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Brief Communications

Bridging Cytoarchitectonics and Connectomics in Human
Cerebral Cortex
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The rich variation in cytoarchitectonics of the human cortex is well known to play an important role in the differentiation of cortical
information processing, with functional multimodal areas noted to display more branched, more spinous, and an overall more complex
cytoarchitecture. In parallel, connectome studies have suggested that also the macroscale wiring profile of brain areas may have an
important contribution in shaping neural processes; for example, multimodal areas have been noted to display an elaborate macroscale
connectivity profile. However, how these two scales of brain connectivity are related—and perhaps interact—remains poorly under-
stood. In this communication, we combined data from the detailed mappings of early twentieth century cytoarchitectonic pioneers Von
Economo and Koskinas (1925) on the microscale cellular structure of the human cortex with data on macroscale connectome wiring as
derived from high-resolution diffusion imaging data from the Human Connectome Project. In a cross-scale examination, we show
evidence of a significant association between cytoarchitectonic features of human cortical organization—in particular the size of layer 3
neurons—and whole-brain corticocortical connectivity. Our findings suggest that aspects of microscale cytoarchitectonics and mac-

roscale connectomics are related.
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One of the most widely known and perhaps most fundamental properties of the human cortex is its rich variation in cytoarchitec-
tonics. At the same time, neuroimaging studies have also revealed cortical areas to vary in their level of macroscale connectivity.
Here, we provide evidence that aspects of local cytoarchitecture are associated with aspects of global macroscale connectivity,
providing insight into the question of how the scales of micro-organization and macro-organization of the human cortex are
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Introduction

The human brain comprises a complex network of neural con-
nections known as the human connectome. At the microscale,
neurons are linked by dendrites, axons, and synapses, ensuring
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transmission, dissemination, and integration of neural informa-
tion. In parallel, at the macroscale level of brain organization,
cortical and subcortical regions are connected by long-distance
white matter projections, enabling neural communication and
integration of information across different parts of the brain.
However, how these two scales of brain organization relate—or
perhaps interact—remains poorly understood.

Evidently, organizational features at both the microscale and
macroscale are of crucial importance to brain functioning. Work
of neuroanatomists such as Brodmann (1909); Vogt and Vogt
(1903), and Von Economo and Koskinas (1925) revealed a rich
variety in cytoarchitecture of the human cortex and, expanding
the thoughts of these early pioneers, contemporary neuroanat-
omy studies have suggested that cytoarchitectonic differentiation
may play a fundamental role in the type of information processed
by cortical areas (Sanides, 1970; Zilles et al., 2015a,2015b; Barbas,
2015). Additional support for such theories may come from stud-
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A, Digital version of the cytoarchitectonic Von Economo and Koskinas (1925) parcellation (left) and the mapped subregions of the Desikan-Killiany (DK-57) atlas (right). B, Nodal

strength of macroscale connectivity for the DK-57 regions (left hemisphere). C, Derived Von Economo—Koskinas values of neuron size for the six layers mapped on the DK-57 areas. D, Regions

considered as connectome hubs based on their macroscale projections.

ies examining the organization of neurons by means of Golgi
staining techniques showing that associative frontal areas of
the human and macaque cortex (e.g., BA 46/10/11) display elab-
orate neuronal architectures with larger, more branched, and
more spinous pyramidal neurons compared with unimodal pri-
mary regions (e.g., BA 17/41/42) (Jacobs et al., 2001; Elston, 2003;
Yuste, 2011). Together, these observations have led to influential
theories on regional differences in cytoarchitecture and the asso-
ciated degree of laminar differentiation to play a pivotal role in
shaping the dynamics of neural processing and corticocortical
communication (Zilles et al., 2015a, 2015b; Barbas, 2015; Mesu-
lam, 1998).

In parallel, studies examining connectivity at the macroscale
level of brain organization have suggested that the brain’s global
network structure of large-scale white matter projections may
play an important role in neural processing. For example, mac-
roscale connectome studies have suggested large variation in the
connectivity profiles of cortical regions, with some regions show-
ing predominantly local short-range projections and other re-
gions displaying more elaborate connectivity profiles suitable for
sending and receiving neural information across different parts
of the cortex. Somewhat analogous to the microscale, regional
variation in macroscale connectivity profile has been directly re-
lated to the type of information processed by cortical regions,
with densely wired “brain hubs” noted to show high spatial over-
lap with functional multimodal association areas and, accord-
ingly, being thought to act as central integration zones of the
cortex (for review, see van den Heuvel and Sporns, 2013).

