Cerebral Cortex, 2023, 33, 10959-10971

https://doi.org/10.1093/cercor/bhad314
Advance access publication date 4 October 2023

Original Article

OXFORD

Structural connectivity of the multiple demand network
in humans and comparison to the macaque brain

Katrin Karadachka (®)**, Moataz Assem (")2, Daniel J. Mitchell?, John Duncan?, W. Pieter Medendorp?, Rogier B. Mars'3

1Donders Institute for Brain, Cognition and Behaviour, Faculty of Social Sciences, Radboud University Nijmegen, 6525HR Nijmegen, The Netherlands,

2MRC Cognition and Brain Sciences Unit, University of Cambridge, Cambridge CB2 7EF, United Kingdom,

3Wellcome Centre for Integrative Neuroimaging Nuffield Department of Clinical Neurosciences, John Radcliffe Hospital, University of Oxford, Headington, Oxford
0OX3 9DU, United Kingdom

*Corresponding author: Katrin Karadachka, Maria Montessori building, 4 Thomas van Acquinostraat, 6525 GD Nijmegen, The Netherlands.
Email: katrin.karadachka@donders.ru.nl

Fluid intelligence encompasses a wide range of abilities such as working memory, problem-solving, and relational reasoning. In the
human brain, these abilities are associated with the Multiple Demand Network, traditionally thought to involve combined activity of
specific regions predominantly in the prefrontal and parietal cortices. However, the structural basis of the interactions between areas
in the Multiple Demand Network, as well as their evolutionary basis among primates, remains largely unexplored. Here, we exploit
diffusion MRI to elucidate the major white matter pathways connecting areas of the human core and extended Multiple Demand
Network. We then investigate whether similar pathways can be identified in the putative homologous areas of the Multiple Demand
Network in the macaque monkey. Finally, we contrast human and monkey networks using a recently proposed approach to compare
different species’ brains within a common organizational space. Our results indicate that the core Multiple Demand Network relies
mostly on dorsal longitudinal connections and, although present in the macaque, these connections are more pronounced in the
human brain. The extended Multiple Demand Network relies on distinct pathways and communicates with the core Multiple Demand

Network through connections that also appear enhanced in the human compared with the macaque.
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Over the last two decades, functional neuroimaging has identified
a set of cortical regions that form part of the brain’s response to
many different types of cognitive challenge (Duncan 2010). This
system, termed the Multiple Demand Network (MDN), consists
mostly of specific lateral prefrontal, medial frontal and intrapari-
etal regions, in addition to some temporal areas (Assem et al.
2020a), that are active when cognitive demands are high. The
network’s similarity to patterns of activation correlating with
performance on intelligence and working memory tests (Bishop
etal. 2008) led to direct investigations that showed that the system
is crucial for supporting fluid intelligence (Woolgar et al. 2018). It
has been proposed that MDN regions lie at the heart of cognitive
integration, selecting diverse components of cognitive operations
across multiple brain systems and binding them together into
appropriate roles and relations (Miller and Cohen 2001; Cole and
Schneider 2007; Duncan 2010; Fusi et al. 2016).

Although the functional organization of the MDN is well char-
acterized (Assem et al. 2020a, 2022), its structural connectivity is
not. This is surprising given that the MDN consists of clusters of
regions located in separate parts of the cortex, suggesting their
communication relies on long-range fiber connections. Integrity
of large white matter tracts has also been shown to correlate with
general fluid intelligence abilities (Hadsz et al. 2013). Moreover,
damage to connections between distant networks nodes, rather
than damage to the gray matter itself, is now seen as a core

contributor to many neurological syndromes (Thiebaut de
Schotten et al. 2020). Indeed, white matter tracts hypothesized
to underlie the MDN show a correlation of various indices of
structural connectivity with a measure of fluid intelligence
(Chen et al. 2020). These results indicate that identifying the
structural connectivity underpinning the MDN would help further
understand both its function and its variation across individuals.

Investigating structural connectivity also opens ways to com-
pare the MDN across species. Many of the areas that form the
MDN are regions that evolved or expanded in primates, such as
posterior parietal cortex (Goldring and Krubitzer 2017) and parts
of prefrontal cortex (Wise 2008; Passingham 2021). We should
therefore expect that a homolog of MDN is present in other pri-
mate species. Indeed, electrophysiological studies in the macaque
have shown promising results (Kadohisa et al. 2020). Although
some early work focused on specifying the areas that form a puta-
tive macaque MDN (Mitchell et al. 2016), new methods allowing a
quantitative comparison based on white matter tracts (Mars et al.
2018a) have the potential to make a more complete assessment
of the similarity in organization of areas that belong to the MDN
across species. Moreover, recently, a more fine-grained delineation
of the MDN was presented by Assem et al. (2020a), who divided
the network into a main set of 10 “core” regions and a set of
17 “extended” regions that likely provide support for the func-
tioning of their core counterparts. It is therefore also useful to
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revisit previous between-species results in light of this new MDN
characterization.

Here, we address both issues. We start by mapping the white
matter tracts connecting regions of the MDN in healthy humans,
using both the “core” and “extended” sets of regions assigned to
the MDN in high detail in recent work (Assem et al. 2020a). We
then repeat the analysis in the macaque monkey for regions pre-
viously identified as forming a putative MDN (Mitchell et al. 2016).
We then apply a comparative mapping approach to compare
the networks’ regions across species in terms of their structural
connectivity profiles. Together, these results will allow us to both
identify the structural basis of the MDN and identify which parts
of the network are conserved across the human and macaque
monkey.

