsychiatric micro-macro comparisons in, among other conditions, Alz-
heimer’s disease and schizophrenia, have, for example, shown overlapping alterations across both scales. We give an
overview of recent findings on associations between microscale and macroscale organization observed in the healthy
brain, followed by a summary of microscale and macroscale findings reported in the context of brain disorders. We
conclude with suggestions for future multiscale connectome comparisons linking multiple scales and modalities of
organization and suggest how such comparisons could contribute to a more complete fundamental understanding of
brain organization and associated disease-related alterations.
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Neuroanatomists investigating the brain across different species
and across scales of observation have reported on substantial
regional variability in brain organization (Figure 1). For example,
on the microscale, large variation in cortical microscale cyto-,
myelo-, and chemoarchitecture has been observed [see (1) for
review]. On the macroscale of corticocortical connectivity, re-
gions have widely differentiating connectivity profiles, with some
regions connecting to regions broadly distributed across the
cortex, while others have mostly local connections (2). Variability
in both scales of organization has been observed to coincide
with differentiated functional roles of cortical regions within
the healthy brain as well as with disease-related biomarkers
(3,4). Microscale cortical structure has been described to be
predictive of region-to-region cortical connectivity (5),
posing an interesting avenue of research in the context of
neuroimaging-derived macroscale organization. Much re-
mains to be learned, especially on the topic of how the
relationship between microscale and macroscale organiza-
tion influences brain function in disease.

In this review, we aim to first provide the reader with a broad
overview of regional variation on the microscale (i.e., cortical
morphology) and macroscale (i.e., structural and functional
connectivity) of brain organization, followed by a summary of
studies linking both scales of observation in the literature.
Next, we give an overview of studies linking microscale and
macroscale brain information in neuropsychiatric disorders.
Finally, we propose topics for future multiscale connectomics
ª 2018 Society of Bio
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studies, which could further the fundamental understanding of
brain organization and disease mechanisms.
MICROSCALE PATTERNS OF CORTICAL
ORGANIZATION

Microscale cortical variation has been described in a multitude of
modalities (see Figure 1A–D for examples) and has been pro-
posed to reflect differences in the role of a particular region in
brain function. In an effort to elucidate brain structure and
(localization of) brain function, pioneering neuroanatomists have
extensively demonstrated a large heterogeneity of cortical
structure on the microscale of brain organization. At the turn of
the 20th century, microscale variation was observed in neuronal
cell type, size, and layer distribution by neuroanatomy pioneers
such as Hammarberg (6), Campbell (7), Brodmann (8), and von
Economo and Koskinas (9), as well as in cortical myelinated fiber
distribution by, among others, Smith (10), Flechsig (11), and Vogt
and Vogt (12). These observations led to increasingly detailed
subdivisions of the cortical mantle into up to 150 to 200 (1)
cytoarchitecturally and/or myeloarchitecturally distinct regions,
which often—but not yet always—could be associated with the
observation of similarly diverse regional functional profiles.
Following these findings, modern-day studies employing che-
moarchitectural quantifications of neurotransmitter receptor
densities have shown great variability in the presence, density,
and layer distribution of both inhibitory and excitatory
logical Psychiatry. Published by Elsevier Inc. All rights reserved. 767
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Figure 1. Brain organization has been studied on a wide range of scales,
each providing a unique and complementary perspective on brain structure
and function. Selected examples of microscale (A–D) and macroscale (E–I)
measurement modalities of brain structure and function include (A) gene
expression (20); (B) pyramidal cell morphology; (C) neurotransmitter re-
ceptor fingerprint (chemoarchitecture) (111); (D) Nissl staining–based
cortical laminar architecture (114); (E) macaque strychnine-based effective
functional connectivity (115); (F) macaque tract-tracing structural con-
nectome (48); (G) diffusion-weighted imaging; (H) resting-state functional
magnetic resonance imaging networks (67); (I)magnetoencephalography (116).
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neurotransmitter receptors, describing a microscale regional
variation that has enabled even more fine-grained delineation of
cortical regions (13).

