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We must reconcile the needs of the internal world and the demands of the external world to make decisions relevant to homeostasis,
well-being, and flexible behavior. Engagement with the internal (eg interoceptive) world is linked to medial brain systems, whereas
the extrapersonal space (eg exteroceptive) is associated with lateral brain systems. Using Human Connectome Project data, we found
three association tracts connecting the action-related frontal lobe with perception-related posterior lobes. A lateral dorsal tract and
a medial dorsal tract interact independently with a ventral tract at frontal and posterior hubs. The two frontal and the two posterior
hubs are interconnected, forming a meta-loop that integrates lateral and medial brain systems. The four anatomical hubs correspond
to the common nodes of the intrinsic cognitive brain networks such as the default mode network. These functional networks depend
on the integration of both realms. Thus, the positioning of functional cognitive networks can be understood as the intersection of
long anatomical association tracts. The strength of structural connectivity within lateral and medial brain systems correlates with
performance on behavioral tests assessing theory of mind. The meta-loop provides an anatomical framework to associate neurological
and psychiatric symptoms with functional and structural changes.
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Introduction

The foremost task of the brain is to reconcile the internal and
external world (Mesulam 1987). To survive in a complex envi-
ronment, we must anticipate the needs of the organism by sim-
ulating its interaction with the world, addressing those needs
before they arise (“allostasis”), and we have to engage with the
world in a flexible manner. (Raichle 2015; Schulkin and Sterling
2019; Johnson 2025). We have to merge the internal and external
realms for mental imagery and self-reference, enabling us to
impart our feelings to others and to assess their mental state and
intentions, processes known as “empathy” and “theory of mind”
(ToM). Allostasis, self-reference, and ToM are proposed as special
competencies for humans (Dehaene et al. 2022). The functional
and anatomical architectures are yet to be fully characterized.

Very brief, lateral brain systems are mainly linked to functional
integration related to extrapersonal space, such as exterocep-
tion and proprioception (Mesulam 1987). Conversely, the internal
world of the embodied brain, including interoception, nociception,
and its elaborations, such as selfhood and emotional inference,
is primarily linked to the cortical areas located on the medial
side of the hemispheres (Mesulam 1987). Initially identified by
Broca as the “limbus,” Papez later delineated the cortical areas
linked by the cingulum and fornix as the medial system (Papez’
circuit) and associated this system with “emotion” (Papez 1937).
Subsequently, Maclean expanded this framework to include the
“visceral brain” (rthinencephalon), the amygdala, and parts of pre-
frontal cortex (PFC) and temporal lobe, coining the term “limbic
system” (MacLean 1955).

It is important to note that this lateral-medial distinction is
orthogonal to the well-established anterior—posterior segregation
of action selection and planning in the anterior part, the frontal
lobe, versus sense-making and perception in the posterior part,
comprising parietal, temporal, and occipital lobes (Goldstein
1925). However, in current understanding, cognitive functions
depend on the bi-directional interaction between anterior and
posterior parts (Mesulam 1987; Rizzolatti et al. 1997; Fuster 2004;
Friston 2010; Kwon et al. 2025).