While it is thus apparent that features of connectivity at both
the microscale and macroscale play a pivotal role in brain func-
tioning, it is much less clear how these two scales of neural con-
nectivity are related. In this brief communication, we show
evidence of a putative microscale—-macroscale relationship across
the human cortical mantle by combining data from the cortical

mappings of cytoarchitectonic pioneers Von Economo and Ko-
skinas (1925) with data on macroscale connectome organization
as derived from high-resolution diffusion MRI data from the
Human Connectome Project (HCP) (Van Essen et al., 2013).

Materials and Methods

Von Economo and Koskinas cytoarchitectonic metrics

Cytoarchitectonic mappings of the human cortex were taken from the
1925 Von Economo and Koskinas work Die Cytoarchitektonik der Hirn-
rinde des erwachsenen Menschen (Von Economo and Koskinas, 1925)
[translated Cytoarchitectonics of the Adult Human Cerebral Cortex (Tri-
arhou, 2008)]. As described in their accompanying 1925 writings and in
Von Economo’s 1927 writings, Zellaufbau der Grosshirnrinde des Men-
schen, based on a series of his teaching lectures (von Economo, 1927) and
translated as Cellular Structure of the Human Cerebral Cortex (Triarhou,
2009), Von Economo and Koskinas described a parcellation of the whole
human cortex into 48 “Grundareae” regions (“ground” areas), with a
finer parcellation into 76 smaller “Varianten” (“variants”). For 51 re-
gions (40 ground areas and 8 variants covering the whole cortex, together
with three hippocampal areas), Von Economo and Koskinas listed de-
tailed tables including layer specific information on (1) neuronal count
per cubic millimeter, (2) layer width, and (3) neuron width and length
defining neuron size (taken here as an ellipse multiplication of the re-
ported cell width and length; Von Economo and Koskinas, 1925). The 48
cortical regions were manually mapped to a 57-region subdivision of the
FreeSurfer Desikan-Killiany atlas (describing 57 regions in each hemi-
sphere; Fig. 1; Fischl et al., 2004; Hagmann et al., 2008) using the original
1925 and 1927 text and drawings. The drawings were overlaid and man-
ually projected onto a 3D cortical surface reconstruction of the Free-
Surfer average brain (Fischl et al., 2004) from which the overlap with the
DK-57 atlas was determined. A complete textual and visual description of
this mapping (together with a validation for the DK-57 atlas, as well as for
atlases with other resolutions) was performed as part of a recent study in
which we examined the validity of MRI T1-based estimates of cortical
thickness by means of ground-truth histological examinations of cortical
mantle width by Von Economo and Koskinas (Scholtens et al., 2015).
Mapping resulted in a listing of cytoarchitectonic values for each of the
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A, Correlation matrix between all 18 microscale cytoarchitectonic metrics (6 layers X 3 metrics) and the two examined macroscale connectome values (degree and strength). B, Positive

association between layer 3 neuron size (y-axis) and macroscale connectivity strength of cortical regions (i.e., nodal strength, x-axis). Insert shows the association between layer 3 neuron size (y-axis)
and intrahemispheric nodal strength (x-axis, left hemisphere). €, Panels illustrate an absence of a micro—macro association for the other layers.

DK-57 regions, describing 18 [3 (neuron count, layer thickness, and
neuron size) X 6 (layers)] metrics of cytoarchitectonic organization for
each cortical area.

Supragranular architecture. In addition to layer specific neuron count,
the degree of supragranular differentiation of cortical regions was com-
puted. The relative number of originating supragranular neurons
(SGN%) is often used as a metric of the degree of laminar differentiation
and has been noted to form an important marker for the distribution of
corticocortical projections (Hilgetag and Grant, 2010). Following the
definition of Barbas and coworkers (Barbas and Rempel-Clower, 1997;
Hilgetag and Grant, 2010), the degree of laminar differentiation SGN%
was computed as the balance between SGN and infragranular neurons
(IGN) as SGN/(SGN + IGN), with SGN the number of neurons in su-
pragranular layers 2 and 3, computed as the Von Economo and Koskinas
reported neuron count per cubic millimeter multiplied by regional layer
thickness and cortical surface area, and IGN the total number of neurons
in infragranular layers 5 and 6.