In addition to parcellating the cortex into distinct sub-
regions, cortex-wide patterns of microscale characteristics
have been associated with general functional profiles of
cortical regions. Cortical type (ranging from granular to agra-
nular, broadly defined based on the definition of cortical layers
or sublayers, distribution of neuronal cell types, and neuronal
cell size) has been related to the general function of a cortical
area, with, for instance, primary sensory areas having a very
clearly defined granular layer structure, whereas higher order
association areas are mostly agranular and have a much less
clearly defined cortical layer IV (8,9,14,15). Additionally, studies
investigating layer III pyramidal cell complexity across regions
in both macaque and human cortex have reported clear dif-
ferences in both cell size and spine density between cortical
regions, with areas involved in higher order processing having
larger and more spinous pyramidal neurons (16,17), aspects of
neuronal organization suggested to be related to increased
processing and integration capacity of neurons (18,19).

Gene expression analysis (transcriptomics), reflecting
localized modulation of gene function, is another measure
showing great regional variability at the microscale of cortical
organization (20). Recent studies exploring the brain-wide
transcriptome of the developing mouse (21), primate (22),
and human (23) brain, as well as in the adult mouse (24),
768 Biological Psychiatry: Cognitive Neuroscience and Neuroimaging S
macaque (25) and human (20) brain, have reported differenti-
ated expression profiles across cortical brain regions, where
regions with more similar expression profiles are located in
spatial proximity of each other (20,24,25).

MACROSCALE PATTERNS OF CORTICAL
ORGANIZATION

At the macroscale organizational level of brain connectivity,
the field of connectomics aims to study the comprehensive set
of connections between all brain regions (Figure 1E–I) (2).
Macroscale connectivity patterns vary across regions and
have been associated with functional organization and effi-
ciency of information processing in the brain.

In the mammalian brain, anatomical connections are mostly
studied using invasive tract tracing to label monosynaptic
pathways or noninvasive neuroimaging methods, such as
diffusion-weighted magnetic resonance imaging (MRI). In
addition to mapping anatomical connections, functional con-
nectivity is defined as the statistical dependency between
remote physiological events in the brain (26) and is often
examined by means of resting-state functional MRI, electroen-
cephalography, or magnetoencephalography. Findings across
macroscale connectome modalities in the human brain have
consistently shown a strong genetic component in brain con-
nectivity (27–29) and regional connectivity patterns related to
differentiated functional profiles of regions (30,31).

Based on its topology, the brain network can be divided into
modules of highly interconnected regions, with relatively sparse
connections between modules (32). Following this character-
istic, most cortical regions are primarily linked to other regions
within their own functional module (32,33). In contrast, a select
subset of regions—also described as hubs—has widely
distributed lines of communication across the cortical mantle
(34,35). These highly and widely connected hub regions have
been hypothesized to play an important role in information
integration in the brain, linking functional modules. By inte-
grating different types and sources of information across the
cortex, hub regions could provide a scaffold for the brain in
performing important higher order processes, such as cogni-
tion, and have been shown to overlap with all resting-state
functional networks (36–38). Simulated selective lesioning
studies show removal of rich club hub nodes from the brain
network to have a much larger effect on the brain’s integrative
capacity than removal of other nonhub nodes (36,39,40).
Extending on the observations and simulations in the healthy
connectome, rich club hubs have been shown to be affected
across a rangeof brain disorders (4) and to play an important role
in, for example, Alzheimer’s disease (41) and schizophrenia (42).