Materials and methods
Human and macaque diffusion data

Human diffusion and structural brain data consist of eight
healthy adult participants, selected at random (3 females; age
range: 22-35 yr; mean=29.6) from the S1200 subjects release
of the Human Connectome Project (HCP) database (WU-Minn
Consortium, funding provided by the NIH Neuroscience Blueprint
Institutes and Centres (Van Essen et al. 2013)). We note that
the sample of 8 human HCP brains was chosen to provide a
sample size comparable to that of the macaques (see below).
Although the sample size is smaller than in some studies on
human connectivity, the protocols we used to identify white
matter connections were designed to be robust across sample
sizes; previous work showed that our group size shows 93%
correlation in tract layout across subjects (Warrington et al. 2020,
Supplementary Fig. 2).

The data consisted of isotropic 1.25-mm voxels acquired in a
multi-shell sequence with b-values 1,000, 2,000, and 3,000 over
90 diffusion-weighting directions, as well as 8 non-diffusion-
weighted (b-value=0) volumes, in each shell in both left-right
and right-left phase encoding directions. Data were acquired on
a customized 3T Siemens Skyra scanner using a single-shot 2D
spin-echo multiband EPI acquisition protocol. In addition, T1- and
T2-weighted images were acquired with 0.7-mm isotropic voxels
and a TR of 2.4 and 3.2 s, respectively. All data were preprocessed
using the HCP’s minimal preprocessing pipeline, described in
detail elsewhere (Glasser et al. 2013; Sotiropoulos et al. 2013). In
brief, the data from the different modalities were registered to one
another and to MNI standard space; the T1- and T2-weighted data
were used to create cortical surfaces. Finally, the diffusion MRI
data were preprocessed to create posterior distributions of fiber
orientations for probabilistic tractography using FSL’s bedpostX
(Behrens et al. 2007; Jbabdi et al. 2012).

Macaque data consist of post-mortem diffusion MRI data from
eight (Macaca mulatta) brains (two females, age range at death 11—
15 years old). Data were acquired and preprocessed as detailed in
previous communications (Roumazeilles et al. 2022; Bryant et al.
2021). Formalin-fixed brains were rehydrated in a PBS solution one
week prior to scanning and placed in fomblin or fluorinert for
the scanning procedure. The diffusion-weighted MRI data were
acquired from the whole brain using a 7T preclinical MRI scan-
ner (Varian, Oxford UK) using a 2D diffusion-weighted spin-echo
multi-slice protocol with single line readout (DW-SEMS; TR=10's;
TE=26 ms; Matrix size=128 x 128 with a sufficient number of
slices to cover the brain; 0.6 mm isotropic voxels). A total of 16
non-diffusion-weighted (b=0 s/mm?) and 128 diffusion-weighted
(b=4,000 s/mm?) volumes were acquired with diffusion encoding

directions evenly distributed over the whole sphere (single shell
protocol).

Macaque data were preprocessed using the protocol imple-
mented in the module “phoenix” of the MR Comparative Anatomy
Toolbox (Mr Cat; www.neuroecologylab.org). We first converted
the datasets to an NIFTI format, then built an image based on
the volumes acquired without a diffusion gradient as well as a
binary mask of this image. Using tools from FSL (www.fmrib.ox.ac.
uk/fsl), we then fitted a diffusion tensor model using FSL’s dtifit.
Following the preprocessing, bedpostX (Behrens et al. 2007) was
used to fit a crossing fiber model to the data, allowing for three
fiber orientations.

Identification of canonical MDNs

MDN maps for the human were derived in previous work by
Assem et al. (2020a). The maps were created by conjunction of
functional activation from fluid intelligence related tasks [work-
ing memory (hard vs easy), math vs story, relational reasoning
(hard vs easy)]. These functional maps were then parcellated
for each subject using an individual-specific multi-modally par-
cellated surface (MSMAIll, Robinson et al. 2014, 2018; Glasser
et al. 2016), whereby beta values across vertices were averaged
resulting in one value per cortical area and per subject. The
conjunction revealed a set of 27 parcels overall with 10 core MDN
parieto-frontal regions surrounded by 17 extended MDN regions.
The core MDN regions showed significantly higher correlation
in functional activity among themselves, when compared with
the extended regions and even more so when their functional
connectivity was compared the with the rest of the brain (Assem
et al. 2020a). The putative macaque MDN was derived in Mitchell
et al. (2016), where a previously established human MDN map
(Fedorenko et al. 2013) was warped onto a macaque atlas space
(F99). The resulting warp was iteratively optimized, taking into
consideration established borders of anatomical cortical regions
in the macaque brain as well as the putative regions’ connectivity
correlation strength with each other and compared with the rest
of the brain, using data from resting state fMRI in 35 rhesus
macaques under anesthesia. The identified MDN clusters most
strongly overlapped with a set of 24 cortical regions. For our
fingerprint connectivity analysis of these regions, we used the
composite LV-FOA-PHT parcellation of macaque cortical surface
created by Van Essen et al. (2012), based on landmark-constrained
surface-based registration of serveral atlases.