According to Nieuwenhuys and Puelles (Nieuwenhuys and
Puelles 2016), a good brain model should consider anatomical
coordinates that are consistent and unaffected by deformations,
arranging units along both the anterior-posterior and dorso-
ventral axes. A model adhering to this premise has recently been
described for the lateral brain systems, involved in engaging with
the external environment through exteroception, proprioception,
and action. This domain-general dual-loop model (Weiller et al.
2022) (Fig. 1A) consists of integrating hubs within the action-
oriented frontal lobe (A) and the perception-associated posterior
lobes (P), interconnected via two distinct tracts, dorsal and ventral
of the Sylvian fissure, corresponding to two pathways with
differing computational capabilities. The hubs are the new and
essential feature. Multiple parallel domain-specific loops are inte-
grated into the hubs. The distinction between dorsal and ventral
relates to the well-known formulation of a dorsal “where/how”
and a ventral “what” pathway in the visual domain (Macko et al.
1982), later extended to other domains, eg the auditory (Romanski
et al. 1999; Saur et al. 2008). The model elucidates how signals
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Fig 1. The dual-loop principle. A) Integrating hubs within the action-oriented frontal lobe (A) and the perception-associated posterior lobes (P) are
interconnected via two distinct tracts, dorsal and ventral of the Sylvian fissure, crossing the central sulcus and corresponding to two pathways with
differing computational capabilities. The dotted line indicates the approximate position of the coronal slice shown in B). B) Anterior-posterior (AP)
traversals of streamlines (coded green in typical diffusion imaging RGB convention) on a coronal slice at the level of the central sulcus. The AP traversals
are bottlenecks and were used to define ROIs for tract selection (Fig. S1). Three large tract systems connecting the cerebral cortex in the frontal and the
posterior lobes were found (for fornix, see Fig. S2). The medial-dorsal streamlines (“cingulum”) are coded green, the lateral-dorsal streamlines (“AF/SLF”)
are coded blue, and the ventral streamlines (‘EmC”) are coded red. Syl. Fis. = Sylvian fissure. Views from front, left, and above.

from the external world are understood. The presence of the two
hubs allows for a closed loop, enabling internalization and thus
the connection of internal representations of the external world
with abstract concepts independent from the moment, fostering
mind wandering, foresight, and reflection. With conversation
partners, who have the same ability, we can communicate about
things that are not present.

Just as we perceive and interact with the external world, we also
engage with the internal world—encompassing the body, memory,
and emotional experiences (Benarroch 1993). A comparable dual-
loop mechanism as in the lateral system is likely to operate
within the medial brain system linking appraisal processes in
the medial PFC (MPFC) with biographical and episodic memory
functions in the precuneus (Brodt et al. 2018; Coenen et al. 2022).
Moreover, we possess the ability to connect emotions to both
past and future experiences (Johnson 2025). For instance, we may
feel a pang of regret when recalling a failed exam or a sense of
anticipation for a long-awaited reunion. The closed-loop system
facilitates internalization, enabling emotional evaluations to be
made independently of the immediate context while informing
self-referential processing (Lyu et al. 2023) and allowing us to
envision a (preferably positive) future.

Our main question pertains to an even broader subject. Cog-
nitive functions emerge from the interplay of widely distributed
networks. Processes such as allostasis, self-reference, and ToM
depend on the interaction of both medial and lateral systems.
Thus, how does the brain achieve integration between these two
systems?

Given that studying the brain’s connections may contribute
more readily to understanding its function than examining
cortical parcellations (Goldstein 1925; Bullmore and Sporns 2012;
Thiebaut de Schotten and Forkel 2022; Tucker and Luu 2023;
Weiller and Rijntjes 2023), we here focused on association tracts
which connect cortical regions within one hemisphere. There are
three principles of organization to be considered for each hemi-
sphere: lateral-medial, anterior-posterior, and dorsal-ventral. The
trajectory of the central sulcus forms the anterior-posterior axis
by separating the cerebral cortex into anterior (frontal lobe) and
posterior (parietal, temporal, and occipital lobes) parts. The lateral
(Sylvian) fissure establishes the dorso-ventral axis by dividing
the cortex into dorsal (superior) and ventral (inferior) parts. To
identify connections between the anterior and posterior parts
of the brain, we searched for all streamlines that cross below
the central sulcus. Thus, we looked at streamlines traveling


https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhaf035#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhaf035#supplementary-data

in an anterior-posterior direction (AP traversals) (green in RGB
mode) at a sagittal section around the level of the central sulcus
(Fig. 1B). There are four such traversals. In a previous study, we
identified two of them, both lateral from the thalamus, one
located superior to the Sylvian fissure (ie dorsal) and one below
the Sylvian fissure (ie ventral) (Weiller et al. 2022). Now, we added
the medial traversals and determined where, in the cortex, the
fibers traveling through these four AP traversals converge to find
the cortical hubs for cognitive functions.