INTEGRATING MICROSCALE AND MACROSCALE
INFORMATION IN HEALTH

Having observed large variability in cortical architecture on
both the microscale and macroscale of brain organization, how
are the two scales of organization related to each other? The
seminal article by Barbas and Rempel-Clower (5) was the first
to formally propose that the two scales are related and that in
fact cortical structure predicts corticocortical connectivity, a
model that since has been confirmed multiple times [e.g.,
(43–49)]. Recent studies combining information on microscale
eptember 2018; 3:767–776 www.sobp.org/BPCNNI
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cortical characteristics with macroscale connectivity data have
further confirmed microscale and macroscale associations to
be present across a wide range of modalities on both scales.
These observations have been made in brains of multiple
different mammalian species, including the rodent, cat, ma-
caque, and human brain [for review see (50)]. Here, we first
describe general cortex-wide microscale and macroscale as-
sociations in the structural and functional connectome, fol-
lowed by an overview of characteristics specific to highly
connected hub regions.
STRUCTURAL CONNECTOME

Extending the observations of cortical structural heterogeneity
made on the microscale, studies employing tract tracing to
study connections of specific regions in the macaque monkey
[e.g., (51,52)] and cat brain [as collated and analyzed by (53)]
have shown that the majority of cortical regions are predomi-
nantly connected to regions with a similar cytoarchitecture,
hypothesizing that a large portion of cortical connections occur
between regions with similar functional profiles (5,14). Most
notably, layer III pyramidal cell complexity, neuron density,
cortical type, and gene expression have been shown to be
associated with regional macroscale connectivity patterns
(50,54–56). Furthermore, neuronal complexity of cortical layer
III pyramidal cells—the neuron type and layer hypothesized to
constitute the majority of corticocortical connectivity—was
associated with the extent of regional connectivity. Corre-
lating the degree of corticocortical connectivity of macroscale
regions to layer III pyramidal cell complexity in the tract
tracing–based macaque connectome [CoCoMac database
(57)] revealed that regions with more corticocortical connec-
tions tend to have larger, more branched, and more spinous
layer III pyramidal cells (48), indicative of a larger computational
capacity in these regions on both the microscale and the
macroscale. Investigating the relationship between microscale
characteristics and macroscale connectivity in a different
dataset of macroscale tract tracing–based connectivity (58),
cortical neuron density was observed to be the strongest
predictive factor for regional macroscale connectivity (59), with
regions with a lower neuron density having more macroscale
connectivity.

In the human brain, cortical regions characterized by larger
layer III neuron size tend to have a higher macroscale con-
nectivity strength compared with regions with small neurons in
cortical layer III (49). A comparison using collated information
on morphometry of Golgi-stained layer III pyramidal cells has
further shown that regions in which layer III pyramidal cells
have longer basal dendrites, more spines, and higher spine
density have a larger number of corticocortical connections
than regions with smaller, less complex layer III pyramidal cells
(Figure 2D) (60).

The cytoarchitectonic structural type of cortical regions also
plays an important role in the formation of long-range con-
nectivity. This relationship was described in the nonhuman
primate (61) and formalized in a model describing how cortical
structure predicts corticocortical connectivity patterns (5). A
recent study combining regional cytoarchitectural cortical type
and tract tracing–based corticocortical connectivity in the cat
connectome confirmed that the majority of regions connect
Biological Psychiatry: Cognitive Neuroscience and Neuroi
with other regions of the same cortical type (54) and that more
agranular multimodal association regions tend to have a larger
number of macroscale corticocortical connections than regions
of other cortical types (54). Furthermore, architectonic similarity
across cortical areas was found to be strongly related to a re-
gion’s laminar projection pattern as well as to its number of
corticocortical connections. This indeed suggests microscale
cortical architecture to be a predictor for macroscale connectivity
patterns (59). These findings were further supported by obser-
vations in rodents, reporting a similar association between
cytoarchitectural similarity and corticocortical connectivity (62).
Extending these observations, studies in the human brain have
shown similar findings, with cytoarchitecturally similar regions
showing strong correspondence specifically in supragranular
neuron density to be preferentially connected to each other
(Figure 2A) (55).