Structural connectivity fingerprints
Structural connectivity fingerprints

Connectivity of each MDN area, on the right hemisphere of the
brain, was assessed using connectivity fingerprints, which are
here defined as surface descriptions of connections of each part
of the cortical surface with the main white matter fiber bun-
dles. The connectivity fingerprint is constructed as follows: first,
each of the major fiber bundles is reconstructed in each brain
using a series of standardized tractography recipes in standard
space. These recipes have been validated previously (Mars et al.
2018a; Warrington et al. 2020) and are defined in such a way
as to create homologous tracts across the human and macaque
monkey brain. The reconstructed bundles were arcuate fascicle
(AF); anterior and superior thalamic radiations (ATR, STR); peri-
genual (CBP), dorsal (CBD), and temporal (CBT) subdivisions of
the cingulum bundle; corticospinal tract (CST); frontal aslant (FA);
forceps major (FMI) and minor (FMA); fornix (FX); inferior (ILF) and
middle longitudinal fascicle (MDLF); first (SLF1), second (SLF2),
and third (SLF3) branches of the superior longitudinal fascicle
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(SLF); middle cerebellar peduncle (MCP); optic (OR) and acoustic
radiations (AR), uncinate fascicle (UF); vertical occipital fascicle
(VOF).

All recipes were identical for the human and the macaque and
similar to previous specification (Warrington et al. 2020), except
for macaque SLF2 and SLF3. The dorsal longitudinal tracts are
very difficult to reconstruct due to the presence of many crossing
fibers in their territory (cf. Mars et al., 2019; Behrens et al. 2007).
We therefore had to adjust our recipes and so instead of tracking
SLF2 and SLF3 in a single recipe consisting of a central seed
and anterior and posterior waypoint, we used a recipe consisting
of a central seed and anterior target to reconstruct the SLFs
for the frontal cortex only. Without this adjusment, these tracts
would fail to reach anteriorly in the frontal lobe in a way that is
analogous to the known course of the tracts (Schmahmann and
Pandya 2006).

Tract reconstruction recipes were initially transformed from
standard to subject native space where probabilistic tractography
was performed. This resulted in tractograms, which were normal-
ized according to the total number of valid streamlines delineated
by the tractography algorithm and binarized (Warrington et al.
2020). Finally, we created a group averaged tractograms of each
white matter tract per species.

Following creation of the tractograms, for each human and
macaque subject, we performed tractography from each vertex of
the cortical midthickness surface toward each brain voxel, to cre-
ateacortical area x brain connectivity matrix. We then created an
average cortex x brain connectivity matrix across all subjects per
species. Finally, the tractograms and this matrix were multiplied
to create a tract x cortex matrix, the connectivity blueprint for
both species (Mars et al. 2018a). From this connectivity blueprint,
the connectivity profile of each region of the MDN was created
by averaging the appropriate rows of the matrix. Each region’s
connectivity profile describes the likelihood of it being reached
by each of the major white matter fiber bundles. We display the
connectivity profile or ‘connectivity fingerprint’ of a region as a
polar plot, in which stronger connectivity is indicated by a line
further away from the origin. The polar plot is normalized to the
strongest connectivity of that particular fingerprint. Hence, the
polar plot indicates relative strengths of tracts’ connectivity for a
given region, but connectivity values of a particular tract cannot
be compared across different regions.

The above was implemented using FSL's XTRACT and
XTRACT_BLUEPRINT features (Warrington et al. 2020) and
customized Matlab functions from our in-house MR Comparative
Anatomy Toolbox (Mr Cat). All tractography was run in individual
space, following warping from the standard MNI, for human, and
F99, for macaque, space masks using FNIRT, using the standard
settings of PROBTRACKX2. Standard space surfaces consisted of
the Freesurfer average 32 k surface used in the HCP (Glasser et al.
2013; MSMAL]) for the human and the F99 surface (Van Essen et al.
2012) for the macaque.

To compare the connectivity fingerprints of the macaque and
human, we used Kullback-Leibler (KL) divergence—a measure
used to compare probability distributions. In this case, we use
this measure to compare how the connectivity of an area with
the white matter tracts identified above compares to the con-
nectivity of other areas of the same species and, importantly, of
another species (Mars et al. 2018a). One can then represent brain
areas of the two species within a common connectivity space
by submitting the matrix of KL values to a spectral reordering
algorithm, whereby regions that have similar connectivity are
clustered closer together in 2D space and those that are different
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are further away from each other (Higham et al. 2007; Mars et al.
2018a; Warrington et al. 2022). Furthermore, one can identify
which areas in one species are most similar to any given area in
the other species. In this instance, we estimate the top 2% closest
areas in the macaque brain to each region belonging to the human
MDN ROL

Results

Connectivity profile of core human MD network
regions

We first examined how the white matter tracts, common across
human and macaque brains, drive the connectivity profiles of
each of the 10 core MD network regions as delineated by Assem
et al. (2020a) (Fig. 1A).

The majority of areas in the core MD network form a set of
lateral parietal-frontal regions. They are heavily interconnected
by the two most lateral branches of the SLF (Schmahmann and
Pandya 2006; Makris et al. 2005) (Fig. 1B). The origin points of
SLF2, the second branch, are the anterior intraparietal sulcus
and angular gyrus, and its terminations in the frontal lobe are
near the superior and middle frontal gyri (Thiebaut de Schotten
et al. 2011). This is reflected in the predominance of SLF2 in
the connectivity profile of anterior intraparietal region IP1 and
superior and middle frontal regions 16-8, 8C, P9-46V. Similarly,
the third branch of the SLF, SLF3, originates from the parietal
lobe but anteriorly to SLF2, near the supramarginal gyrus, and
terminates near the inferior frontal gyrus (Thiebaut de Schotten
et al. 2011). Our connectivity profiles reflect this with prevalence
of SLF3 over the connectivity of inferior parietal region PFM and
anterior inferior frontal region A9-46V. Intraparietal region IP2
seems to be influenced by both the second and third branches of
the SLF. The AF, which contains both frontal-parietal connections
and connections with the temporal lobe (Catani et al. 2005), also
reaches parts of the lateral core MDN regions, although to a much
lesser extent than the SLF2 and SLF3.