Macroscale MRI connectome reconstruction and analysis

Connectome reconstruction. High-resolution diffusion-weighted data
from the HCP (Van Essen et al., 2013; Q3 release; n = 215 subjects, males
and females mixed, age 2235 years; imaging parameters: voxel size 1.25
mm isotropic, TR/TE 5520/89.5 ms, 270 diffusion directions with diffu-
sion weighting 1000, 2000, or 3000 s/mm?) was used to reconstruct a
macroscale human connectome map. Diffusion weighted imaging data
processing included the following: (1) eddy current and susceptibility
distortion correction, (2) reconstruction of the voxelwise diffusion pro-
file using generalized q-sampling imaging, and (3) whole-brain stream-
line tractography (for details on HCP connectome reconstruction, see
also de Reus and van den Heuvel, 2014). Cortical segmentation and
parcellation was performed on the basis of a high-resolution T1-
weighted image (voxel size: 0.7 mm isotropic) of each subject using Free-
Surfer (Fischl et al., 2004), automatically parcellating the complete
cortical sheet into 114 distinct regions (57 per hemisphere) using the
DK-57 atlas (Cammoun et al., 2012). For each individual subject,a 114 X
114 connectivity matrix was formed, representing for each pair of regions
their reconstructed pathways. The strength of the reconstructed connec-
tions was measured using the notion of streamline density, computed as
the number of tractography streamlines that touched both cortical re-
gions divided by their average cortical surface area (Hagmann et al.,

2008). A group-level human connectome map was formed by taking the
nonzero mean across the individual connectivity matrices, including
connections that were observed in at least 60% of the subjects (van den
Heuvel and Sporns, 2011).

Connectome analysis. With the connectome map describing a mathe-
matical graph for each cortical region, the level of nodal degree was
computed as the number of binary connections of a region and the level
of nodal strength was computed as the total sum of connectivity strength
across all reconstructed projections of a region. Because the Von
Economo and Koskinas mappings did not distinguish between hemi-
spheres, nodal connectivity properties of the left hemispheric regions
were taken for analysis.

Statistical analysis

Associations between regional variation in cytoarchitectonic features and
macroscale connectome properties were examined by means of Pearson
correlation analysis. Correlations reaching a partial Bonferroni o of
0.0083 [0.05/(3 X 2)] were taken as significant, corresponding to 3 mi-
croscale factors derived from a principal component analysis on the 18
micrometrics, with the 3 components describing >99% of the variance
and the 2 macrometrics (nodal degree and strength). For additional tests,
a Bonferroni threshold of 0.05/4 = 0.0125 was taken.

Results
Figure 2A shows the full matrix of correlation values between the
examined microscale and macroscale metrics. Layer 3 neuron
size significantly correlated to the regional connectivity strength
of macroscale connectome pathways (r = 0.37, p = 0.0039; Fig.
2B; effect reaching partial Bonferroni correction). Examining
nodal strength across intrahemispheric connections (i.e., thus
taking the strength of a node as the sum over its intrahemispheric
corticocortical connections) revealed a similar positive associa-
tion with layer 3 neuron size (r = 0.39, p = 0.0027; Fig. 2B,
insert). Other layers (layer 1, 2, 4, 5, and 6) showed no clear link
between nodal strength and neuron size (Fig. 2C, all p > 0.05).
Looking into the layer 3 cortical association in more detail, no
effect was found with total neuron count (r = 0.034, p = 0.79; Fig.
2A). Partial correlation of nodal connectivity strength with layer
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Figure3.  Association between cortical variation in macroscale connectivity (nodal strength, x-axis) and the microscale level of

Laminar differentiation

SGN% was found to be significantly cor-
related to regional variation in macroscale
connectivity strength (r = 0.38, p = 0.0045; Fig. 3), with more
densely connected cortical areas showing an overall more devel-
oped supragranular structure.