Additional observations extending the described relation-
ship between cytoarchitectonic organization of cortical areas
and their connectivity may come from studies combining in-
formation from genetics and imaging. A first study combining
information on cortical gene expression with the macroscale
structural connectome in the rodent brain showed that regions
with similar gene expression profiles tend to have similar
projection patterns and that connected regions have more
similar gene expression (63). Linking gene expression and
structural connectivity in the mouse brain showed a strong
association between molecular organization and macroscale
connectivity, with the amount of connectivity driven by genes
regulating neuronal, synaptic, and axonal structures (64).

Taken together, these observations are indicative of a
cortical organization in which the majority of connections in the
network occur locally between regions of similar macroscale
makeup. Furthermore, regions with microscale morphology
supportive of larger computational capacity tend to have more
macroscale corticocortical connections, facilitating high inte-
gration of information across modalities.
FUNCTIONAL CONNECTOME

Multimodal studies investigating the relationship between
microscale chemoarchitecture and functional connectivity
measures have shown regions with a larger proportion of
excitatory versus inhibitory neurotransmitter receptor levels to
have stronger functional connections (65,66). Linking a re-
gion’s microscale cytoarchitectural profile with its macroscale
connectivity to different resting-state functional networks
[such as described in (67)] showed cortical regions with high
between-network connectivity to have a cytoarchitectural
makeup characterized by an absent or disrupted layer IV (68).
This suggests an absence of layer IV to be a potential orga-
nizational characteristic for internetwork communication hubs
(68), in line with observations in microscale and macroscale
associations in the structural connectome of the cat (54).
Likewise, similarity in cortical microstructural myeloarchi-
tecture has been related to shared membership of functional
connectivity networks (modules) in magnetoencephalography
(69) as well as in resting-state functional MRI (70). Additionally,
analysis of the postsynaptic proteome in 12 Brodmann areas
of the human cortex revealed each region to have a proteomic
signature reflecting regional functional differences when linked
maging September 2018; 3:767–776 www.sobp.org/BPCNNI 769
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Figure 2. Examples of associations between microscale and macroscale organization in the healthy brain. (A) Investigating the relationship between the
presence and absence of macroscale connections and microscale structural traits resulted in a good fit for physical distance between regions and similarity in
supragranular neuron density (figure shows results for the right hemisphere) (55). (B) Combining regional gene expression data with connectivity in the mouse
brain revealed a link between molecular function and neuronal connectivity, showing highly correlated gene expression of hub regions specifically in genes
involved in synthesis and metabolism of adenosine triphosphate (the primary energetic currency of neuronal communication) (64). (C) Linking regional gene
expression profiles with information on resting-state functional network membership showed regions that are part of the same functional network to have
highly correlated gene expression patterns (72). (D) Combining microscale data on Golgi-based layer III pyramidal cell morphology with macroscale data on
diffusion-weighted magnetic resonance imaging–based corticocortical connectivity showed larger microscale pyramidal cell complexity to be associated with
more macroscale structural connections (60). Attn, attention; Mot, motor; Sal, salience; Som, somato; Vent, ventral.
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to functional MRI and positron emission tomography as well as
genetic and behavioral data (71).

Furthermore, studies combining functional connectomics
with information on gene expression showed cortical expres-
sion of genes enriched in human supragranular cortical layers
to be more similar within than between functional networks
(Figure 2C) (72), and correlated expression of genes enriched
for ion channels to be associated with membership of resting-
state functional networks (73). These findings are again—as
770 Biological Psychiatry: Cognitive Neuroscience and Neuroimaging S
predicted (5)—indicative of regions with similar microscale
organization having an increased likelihood of being
interconnected.
MICROSCALE AND MACROSCALE IN HIGHLY
CONNECTED HUB REGIONS