Within the frontal lobe, the frontal aslant, a tract important
for dorsal-medial frontal communication, was present in all con-
nectivity profiles, especially those located more posteriorly in the
frontal lobe, likely aiding communication across the frontal MD
regions. Region IFJP and dorsal region 16-8’s connectivity was most
strongly influenced by this tract, consistent with its proposed
anatomical location (Thiebaut de Schotten et al. 2012).

In addition to lateral fronto-parietal regions, Assem et al.
(2020a) found that there was activation across all three fluid
intelligence tasks in the middle segment of cingulate area SCEF
and more dorsally in area 8BM, leading them to combine the
anterior portion of SCEF and area 8BM into a single label, term
8BM/SCEF. We examined the connectivity profile of 8BM/SCEF
accordingly. This area was reached by the most medial branch
of the SLF, SLF1, but also by the dorsal segment of the cingulum
bundle.

Finally, Assem et al. (2020a) delineated region AVI as a core
insular component of the MD network. This region did not appear
to have a strong connectivity with the SLFs. Rather, this region is
in the vicinity of the course of the inferior fronto-occipital (IFO)
fasciculus, the arcuate fasciculus, and the uncinate fasciculus.

Connectivity profile of extended human MDN
regions

The extended MDN adds 17 additional cortical areas to the set
of 10 core regions. Naturally, we observed that regions which
clustered together in close proximity had a similar white matter
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Fig. 1. Connectivity profiles of each region in the MDN as defined by Assem et al. (2020a). (A) Core and extended MDN regions represented on an
inflated and flat surface, right hemisphere. (B) Connectivity fingerprints of core MDN regions, normalized to show the relative degree to which each
white matter tract contributes to the respective region. (C) Normalized connectivity fingerprints of extended MDN regions. (D) Connectivity fingerprints
of temporal regions TEP1 and TEM1 as they relate to the three segments of the arcuate fasciculus. Abbreviations: AF (arcuate fasciculus); AR (acoustic
radiation), ART (anterior radiations: thalamic); CBD (cingulate bundle dorsal); CBP (cingulate bundle peri-genual); CBT (cingulate bundle temporal); CST
(corticospinal tract); FA (frontal aslant); FMA (forceps major); FMI (forceps minor); FX (fornix); IFO (inferior fronto-occipital fasciculus); ILF (inferior
longitudinal fasciculus); MCP (middle cerebellar peduncle); MDLF (middle longitudinal fasciculus); OR (optic radiation); SLF1, SLF2, SLF3 (superior
longitudinal fasciculus branches 1, 2, and 3); STR (superior thalamic radiation); UF (uncinate fasciculus); VOF (ventral occipital fasciculus).



profile, albeit not identical. Frontoparietal connections through
the SLF fiber system again were a predominant feature for a
number of these regions. Unlike the core MDN, however, in the
extended set of regions dorsal longitudinal tracts were not always
the only dominant tracts driving the connectivity fingerprints
(Fig. 1C).

In the frontal cortex, extended MDN regions are mostly located
in the ventral and polar aspects of lateral frontal cortex. Although
the connectivity profile of the polar regions (A10P, P10P, A47R,
P47R) bears some similarity to the connectivity profile of core
area A9-46V, connections to fiber systems other than the SLF
are more prevalent. Interhemispheric connections through the
forceps minor (FMI) of the corpus callosum and thalamic connec-
tions through the anterior thalamic radiation (ART) are present in
these regions’ fingerprints. Of note are the connections of some of
the ventral and polar regions, namely A10P, A4/R, and 11L, with
the temporal lobe, though both the uncinate and inferior fronto-
occipital (IFO) fascicles.

In parietal cortex, some of the extended regions, such as LIPD,
AIP, occipito-parietal PGS, and, to a lesser extent, MIP, follow the
pattern of predominant connectivity with the superior longitudi-
nal fiber system. Lateral parietal extended MDN regions MIP and
PGS show connectivity profiles influenced by occipitotemporal
fibers systems, such as the inferior longitudinal fascicle (ILF) and
IFO fascicles.

The ILF and IFO were also prominentin the connectivity profile
of the two extended MD regions in the lateral temporal cortex,
TEIM and TE1P. In addition, these regions, as well as some of
the lateral parietal regions such as AIP and core region PFM,
are reached by the AF. In the human brain, the AF consists of a
number of subdivisions, namely a frontal-parietal “anterior” seg-
ment, a fronto-temporal “long” segment, and a parietal-temporal
“posterior” segment (Catani et al. 2005). These segments were
recently delineated in a format compatible with our connectivity
fingerprint by Sierpowska et al. (2022), who suggested that the
parietal-temporal connection is much stronger in the human
and in the closely related chimpanzee. We therefore performed
a follow-up analysis to establish which segments of the AF were
most likely to connect to the temporal extended MDN regions.
As can be seen in Fig. 1(D), the temporal MD regions are reached
by both the long and posterior segments, connecting them to the
lateral frontal and inferior parietal cortex, respectively.