Materials and methods
Participants

The data used are part of the Human Connectome Project (3T
HCP; https://ida.loni.usc.edu/login.jsp). We extracted diffusion
MRI (dMRI), resting-state functional magnetic resonance imaging
(rsftMRI), and behavioral data from 183 participants (100 females,
83 males, mean age: 30 £3.9) from the HCP (Q1:S3) data corpus,
which has a resolution of 1.25 mm isotropic for dMRI and 2 mm
isotropic for rsfMRI.

Diffusion-weighted MRI

Each gradient table includes approximately 90 diffusion weighting
directions plus b=0 acquisitions interspersed throughout each
run. Diffusion weighting consisted of three shells of b=1,000,
2,000, and 3,000 s/mm? interspersed with an equivalent number
of acquisitions on each shell within each run (18 b0, 3 shells
where each shell has 90 directions). For preprocessing, see (Glasser
et al. 2013). Images were spatially processed using the warps
generated by the HCP pipeline. These warps transform the data
into Montreal Neurological Institute (MNI) standard space. Results
are displayed on an average T1image and average surface created
in VBM8 from 550 healthy participants from the IXI-database
(https://brain-development.org/ixi-dataset/) and normalized into
MNI standard space (ICBM152 2009b asymmetric). For anatomical
nomenclature of cortical regions, we used the human brain atlas
by Mai and Majtanik (Mai and Majtanik 2017) for reference. This
atlas is based on a young adult brain with high consistency
of slices and is widely used, combining comprehensiveness and
precision and is registered to the MNI space.

Tractography was performed based on a global approach
(Reisert et al. 2011; Weiller et al. 2021). Global tractography
per se is neither deterministic nor probabilistic. Global tracking
avoids the bias of predetermined starting and stopping points
and makes the analysis free from any a priori definition of tracts.
Determining aspects are introduced on the second level. In the
first step, whole-brain connectomes were reconstructed based
on dMRI data from each individual participant. Subsequently,
regions of interest (ROIs) (see below) defined in atlas space (by
MNI coordinates or explicit masks) were warped into participant
space and are used to select particular bundles out of the
pre-existing connectome. The tracking procedure itself hence
occurs independently from the ROIs. As opposed to local walker-
based tractography, global Gibbs tractography (Reisert et al.
2011) uses a random point process to generate streamlines and
searches for their best alignment to the present diffusion MRI
data. This approach creates a fiber configuration that delivers
the best explanation for the acquired diffusion-weighted MRI
data (Fillard et al. 2011). It is usually robust in terms of noise,
and fiber densities are directly related to the measured data
themselves (Fillard et al. 2011; Reisert et al. 2011; Schumacher
et al. 2018). We followed the publicly available method proposed
in (Reisert et al. 2011) and used the “dense” preset offered by
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the toolbox, which automatically sets the parameters according
to both the resolution and diffusion signal. This setting results
in approximately 150,000 streamlines for an HCP dataset. In
addition, to increase reproducibility, we increased the number
of fibers using the following accumulation strategy: After the
cooling-down phase, the temperature was again increased to
0.1, and the state was further iterated for 10’ iterations. This
procedure was iterated over five rounds, and the tracts resulting
from each round were accumulated to obtain one final tractogram
that was 5-fold larger than the initial one. This results in a
tractogram of approximately 800,000 streamlines in a dataset
from a single HCP volunteer. The approach was proposed by
(Schumacher et al. 2018) and showed a much higher level of
retest reliability. For the area of reconstruction, we used all
white matter regions defined in the white-matter parcellation
accompanying the HCP data corpus. The resulting white-matter
mask was additionally slightly dilated further to capture the
white/gray matter transition zone. After reconstruction, the
specific streams or bundles were selected based on automated
selection protocols (see below). To pool participant information
on the group level, streamline terminal maps and streamline
orientation density maps for each selected bundle were rendered
on an isotropic matrix with a resolution of 1.25 mm. The densities
were then warped to MNI space using the HCP-derived warping
fields (onto an isotropic matrix of 2 mm) and subsequently
averaged. For the streamline terminal maps, no gray-value
modulation by the determinant of the Jacobian was applied.
Cortical conjunction maps were rendered as the voxel-wise
product of the terminal densities of the ventral and lateral
respectively medial dorsal bundles, and were warped into MNI
group space. For visualization, the orientationally weighted
streamline densities enable simple streamline tractography to
be performed on the average orientation fields to visualize the
bundles on a group level, using streamline tractography as
implemented in NORA (www.nora-imaging.org). Streamlines of
association tracts connecting the anterior and posterior parts of
the brain represent anterior-posterior traversals (green in RGB
convention) on a coronal slice at the approximate level of the
central sulcus (Fig. 1B). There are only four such AP traversals;
two are positioned lateral from the thalamus and two medial. We
used these AP traversals as ROIs on the constructed connectome
(Fig. S1). The ROIs represent white matter bottleneck regions with
high diffusion anisotropy containing anterior/posterior traversals.
ROIs can be downloaded from: https://www.nora-imaging.org/
demo/index.php?sharelink=XvSR8ufyJzb6taiqa4oTWVvFzBrnKF9
Wd&public.