Adding to these general cortex-wide trends, comparisons
between highly connected hub regions and less well
eptember 2018; 3:767–776 www.sobp.org/BPCNNI
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connected peripheral regions have shown hub regions to be
associated with differential microscale regional profiles.
Combining tract tracing connectivity and regional gene
expression profiles in the rat brain showed hub regions to have
increased expression of genes involved in cellular energy
metabolism (Figure 2B) (64), in contrast to connectivity in
general, which was associated with genes regulating neuronal,
synaptic, and axonal structures (64). In the human functional
connectome, hub regions were characterized by an increased
expression of genes related to mitochondrial glucose meta-
bolism (74). Additionally, hub regions in the macaque as well as
in the human connectome have larger layer III pyramidal cells,
with a higher spine density than peripheral regions (48,60),
characteristics hypothesized to be related to a neuron’s larger
integrative and computational capacity (18,19). Comparing
cortical type between regions showed hub regions in the cat
brain to on average be of a more agranular structural type than
nonhubs (54). In accordance with the functional requirements
of the integrative role of agranular hub regions in the con-
nectome, agranular and dysgranular areas of the macaque
brain showed higher expression of markers favoring synaptic
plasticity than eulaminate areas (75).

Interestingly, these findings are supported by computer
simulations. In line with the findings based on histological
microscale measures in the mammalian cortex, a recent in
silico study implementing graph theoretical analyses within a
set of simulated rat somatosensory cortical columns showed
neurons with the largest dendritic trees to be highly connected
incoming hubs within the microscale cortical column (76),
whereas neurons with large axons were observed to be the
largest outgoing hubs in the simulated cortical column (76).
Taken together, combining microscale and macroscale infor-
mation on brain organization has been shown to provide novel
insights into the function of the brain as a whole.

Microscale and Macroscale Integration in Brain
Disorders

Can the observed relationship between microscale and
macroscale of brain organization be extended to disease-
related alterations in the brain? Alterations in relation to
neuropsychiatric disorders have been reported by studies on
both the microscale and macroscale of cortex organization.
Such across-scale approaches to understanding brain func-
tion in disease could provide promising new mechanistic in-
sights. In the following paragraphs, we give an overview and
discuss recent microscale and macroscale findings reported in
Alzheimer’s disease and schizophrenia.

Alzheimer’s Disease. Alzheimer’s disease is neuro-
anatomically characterized by amyloid-b (Ab) plaque de-
positions and tau tangles as well as regional loss of dendritic
spines, together with progressive loss of cortical gray and
white matter (77). Neuropathological analysis of brains with
Alzheimer’s disease showed a relationship between cortical
structure and the direction of tangle pathology spread across
the brain (78) and led to a hypothesis of an ordered selective
regional vulnerability of particular brain areas (79).

On the macroscale, neuroimaging studies investigating
brain structure have consistently reported on loss of cortical
Biological Psychiatry: Cognitive Neuroscience and Neuroi
volume in line with observations on the microscale (80,81).
Connectome studies in Alzheimer’s disease have reported
highly connected hub regions to consistently be affected, both
in resting-state functional connectivity (41) and in the
diffusion-weighted MRI–derived structural connectome (82).
These observations suggest hub regions to be more vulner-
able or to at least play a contributing role in the disease pro-
cesses of the disorder. Indeed, Buckner et al. (41) showed a
clear voxel-to-voxel association between positron emission
tomography Ab deposition estimates and degree of resting-
state functional connectivity in Alzheimer’s disease
(Figure 3A), demonstrating that—also on the microscale—
more highly connected regions tend to be preferentially
affected in Alzheimer’s disease. These findings have since
been replicated in the structural connectome of patients with
Alzheimer’s disease (83).