Connectivity profile of putative macaque MD
regions

We examined the connectivity profiles of a set of cortical regions
that have been previously suggested to underlie the macaque
MD network (Mitchell et al. 2016). Mitchell and colleagues iden-
tified 8 clusters that partially overlapped 24 regions from the
LV_FOA_PHT atlas, spanning mainly frontal, parietal, and par-
tially temporal cortices, by warping a human MD network map,
derived from fMRI studies (Fedorenko et al. 2013), onto a standard
macaque cortical surface based on multiple anatomical land-
marks, then optimizing based on resting state interconnectivity.
Here, we examine the structural connectivity profile of those
regions.

In the regions overlapping frontal clusters of the putative
macaque MDN (Fig. 2; 46V, 46P, 6VAM, 6VAL, 45, 12, 4C, 6DS),
it is noticeable that the SLF is rarely the most dominant tract,
unlike in the human. This is evident in regions within the lateral
frontal clusters, such as 6VAM, 6VAL, 45, 4C, and 6DS, whose
connectivity profile most strongly implicated the FA, whereas
areas 46V and 46P had dominant connectivity via the FMI and the
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ART. Importantly, although the second and third branch of the SLF
were prominent in the connectivity profiles of these regions, they
overall made up a less substantial part of it.

In the macaque parietal lobe, the prominence of the SLF system
is much more evident, with SLF2 and 3 most strongly represented
in the connectivity profile of 3A, 7B, 7OP, LIPD, and AIP. In addition,
we saw strong connectivity of the AF and dorsal part of the middle
longitudinal fascicle in 70P and to a lesser extent LIPD.

On the medial wall, Mitchell and colleagues identified the dor-
sal region 6M and the more ventrally located 24AB and 24D. Con-
sistent with dorsally located human areas 8BM/SCEF, identified
by Assem et al. (2020a) as part of the core MDN, of these regions
6M was most strongly connected via SLF1. The more ventral 24AB
and 24D showed mostly connectivity to the dorsal part of the
cingulum bundle. This connectivity pattern is similar in human
extended MDN regions D32 and A32PR, although these are located
more anteriorly at the edge of the projection zones of the dorsal
and peri-genual parts of the cingulum bundle. Mitchell et al. (2016)
additionally identified region 6DC that crosses over from dorso-
lateral frontal cortex into anterior cingulate cortex. In our analysis
this region displayed a distinct connectivity profile dominated by
the first subdivision of the SLF. In the macaque, SLF1 projections
reach frontal premotor and supplementary areas, which encom-
pass area 6DC, and connect them to areas in dorso-lateral parietal
cortex and precuneus (Schmahmann and Pandya 2006).

The study by Mitchell and colleagues also identified a cluster
in the lateral fissure of the macaque that did not match human
MD regions. This overlapped S2, and the primary auditory region
A1, with spread into TS and TPT. Areas A1, TS and, TPT's profiles
mainly relied on MDLF, whereas region S2 was reached by the third
division of SLF and, to a lesser extent, ART, MDLF, as well as the
cortico-spinal tract.

In summary, the regions identified by Mitchell and colleagues
as forming the putative MDN in the macaque brain show a pattern
of white matter connectivity that is reminiscent of the human
core MDN, with the superior longitudinal fiber system underlying
most of the connections. It should be noted, however, that those
connections are less dominant in the macaque frontal cortex than
they are in the human.

Human MDN and putative macaque brain
regions within a common connectivity space

The results above show that human core MDN regions are char-
acterized predominantly by connectivity to the dorsal superior
longitudinal fiber system. The same is true for putative macaque
MDN regions, although in the frontal cortex the longitudinal
tracts are supplemented by additional connections. The extended
human MDN regions are served by different fiber systems that are
not reminiscent of the putative macaque MDN regions identified
by Mitchell and colleagues. To formalize these intuitions, we next
created a connectivity embedding, in which we visualize human
and macaque brain organization within the same space (Mars
et al. 2018b). This is possible because we have defined regions in
both species’ brains in terms of their connectivity to homologous
white matter tracts (Mars et al. 2018a; Warrington et al. 2022).
First, we applied a data reduction to the human network, by
clustering all areas of the core and extended MDN based on
their connectivity fingerprints using kmeans clustering (Fig. 4).
This revealed a clear organizational pattern in which regions
belonging to the same networks in terms of their white matter
connectivity were grouped together. This approach identified
a fronto-parietal cluster (core MDN regions PFM, IP2, IFJP,
8C, P9-46V, 16-8, and extended 6R and LIPD), a dorso lateral
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A: PUTATIVE MACAQUE MDN REGIONS

B: CONNECTIVITY FINGERPRINTS OF PUTATIVE MACAQUE MDN REGIONS
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Fig. 2. Connectivity profiles of regions overlapping frontal macaque MDN clusters as defined by Mitchell et al. (2016). (A) Anatomical regions overlapping
putative macaque MDN clusters represented on an inflated and flat surface, right hemisphere. (B) Connectivity profiles, normalized to show the
degree to which each white matter tract contributes to the connectivity of each anatomical regions overlapping frontal MDN clusters with strongest
contribution (4), strong contribution (3), medium contribution (2), low contribution (1), no contribution (0). Abbreviations: AF (arcuate fasciculus); AR
(acoustic radiation), ART (anterior radiations: thalamic); CBD (cingulate bundle dorsal); CBP (cingulate bundle peri-genual); CBT (cingulate bundle
temporal); CST (corticospinal tract); FA (frontal aslant); FMA (forceps major); FMI (forceps minor); FX (fornix); IFO (inferior fronto-occipital fasciculus);
ILF (inferior longitudinal fasciculus); MCP (middle cerebellar peduncle); MDLF (middle longitudinal fasciculus); OR (optic radiation); SLF1, SLF2, SLF3
(superior longitudinal fasciculus branches 1, 2, and 3); STR (superior thalamic radiation); UF (uncinate fasciculus); VOF (ventral occipital fasciculus).
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SPECTRAL EMBEDDING OF HUMAN CLUSTERS WITH PUTATIVE MACAQUE ROIS
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Fig. 3. Human MDN and all macaque brain regions in a 2D common connectivity space. Labeled macaque regions are those listed by Mitchell et al.