The ventral pathway is best defined by the anterior/posterior
traversal of a specific anterior/inferior part of the extreme
capsule, ie lateral from the thalamus and below the Sylvian
fissure. It is defined as the collection of streamlines passing
through the MNI coordinates (+/—31, 3,—10) with a radius of 5 mm
(see Weiller et al. 2021). For the lateral dorsal pathway, we used
a manually defined triangular white matter ROI (see: Weiller
et al. 2022). Conceptually, the ROI was drawn in MNI space, by
aligning the xz-plane with the central gyrus at level y=—10. Only
those regions were included where AP traversals are present,
which was determined by a color-coded fractional anisotropy
(FA) map. The cingulum was selected by using a spherical ROI
at MNI coordinate (9, —12, 35) with a radius of 7 mm and the
additional constraint that at least one tangent of the streamline
within the ROI has an angle smaller than 25° with respect to the
AP coordinate axis of the MNI system. This additional constraint
avoids selection from transcallosal streamlines. The fornix was
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defined by the simultaneous traversal of two spheres with a
radius of 4 mm at MNI (0, 2, 7) and (0, —6, 14). We selected
those streamlines that have at least one tangent within the
ROI; these had an angle smaller than 15° with respect to the
anterior/posterior MNI coordinate direction. We further restricted
the selections to only contain (i) streamlines connecting the
cortex and (ii) only streamlines within one hemisphere. To pool
participant information at the group level, streamline terminal
maps and streamline orientation density maps were rendered at
the participant level (on an isotropic matrix 1.25 mm), warped to
MNI space (on an isotropic matrix 2 mm), and then averaged.