There are multiple hypotheses to explain why highly con-
nected hub regions are most affected in Alzheimer’s disease.
Their central position in the brain network could mean that any
disease-related alterations starting in the periphery could
accumulate in the hubs (4). In addition to the contribution of
topology, hub connections have been suggested to be bio-
logically expensive. Hub connections span longer distances
(34), and the higher blood flow and metabolic rate observed in
hub regions (84,85) has been hypothesized to reflect an
increased demand posed on the cellular infrastructure within
hub regions. This increased demand on hub regions and their
connections has been hypothesized to lead to increased wear
and tear and ultimately to an increased accumulation of Ab
depositions in hub regions in Alzheimer’s disease (41). Indeed,
agranular and dysgranular cortical regions of the macaque pre-
frontal cortex—overlapping with known hub locations—show
increased expression of markers favoring synaptic plasticity,
paired with a marker of activated astrocytes—suggesting
elevated cellular stress (75). Interestingly, APOE expression—
one of the most well-described Alzheimer’s disease risk
genes—is elevated in association cortex (86). Additionally, in vivo
regional synaptic activity is associated with increased vulnera-
bility to Ab deposition (87–89). A simulation study combining both
scales of information reported degradation of highly connected
hub regions in Alzheimer’s disease to be dependent on the spike
density within a region (90). Together, these findings illustrate
how functional characteristics at the microscale and macroscale
interact and how alterations on one scale can modulate the
other.

Schizophrenia. Multiple observations of a potential inter-
action between disease effects on the microscale and
macroscale of brain organization have been reported in
schizophrenia. Schizophrenia is a heterogeneous disorder
characterized by hallucinations, delusions, loss of initiative,
and cognitive dysfunction and has long been hypothesized to
be a disorder of brain dysconnectivity [e.g., (91,92)]. MRI
studies have revealed consistent widespread dysconnectivity
patterns in patients with schizophrenia [e.g., (92–95)]. Addi-
tionally, connectomics studies in both resting-state functional
connectivity and diffusion-weighted connectomes have re-
ported abnormalities in network organization (96–99) and
specifically in connection strength (42,100,101) between hubs
in the connectome.
maging September 2018; 3:767–776 www.sobp.org/BPCNNI 771
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Figure 3. Examples of associations between microscale and macroscale organization in brain disorders. (A) Buckner et al. (41) combined positron emission
tomography–based data on amyloid-b (Ab) deposition with resting-state functional connectivity in Alzheimer’s disease, showing a larger voxelwise amyloid-b
deposition (x axis) to be associated with larger functional connectivity (y axis). (B) Combining Allan Human Brain Atlas data on gene expression in the healthy
human brain with data on regionwise corticocortical disconnectivity in patients with schizophrenia showed regions with higher schizophrenia risk gene
expression (SRGE) (x axis) to have larger regional disconnectivity (y axis) in patients with schizophrenia (110). (C) Linking collated literature data on regional
changes in microscale layer III pyramidal cell spine density in patients with schizophrenia to information on macroscale dysconnectivity in schizophrenia
showed a positive association between % change in macroscale connectivity (x axis) and % change in layer III spine density (y axis) (60). DWI, diffusion-
weighted imaging.
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On the microscale, studies have reported on reductions in
spine density in cortical association areas [e.g., (102,103)], and
Lewis’s group has suggested a specific role of layer III pyramidal
cells in schizophrenia (104,105). Furthermore, observations have
been made of abnormal cell migration [more neurons found
remaining in subcortical white matter, indicating potential prob-
lems in neuronal migration (106)], altered distribution and density
of cortical interneurons [e.g., (107,108)], and a potential increased
neuroinflammatory response in schizophrenia (109). While mostly
examined separately, these reported effects on the microscale
and macroscale are potentially related to each other.
772 Biological Psychiatry: Cognitive Neuroscience and Neuroimaging S
Linking both scales of information in schizophrenia, a potential
association between microscale spine density reductions on
layer III pyramidal cells and macroscale disruptions of rich club
connectivity has been observed (Figure 3C) (60). Furthermore,
combining regional gene expression profiles of the healthy brain
has shown regions with higher schizophrenia risk gene expres-
sion to display more severely affected macroscale connectivity
(Figure 3B) (110). This shows that also in schizophrenia, micro-
scale and macroscale observations of disease-related disrup-
tions go hand in hand, indicating that they interact or may even
be part of the same process.
eptember 2018; 3:767–776 www.sobp.org/BPCNNI
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SUMMARY AND FUTURE PERSPECTIVES