Hubs, communities, and cytoarchitectural overlap

Hub regions—selected as the top 20% highest degree nodes in the
network (van den Heuvel and Sporns, 2011)—included subre-
gions of the caudal middle frontal cortex, inferior and superior
parietal cortex, middle and superior temporal cortex, subparts of
the inferior (parsopercularis) and superior frontal gyrus, precu-
neus, as well as the most inferior subpart of the precentral gyrus
(Von Economo—Koskinas region FB/FBop, inferior part of Brod-
mann Area 6) and subparts of the supramarginal gyrus and
insular cortex, regions highly consistent with those described pre-
viously (Hagmann et al., 2008; van den Heuvel and Sporns, 2011;
Fig. 1D). This set of network hubs showed, on average, larger
layer 3 neurons (1.29 times larger, p = 0.0112, permutation test-
ing, 10,000 permutations) compared with peripheral nodes
(meaning low-degree regions). [Hub selection thresholds of 10%
(1.33X, p = 0.0226, not reaching Bonferroni correction) and
30% (1.25X, p = 0.0122) revealed similar findings.]

Next, we examined regional involvement in connectome
communities and overlap in the cytoarchitectonic profile of cor-
tical regions. Between all pairs of cortical areas, region-to-region
correspondence in the cytoarchitectonic profile was computed by
correlating profiles of regions (before computing the correlation
coefficients each microscale factor was normalized by dividing by
the mean and redistributing the values to a Gaussian distribu-
tion). Cortical regions belonging to the same structural network
community (module detection using Newman’s modularity al-
gorithm identified 5 anatomical communities) showed a signifi-
cantly higher cytoarchitectural correspondence than region pairs
belonging to communities (1.25 times higher, p = 0.0028, per-
mutation testing 10,000 permutations).

Discussion

Our findings provide evidence of a correlation between mi-
croscale cytoarchitectonics and macroscale connectomics of hu-
man cortex. We show that macroscale connectivity of cortical
regions is not directly related to neuronal count and/or layer
thickness of the cortical mantle [noted to correspond well to
MRI-derived estimates of cortical thickness (Scholtens et al.,

supragranular organization (SGN%, y-axis).

2015)]. Rather, our findings show that the organization of mac-
roscale projections correlates with cortical variation in neuron
size, in particular the size of neurons in cortical layer 3. Further-
more, more developed supragranular structure of cortical areas
was found to be associated to stronger corticocortical macroscale
connectivity. Supragranular layers (and in particular layer 3) of
the mammalian cortex are known to form a primary layer for
long-range corticocortical communication (for overview, see Ja-
cobs et al., 1997; Jacobs et al., 2001; Schuz, 2002; Barbas, 2015),
supporting our observation that macroscale connectivity is re-
lated to microscale cytoarchitectonic properties.

The monumental—but perhaps by today’s neuroscientists
sometimes forgotten—1925 work of Von Economo and Koski-
nas is arguably one of the most detailed and most complete list-
ings of cytoarchitectonic features of the human cortical mantle,
but it is of course inherently limited by the technology and meth-
odology of that time (for discussion, see Triarhou, 2009; Amunts
and Zilles, 2012). The writings of Von Economo and Koskinas
(1925) do not mention the exact number of samples, making the
study power perhaps less than we are used to in modern day
examinations. Von Economo and Koskinas nevertheless explic-
itly state that every region was consistently observed in all
investigated samples, with recordings based on histological ex-
aminations of—as they emphasize—“zahlreichen Gehirnen”
(“numerous brains”; Von Economo and Koskinas, 1925) of
healthy subjects (i.e., no reported history of neurological and/or
psychiatric disorders). Furthermore, it should be noted that the
from the work of Von Economo and Koskinas (1925) derived
metric of cell size— derived from their at that time newly adopted
notation of “Schlankheit” (slenderness) of a neuron (Von
Economo and Koskinas, 1925)—includes a simplified metric of
neuronal organization compared with metrics provided by mod-
ern day 3D techniques that allow for complete reconstructions of
neuron dendritic trees and detailed measurements of spine
count, spine type, and so forth (Jacobs et al., 2001; Lichtman and
Sanes, 2008). To provide some insight into this matter, we exam-
ined the value of layer 3 neuron size as an indicator for neuronal
complexity in a post hoc analysis. Examining layer 3 pyramidal
neuron size in a recently collated dataset on layer 3 neuronal and
dendritic organization of cortical regions in the macaque cortex
(Elston, 2003; Scholtens et al., 2014), we observed pyramidal
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soma size to be highly correlated to measurements of dendritic
tree size (r = 0.67, p = 0.0013), spine count (r = 0.71, p =
0.0004), and spine density (number of spines per unit of tree
length, r = 0.72, p = 0.0005), suggesting that neuron soma size is
a simplistic but nevertheless useful marker for neuronal
organization.