rsfMRI

rsfMRI scans from each subject of the HCP corpus were prepro-
cessed as described in Smith et al. (2013). Briefly, gradient-echo
fMRI data (TR=0.72 s, TE=33 ms, 72 slices, multiband factor 8,
104 x 90 matrix, 2 mm isotropic resolution) were distortion- and
motion-corrected, high-pass filtered with a cutoff of 2,000 s, and
decomposed by spatial independent component analysis (ICA).
The network components were identified semi-automatically by
visual inspection after sorting them according to their correla-
tions with the FIND atlas (Shirer et al. 2012). Artifactual com-
ponents were identified by FSL-FIX and discarded, resulting in
cleaned rsfMRI time series that were then averaged within each
interaction hub defined from the structural streamline analysis.
Functional connectivity between the hubs was then calculated
as the Fisher-z-transformed correlation coefficient between the
averaged time series within each hub. To measure the similarity
between the investigated hubs and the resting-state networks, we
took the ICA components corresponding to the most prominent
networks at the group level and computed the DICE similarity
measure between the group of lateral hubs and the functional
network for various z-score thresholds of the ICA maps. The same
was done for the group of medial hubs. The selected functional
networks for this analysis are taken from the FIND atlas (Shirer
et al. 2012): dorsal and ventral default mode network (DMN),
Language (LAN), central executive network/executive control net-
work (CEN), anterior and posterior salience network (SAL), dorsal
attention, sensorimotor, high visual, and primary visual networks.
For comparison, we also computed the DICE similarity between
the hubs and the 7 networks as described by Yeo (Yeo et al. 2011).

Dendrogram calculation

Data processing was performed in MATLAB R2018a. From the
preprocessed rsfMRI data, average time series were extracted for
each of the hub regions (LPFC, MPFC, MTG/TPQJ, PCC, TPG, Al).
For each subject, all pairwise correlation coefficients between
these regions were computed. The resulting correlation matrices
were then averaged over subjects. The average correlation
matrix was converted into a dissimilarity matrix (dissimilarity =
1-correlation). Based on this matrix, distances between the
regions in the model were computed using a “complete”
distance measure where larger distances correspond to higher
dissimilarities.

Correlation of structure and behavior

Is it possible to associate the structural hub strength with
behavioral characteristics? To explore this, we quantified the
voxel-wise sum of cortical conjunction maps correspond-
ing to the medial-dorsal, lateral-dorsal, and ventral stream-
lines as an index of hub strength. Pearson correlation coeffi-
cients were calculated to evaluate the relationships between
behavioral measures and hub strength. The HCP dataset

includes 814 behavioral measures https://wiki.humanconnecto
me.org/docs/HCP-YA%20Data%20Dictionary-%20Updated%20for
%20the%201200%20Subject%20Release.html). The behavioral
measures within the HCP corpus are derived from a consensus-
building process and include the National Institutes of Health
(NIH) Toolbox, supplemented by additional assessments of visual
processing, “personality and adaptive function,” “delay discount-
ing,” “fluid intelligence,” and emotion processing. Our experimen-
tal approach—linking anatomical conjunction strength to behav-
ior—has not been studied before; thus, an exploratory approach
was required. However, in our study’s results based on anatomy,
we identified cortical areas exhibiting a high conjunction strength
of association tracts, which coincide with hub regions of the brain
in functional networks, particularly the DMN. We used the cogni-
tive correlates of these neural hubs from the literature to narrow
the behavioral items from the HCP corpus to be investigated. The
integration of internal and external worlds within the brain is
inherently linked to decoupled states such as mind wandering
and ToM. These characteristics have been associated with hub
regions of the brain in functional networks, particularly the DMN
(Mason et al. 2007; Spreng and Grady 2010; Schurz et al. 2014;
Menon 2023). The DMN has also been linked to mood fluctuations
and attentional problems (Raichle 2015; Broulidakis et al. 2022).
Consequently, items related to social tasks, as well as those
associated with emotion and affect, were considered particularly
pertinent. Building upon our earlier work on the lateral dual-
loop model, we hypothesized that cognitive and language-related
functions might also be implicated. Since the hubs correspond to
rsfMRI network nodes of the DMN, the fronto-parietal/executive
network, the salience network, and the language network (as
evidenced in our results), we anticipated correlations across the
domains of “cognition,” “emotion/affect,” “social tasks,” and self-
ratings derived from the ASR and DSM measures. We excluded
variables from the domains of “subject information,” “study
completion,” “MR and MEG sessions,” “eye-tracker meta data,”
“Freesurfer,” “Health and Family History” (eg blood pressure,
weight), “substance use,” “Motor,” “Sensory,” “Alertness,” and
“Personality” Where age-adjusted versions of variables were
available, we selected these and excluded their nonage-adjusted
counterparts. We omitted CogEarlyComp_ageAdj since our cohort
consisted exclusively of adults, with no children included. For
the social task, we selected only the percentage (Perc) variables.
Regarding self-report scales, we exclusively retained the corre-
sponding T-scores, excluding ASR_Totp T as it merely reflects
the aggregate score across all scales. This process resulted in the
selection of 41 variables for analysis. We used the entire available
behavioral data set from the HCP corpus (532F 466M, age:
28,7 3.7 years). To account for multiple comparisons, we applied
a significance threshold for a 5% false discovery rate, following the
Benjamini-Hochberg procedure (Benjamini and Hochberg 1995),
as well as the more conservative Bonferroni correction threshold.