(2016) as partially overlapping with putative macaque MDN clusters.

prefrontal cluster (core region A9-46V and extended regions
P47R and P10P), a dorso-medial frontal cluster (core MDN
regions 8BM/SCEF and extended MDN region S6-8, D32, and
A32PR), a ventral frontal cluster (extended MDN regions A47R,
11L, A10P, and FOP5 and core region AVI), a posterior parietal
cluster (extended regions POS2, MIP, PGS and core IP1), and a
temporal cluster (extended regions TE1 and TE2). The clustering
provides a decent separation in clusters consisting of mostly core
regions (the fronto-parietal cluster), hybrid clusters (dorsomedial
frontal and dorsolateral prefrontal clusters), and predominantly
extended regions (ventral frontal, posterior parietal, and temporal
clusters).

We extracted the average connectivity profile of each of
the human clusters and then calculated the KL divergence
between the connectivity fingerprints of all human clusters
and all macaque cortical regions. We then performed a spectral
reordering to visualize all human clusters and macaque regions

within the same two-dimensional connectivity space (Fig. 3)
(Higham et al. 2007). This showed that the human fronto-
parietal cluster occupies a similar position in connectivity space
as most macaque lateral parietal areas, similar to our earlier
observation that their connectivity is mostly driven by the SLF
system.

Near the fronto-parietal cluster, the human dorso-lateral clus-
ter congregates closely to macaque areas 46V, 46P, and 12, as
predicted by Mitchell and colleagues, but also to regions along the
anterior insula and frontal opercular area.

The human clusters containing mostly extended MDN regions
did not cluster in the vicinity of macaque parietal or lateral frontal
regions. The human medial frontal cluster assembled with areas
on the macaque medial wall, including area 6M, 6DC, 24D, as
identified by Mitchell and colleagues. The ventral frontal and pos-
terior parietal clusters were situated closer to insular area PI and
temporal areas TS and TPT. Interestingly, the human temporal
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Table 1. Summary of 2% closest matched macaque regions per human MDN cluster and KL value.

Human MDN cluster name Top 2% matched macaque cortical regions and KL value Average KL
Fronto-parietal PRCO (1.5922), 7B (1.3767), LIPD (1.4903), 5V (1.5699) 1.5073
Dorso-lateral 46V (0.7369), 46P (1.0120), 12 (1.3212), PROM (1.2438), GU (1.7542), 12 M (1.4696), 120 (1.2256), 1.3131
12R (1.2734), 12L (0.8300), 10 M (1.8293), 100 (1.7281)
Dorso-medial 24AB (2.7409), 24D (3.2052), 6M (2.9178), PECG (2.9637) 2.9069
Ventral frontal PI (2.0798), IPRO (1.3723), PIR (1.9234), 11L (2.1576), 13L (2.0629), IAI (1.5602), 100 (2.0178) 1.8820
Posterior parietal MIP (2.5687), LOP (2.7042), FST (2.8217) 2.6982
Temporal MT (1.1808), TEA_M (1.2870), V4TA (1.2584) 1.2421

cluster did not overlap with macaque MDN regions delineated by
Mitchell and colleagues.

Direct matching of human MDN and macaque
brain regions

The human-to-macaque transformation of MDN regions used by
Mitchell et al. (2016) was based on a surface-based registration
according to 23 landmark homologies as proposed by Van Essen
and Dierker (2007), subsequently optimized based on their func-
tional connectivity. The initial surface-based registration has also
been used to project functional maps (Mantini et al. 2013) and
well as cortical terminations of white matter tracts (Eichert et al.
2019) between species. An alternative approach is to use the con-
nectivity profiles of the regions themselves. Just as the common
definition of the white matter tracts across species allows the
common connectivity space projection from the previous section,
we can use them to assign to each human MDN cluster the
most similar regions in the macaque brain (Mars et al. 2018a).
Therefore, in our final analyses, we calculated KL divergence
between human MDN kmeans clusters, identified in the previous
section, and all macaque regions. We then identified the top 2%
closest matching macaque regions for each human MDN cluster
(Fig. 4), according to their KL values (Table 1).

The fronto-parietal cluster (Fig. 4A) was defined by SLF2 and
SLF3 connectivity and matched with a set of parietal regions and
precentral opercular frontal area PrCO. One interesting difference
was the proportion of SLF influence between the human and
macaque cluster: in the human SLF2 had the highest number of
streamlines that reached cortical surface in the MDN, however in
the macaque this was SLF3.