Strong microscale and macroscale associations have been
observed in connectomes of many species and across a wide
range of modalities. Microscale regional characteristics are
consistently associated with, or even predictive of, macro-
scale connectivity patterns. Similar multiscale connectomics
patterns have been reported in both the structural and the
functional connectome, with most brain regions primarily
connecting to other regions with similar microscale charac-
teristics. Conversely, a relatively small subset of highly con-
nected multimodal hub regions is characterized on the
microscale by an agranular cortical type, larger neuron
complexity, and gene expression profiles supportive of
increased cellular signaling and metabolism.

Considering the wide variety of measures reported to be
associated with macroscale connectivity, some notable over-
lap between characteristics can be observed. Broadly, two
types of microscale and macroscale associations can be
observed. The first concerns a general observation [as
described in (5)] that regions that share a connection (be it
structural or functional) tend to have larger microscale archi-
tectural similarity than unconnected regions [see, for instance,
(43,47,55,59,70,72)]. The second observation is that cortical
regions that have a larger number of connections to the rest of
the brain tend to have a microscale architecture distinct from
regions with fewer connections. More highly connected (hub)
regions tend to be of a more agranular structural type (54,68)
and to have a more complex neuronal morphology (48,60)
having a neuronal architecture that is suited for highly inte-
grative and computational processing.

Multiscale connectomics studies of (early) brain develop-
ment could provide novel insights as to when and how
microscale and macroscale associations observed in the adult
brain arise. Exploring potential temporal dynamics of plasticity
and aging in the interplay between microscale and macroscale
brain organization would be of great interest and may provide
an important starting point for computational models of com-
plex brain function. Furthermore, studies into mechanisms of
brain disorders employing multiscale connectomics could
extend microscale and macroscale comparisons to other brain
disorders, such as autism spectrum disorder, attention-deficit/
hyperactivity disorder, amyotrophic lateral sclerosis, or Hun-
tington’s disease.

An important consideration with regard to cross-scale
integration of data in the brain is that microscale organization
and macroscale organization are not mutually independent.
Although some cortical structural variation is too small to be
resolved using MRI, it can influence the MRI signal at the voxel
level. Another point to note is the limitation posed by the
integration of data acquired from disparate samples, some-
times many years apart. Microscale measures of cortical
structure are typically invasive, and—certainly in the case of
the human brain—such analyses are performed postmortem in
a very limited number of samples. Considering the importance
of interindividual variability in regional cortical structure [e.g.,
as described in (111–113)], the possibility should be kept in
mind that owing to the typical low number of samples
included, resulting data are potentially not representative of the
population as a whole.
Biological Psychiatry: Cognitive Neuroscience and Neuroi
Advancing from comparisons employing information
collated across different sources and individuals for multiscale
connectomics studies, ideally future endeavors would aim to
directly compare high-resolution brain-wide multiscale data
within individual subjects. A nonexhaustive list of measures of
interest could include classical measures such as neuron
density, neuron morphometry, myelination, and synapse den-
sity such as collated previously across the literature. These
could be complemented by expanding existing datasets with
whole-brain quantification of other microscale measures, such
as glial and specific interneuron density, inflammatory markers,
or brain-wide layer-specific gene expression profiles together
with high-resolution neuroimaging protocols. Such a broad
large-scale data acquisition is a monumental task, and the
feasibility of such an endeavor would arguably be for a large
part dependent on innovations in automated tissue processing
and quantification as well as big data type analyses. Never-
theless, direct multiscale observations in multiple subjects or
even across control and patient groups could provide a great
leap in our understanding of the interplay of multiple scales of
brain organization in health as well as in brain disease.
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