» o«

» o«

Results

Three association tract systems link the frontal lobe to the poste-
rior lobes.

The AP traversals on the coronal slice at the level of the
central sulcus represent bottlenecks from which the streamlines
expand like a butterfly: two medio-dorsal ROIs above and below
the callosum resulted in streamlines (Fig. 1B, Fig. S2, Table S1)
corresponding to the cingulum (denoting the fibers, not the
cingulate cortex) and fornix. One lateral-dorsal ROI captured
a streamlined convolute corresponding to the arcuate fascicle
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(AF) and superior longitudinal fascicles (SLFs). One ventral
ROI captured a streamline convolute in the extreme capsule
(EmC) comprising the uncinate fascicle (UF), the temporo-frontal
extreme capsule fascicle (TFecF), and the inferior fronto-orbital
fascicle (IFOF) (Weiller et al. 2021).

Lateral and medial dual loops

Global tracking allows extending streamlines to cortical regions
in the trajectory of the last part of the fibers, resulting in cortical
termination maps (Weiller et al. 2021). The cortical termination
maps of the lateral dorsal (AF/SLF) and the ventral system (EmC)
are described in the dual-loop model (Weiller et al. 2022). The
fornix streamlines connect subcortical structures, cerebellum,
brainstem, and allo- and periallocortex (Table S1). The cingulum
cortical termination maps comprise most of the medial wall of
the hemispheres (areas 7 to 11, 23 to 26, 29 to 33) (Table S1).

To assess the joint cortical terminations as the anatomical
sites for interaction of the medio-dorsal, the lateral-dorsal, and
ventral tract systems defined above, we performed a pairwise
conjugation of streamlines by multiplying the corresponding
cortical probability densities on the cortical surface (Weiller et al.
2022). The medio-dorsal and lateral-dorsal streamlines did not
conjugate with each other. However, both dorsal streamlines
conjugated separately with the ventral streamlines (Fig. 2A,
Table S2). The lateral-dorsal streamlines (AF, SLF) conjugated
with the ventral streamlines (EmC) in a hub in the frontal lobe, in
the lateral PFC (LPFC:anterior middle frontal gyrus (aMFG) [area
46], inferior frontal gyrus (IFG) [area 45A, 47/12,44]) as well as in
a hub in the posterior lobes (“MTG/TPOJ”) comprising the middle
temporal gyrus (MTG) and temporo-parietal-occipital junction
(TPOJ) (Fig. 2B and C). A further hub was found in the anterior
insula (Al). These are the known hubs of the lateral dual-loop
model (Weiller et al. 2022).