The dorsolateral cluster (Fig. 4B), involving the anterior most
frontal areas of the MDN, had the largest number of matches
in the macaque brain. The fingerprints were strongly defined by
SLF2 and SLF3, in addition to interhemispheric tract FMI, occipito-
frontal IFQ, and the ARTs. Among this cluster’s matches were area
46V, 46P, and 12, which were also identified by Mitchell et al. (2016).
In addition, we identify extended area 12 with 12R, 120, 12L, areas
100 and 10M as well as area PROM. Surprisingly, our matching
also picked up gustatory area GU. Mitchell et al. (2016) previously
identified a neighboring area, primary gustatory cortex G, as part
of their putative macaque MDN map.

The dorso-medial frontal cluster, which was mainly driven by
the dorsal cingulum bundle, matched with previously identified
anterior cingulate areas 24AB, 24D, and 6M as well as posterior
cingulate PECG. Posterior cingulate area PECG was identified pre-
sumably because the connectivity profile of this region is also
mostly driven by the dorsal part of the cingulum bundle.

The ventral frontal cluster, involving anterior frontal areas
A47R, A10P, 11L, and insular FOP and AVI, was mainly driven
by IFO and uncinate fasciculus, both tracts connecting ventral

prefrontal and temporal regions. Its closest macaque matches
were mainly found in part of the orbitofrontal cortex, including
parts of areas 11L, 13, polar area 100, and insular regions PI,
IPRO, PIR.

The human posterior parietal cluster, consisting of extended
MDN regions, matched with only three macaque regions:
macaque MIP, LOP, and temporal area FST. In the human
connectivity profiles, SLF2 was much more present than in the
macaque matches, whose connectivity profile was mainly defined
by AF, MDLF, and IFO.

Our temporal cluster matched quite well with macaque
areas MT, TEA_M, and V4TA; however, one important difference
between the two species is the much stronger presence of AF
in the human temporal cluster. As shown above, in the human
temporal areas, AF connections were mainly subserved by the
posterior and long AF segment allowing for communication with
frontal and parietal cortices.

The above analyses were thresholded to match the human
clusters with the top 2% of macaques regions. Changing this
threshold does not dramatically alter the picture (Supplementary
Figs. 1-3). In general, the additional regions shown at more lenient
thresholds belong to the same anatomical networks as describe
above.

Discussion

In this work, we have identified the white matter connections
that underlie the communication of the areas of the MDN in the
neocortex. Using an established set of protocols to reconstruct the
major white matter fibers of the human brain, we established a
connectivity fingerprint, describing each part of the neocortex in
terms of its connectivity with the major white matter fiber path-
ways. This allowed us to establish the connectivity profile of each
area of the MDN. Such a connectivity profile is important because
it provides crucial information on the input an area receives and
the influence it can exert on the rest of the brain (Passingham
et al. 2002), providing a structural basis for its place in the larger
cortical organization (Mars et al. 2018b). Similar reconstruction
of the white matter pathways of the macaque monkey brain
also allowed us to compare the human MDN regions directly
to candidate MDN regions in the macaque brain, allowing a
quantitative assessment of the potential similarity of this network
across species.

We established that the lateral fronto-parietal areas that con-
stitute the majority of the “core MDN” are connected through
the second and third branches of the superior longitudinal fiber
(SLF) system. The more medial frontal areas are served by the
cingulum bundle and the first branch of the SLE. The supe-
rior longitudinal fiber system and its subdivision into three dis-
tinct branches is well established from macaque tracer data
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(Petrides and Pandya 1984; Schmahmann and Pandya 2006) and
has been demonstrated repeatedly in the human using in-vivo
tractography (Makris et al. 2005; Thiebaut de Schotten et al.
2011). Although there is some evidence of lateralization of the
SLF in humans (Thiebaut de Schotten et al. 2011), given the lack
of observed lateralization in the macaque and the averaging of
results in the previous anatomical study on the MDN (Assem et al.
2020a), this study focused only on the non-language-dominant
right hemisphere.

Genovesio et al. (2014) interpreted the parietal-frontal network
in terms of cortical adaptations to the unique foraging niche of
primates. Although some parietal cortex can be detected in other
mammals (Goldring and Krubitzer 2017), the parietal-frontal sys-
tem is much more developed in primates, most likely due to
their adaptations to an arboreal niche (Wise et al. 2008; Murray
et al. 2017). Genovesio and colleagues suggested parietal cortex’s
visuomotor functions allow it to provide relational metrics such
as order, duration, and distance to frontal areas involved in the
computational of behavioral goals as well as a more complex
interaction with the environment. Within the human brain, these
systems might have expanded and their evolutionary early func-
tion co-opted for more general information processing.

In this context, it is interesting that the frontal connectivity
of the dorsal longitudinal SLF is stronger in the human than in
the macaque, as indicated by the SLF’s relative dominance of
the connectivity fingerprints. Whether human prefrontal cortex
is larger than expected for an ape brain of its size is a matter
of debate (Barton and Venditti 2013; Donahue et al. 2018), but
there is no doubt that in absolute numbers human prefrontal
cortex is larger than that of non-human primates and that the
ratio of prefrontal size to size of parietal and temporal inputs of
prefrontal cortex is larger in the human than its closest animal
relative (Passingham and Smaers 2014). It has also been suggested
that prefrontal white matter is more extensive in the human brain
(Donahue et al. 2018), which dovetails with our observation that
the SLFs are more prominent in the human brain. It has been
claimed that both the lateral frontal pole and inferior parietal
cortex have expanded in the human (Van Essen and Dierker
2007), with the frontal pole containing an additional subdivision
compared to the macaque (Neubert et al. 2014). Thus, although
the overall organization of frontal-parietal connectivity is the
same across species, differences in degree and arealization are
present.