With neurons most often interpreted as being biological ac-
cumulators and integrators of neural information, larger neuron
size and accompanying higher complexity of dendritic branching
has been related to a higher neural processing and integration
capacity of cortical areas (Elston et al., 2001; Yuste, 2011). In their
work on morphological aspects of pyramidal neurons in the ma-
caque cortex, Elston and colleagues noted a gradient of pyramidal
complexity from posterior to anterior regions, with association
regions showing more elaborate pyramidal organization (Elston,
2003; Scholtens et al., 2014). From a functional perspective on
brain processes, the “global workspace hypothesis” (Dehaene et
al., 1998) describes the existence of a functional system in which
information can be integrated through means of abundant com-
munication and interaction, a system that is hypothesized as a
distributed set of cortical regions with dense levels of mutual and
bidirectional projections and, to be able to process high amounts
of neuronal information, a system of multimodal regions with an
elaborate cytoarchitectonic organization (Dehaene and Nac-
cache, 2001). Studies have identified hub regions in the mamma-
lian cortex to constitute a widespread anatomical “rich club”
system with an above average level of mutual and mostly recip-
rocal interregional connectivity (van den Heuvel and Sporns,
2013) and, from this, we and others have hypothesized the neural
rich club to form an ideal candidate for an anatomical substrate
of a global workspace in the mammalian brain (for review, see
van den Heuvel and Sporns, 2013). We argue that our current
findings add another piece to this puzzle, confirming macroscale
high-degree hub areas of the human cortex to indeed, as hypo-
thesized, display an intricate neuronal organization on the
microscale.

The notion of an association between microscale and mac-
roscale properties of neural connectivity and complexity is con-
sistent with recent observations from animal studies. Beul et al.
(2014) reported that cytoarchitectonic classes of areas of cat cor-
tex overlap with patterns of macroscale connectivity as derived
from tract-tracing experiments. We previously reported the neu-
ral complexity (e.g., spine density, dendritic branching) of layer 3
pyramidal neurons of a subset of areas of macaque cortex to be
related to macroscale connectivity of cortical regions (Scholtens
et al., 2014). Extending such observations now to the whole hu-
man cortex, our findings converge on the notion of architectonic
aspects of connectivity at the microscale and macroscale level of
brain organization to be associated—and to possibly interact—to
shape the flow of corticocortical communication (Barbas, 2015;
van den Heuvel et al., 2012).

Our study shows encouraging findings of an association be-
tween microscale cytoarchitectonics and macroscale connecto-
mics of the human cortex, but several aspects have to be taken
into account when interpreting the results. It has to be noted that,
in addition to limitations concerning the dimensionality of the
Von Economo and Koskinas cytoarchitectonic mappings (see
above), the reconstructions of macroscale connectome maps
are also inherently limited by the techniques used. Even though
the data of the HCP is of very high quality, diffusion tractography
remains a technique that depends on indirect information (the hin-
dered diffusion of water molecules by fiber structure) for the recon-
struction of anatomical pathways. As a result, diffusion tractography
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is known to have limitations with respect to the reconstruction of
white matter projections in areas with a complicated pathway layout
and has been argued to involve both overrepresentations and under-
representations of connectivity (Jbabdi and Johansen-Berg, 2011)
compared with animal tract tracing-based connectome maps
(Markov et al., 2013).

Our findings converge on the notion that aspects of the brain’s
smallest and largest organizational features of neural connectivity
are associated (Oh et al., 2014). Studying the fundamental inter-
play between microscale and macroscale properties of human
brain connectivity might form a fruitful new framework for the
examination of dysconnectivity effects in neurological and psy-
chiatric brain disorders because many are reported to involve
affected connectivity on both ends of the organizational scale.

Notes

Supplemental material for this article (a description of Von Economo
and Koskinas mapping to the Desikan-Killiany atlas) is available at www.
dutchconnectomelab.org. This material has not been peer reviewed.
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