As noted in our methods, we choose to employ a slightly dif-
ferent strategy for reconstructing SFL2 and SLF3 in the macaque
compared with the human brain. Tracing studies (Schmahmann
and Pandya 2006) have clearly shown that, in the macaque brain,
these two tracts extend from posterior parietal areas anteriorly
to frontal regions 46, 9/46, and 6D for SLF2 as well as 6V, 44, and
9/46V for SLF3. Reconstruction of these tracts with probabilistic
tractography can be difficult due toinfluence from crossing fibers,
especially in the small macaque brain. Indeed, even in the much
larger chimpanzee brain, these tracts are already difficult to
reconstruct (Mars et al. 2019). We therefore choose to modify our
recipes in a way that allowed us to access as much of the anterior
fibers of the SLFs in the macaque brain and to avoid the effects
of crossing fibers as much as possible. With this modification, we
were able to obtain a more anatomically plausible reconstruction
of macaque SLF2 and SLF3.

Regions belonging to the extended MDN do not always follow
the pattern of the core regions. Indeed, their connectivity is partly
driven by different fiber systems in many cases. For instance,
regions in the more anterior parts of the frontal cortex, although

still reached by the SLF to some extent, are also connected with
other functional systems through the occipito-temporal-frontal
fiber system often designated as the IFOF, IFO, or extreme capsule
fiber complex (Forkel et al. 2014; Mars et al. 2016). A recent
analysis by Nozais et al. (2021) linking white matter networks
and functional task activations is consistent with our results.
They found that activations by a working memory task, as often
used to study the core MDN, are associated with the SLFs and
FA, as is the case for our core MDN. Fibers connecting temporal
cortex with areasin parietal cortex were associated with semantic
task activations. This both fits with our interpretation of separate
systems for the extended MDN and the observation that these
systems are modified to some extent in the human brain.

Of particular note are the regions in the temporal lobe, TE1p
and TE1m, which form part of the ventral visual stream subserved
by the ILF (Latini et al. 2017; Roumazeilles et al. 2020). Assem
and colleagues (2020) surmised that extended MDN regions are
recruited in some cases to provide the core MDN with information
required to solve the task at hand. This might be a clear case
in which areas of the ventral visual stream interact with areas
associated with dorsal stream and associated parietal regions.
One potential avenue for this is a branch of the AF connecting
inferior parietal cortex and temporal cortex (Catani et al. 2005).
Such interactions are often hypothesized, but not often system-
atically studied. Interestingly, the temporal-parietal part of the
AF is thought to be more pronounced in humans as compared
with other primates (Sierpowska et al. 2022). Indeed, arcuate
connectivity in the human brain is thought to reflect invasion
of this tract into novel cortical territory compared with other
primates, rather than simple cortical expansion (Eichert et al.
2020). This suggests that integration of these parts of the core
and extended MDN might be more pronounced in the human. At
present, however, this remains a hypothesis awaiting testing.

As such, this work shows that the anatomical organization
of the core MDN is qualitatively similar in the human and the
macaque monkey brain, but that the frontal connectivity to the
dorsal longitudinal fiber system is more developed in the human
brain, based on the dominance of these tracts in the connectivity
fingerprints of the human in contrast to the macaque brain. The
core and extended MDN rely on different fiber systems in the
human brain, consistent with the suggestion that they process
different types of information, with the extended MDN poten-
tially feeding information into the core system based on task
requirements (Assem et al. 2020a). The extended MDN regions
have connectivity profiles similar to some found in the macaque
brain, although modifications since the last common ancestor are
evident as well.

The present study is purely anatomical. We take a known
functional network and investigate its anatomical connections
and their homologs across species. As such, we are reluctant to
make strong inferences regarding the function of the macaque
regions we identified in the context of the MDN. However, two
issues deserve discussion. First, although we observe that most
human core MDN regions are connected to dorsal fiber systems,
some core regions were connected to more ventral fiber systems.
This shows a dissociation between anatomical and functional
networks. A second issue is whether the human MDN and its
anatomical match in the macaque serve the same set of functions.
Although fMRI research in humans indicates that the human
MDN responds strongly to a variety of cognitive challenges, it is
not certain which aspects of cognition they respond to or how
exactly the accompanying computation is performed, although
some potential mechanisms have been proposed (Duncan 2010).



Furthermore, our matching regions in the macaque brain are
involved in a variety of different functions, such as touch percep-
tion (parietal area 5), ecological actions (intraparietal areas LIPD),
visuomotor transformations (area AIP), and tool use (intraparietal
sulcus). The clarification of the functional roles of the macaque
regions within the MDN context, and subsequent neuronal stud-
ies of their computational mechanisms, are at present the subject
of future research.

On a more general level, this work shows how the technique
of connectivity fingerprint matching can be used to compare
functional networks between species through a common anatom-
ical reference frame (Mars et al. 2021). Previous comparisons of
brain networks across species are often performed only infor-
mally, without any quantitative assessment of whether results
translate well across species. Such assessments often take the
form of “same” or “different” statements about the similarity of
regions across species, failing to acknowledge that homologous
regions are likely to have undergone change in some aspects of
their organization, be it connectivity or otherwise, as the last
common ancestor of the species under comparison. The approach
employed here allowed us to formally assess how different parts
of the human MDN fit within the organization of the macaque
monkey brain while highlighting the unique aspects of this net-
work in the human, especially with respect to the strength of
frontal longitudinal connections.
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