The conjunction of the medio-dorsal streamlines (cingulum/-
fornix) with the ventral streamlines (EmC) resulted also in two
hubs, one in the frontal lobe and one in the posterior lobes. The
frontal lobe hub comprised the MPFC (anterior cingulate cortex
[area 24], prelimbic cortex [area 32], infralimbic cortex [area 25]
and granular areas 9 and 10 [see: Passingham 2021]), extending
to orbital PFC (oPFC) (medial, central, and lateral oPFC (areas
14/11/13/orbital surface of 47/12). The posterior hub was in the
posteromedial parietal lobe with a large cluster in the precuneus
(posterior cingulate cortex [PCC]) and retrosplenial limbic gyri
(von Economo) (areas 23, 31, 30), extending into the parahip-
pocampal region, amygdala, and a large cluster in the temporopo-
lar gyrus (TPG, area 38). Not all streamlines of the three convo-
lutes were part of conjugation hubs: only cingulum streamlines
conjugated with ventral streamlines, not the fornix streamlines.
Nonhub lateral-dorsal streamlines project to what is termed sec-
ondary or unimodal association cortex (Mesulam 1987). Ventral
streamlines that do not participate in the hubs were found in parts
of anterior and inferior frontal lobe, in the anterior and inferior
temporal lobes and in the posterior occipital lobe, as described
previously (Weiller et al. 2022). For the purpose of this study, only
streamlines that projected on the hubs were considered further.
Defined by the four hubs two separate circles along dorsal and
ventral pathways with interaction hubs in frontal and posterior
lobes are formed. The lateral circle corresponds to the lateral
dual-loop model, the medial circuit constitutes a medial dual loop.

Functional and anatomical connectivity reveal a
meta-loop

rsfMRI data from the same HCP participants were employed to
explore the functional connectivity of the anatomically defined
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hubs. We used the functional connectivity between the six
anatomical hub regions as input for hierarchical agglomerative
cluster analysis of functional connectivity strengths (Fig. 3A,
Fig. S3). The dendrogram, for each hemisphere, displays two
strongly correlated functional fronto-posterior pairs. One func-
tional pair corresponds to the anatomical conjunction of ventral
streamlines with lateral-dorsal streamlines in the LPFC and
MTG/TPOJ, forming the lateral dual loop. The other functional pair
reflects the conjunction of ventral with medio-dorsal streamlines
in the MPFC and PCC, constituting the medial dual loop. On the
next level, these two pairs of lateral and medial hubs are merged
into a supercluster, a meta-loop that combines the two dual loops.
TPG and Al exhibit more heterogenous connectivity patterns.
Thus, a functional meta-loop combines the four major hubs of
two separate dual loops.

How does the meta-loop integrate the two dual loops, and
what are the corresponding anatomical connections between the
lateral dual loop and the medial dual loop? To investigate the
anatomical connectivity of the meta-loop, we used the hubs of
the two pairs with the strongest functional interaction (LPFC and
MTG/TPOJ; MPEC and PCC) as ROIs to constrain global tracking.
As depicted in Fig. 2, there were anterior-posterior connections
within the two dual loops. Specifically, the LPFC is connected to
the MTG/TPOJ via streamlines traversing the extreme capsule
(ventral pathway) and the arcuate fasciculus/superior longitu-
dinal fasciculus (dorsal pathway). Similarly, the MPFC is con-
nected to the PCC via the cingulum and the ventral pathway.
We found few diagonal longitudinal anterior-posterior connec-
tions between medial and lateral hubs along the ventral pathway
(MLPF-MTG/TPOJ and LPFC-PCC). However, they could be artifacts
created by intermingling fibers in the extreme capsule (Weiller
et al. 2021). Furthermore, the long distance between the first and
the second subtree in the dendrogram does not favor functional
diagonal connections.

Clear anatomical connections were found between the two
frontal and the two posterior hubs (Fig. 3B). The streamlines
connecting the frontal hubs, LPFC, and MPFC correspond to the
frontal short association tract (fsat) (Oishi et al. 2008), while
those connecting both posterior hubs PCC and MTG/TPOJ align
with those belonging to the middle longitudinal fascicle (MdLF)
(Schmahmann and Pandya 2006; Makris et al. 2017). Thus, the
meta-loop is capable of functionally integrating both dual loops
through anatomical anterior and posterior cross-connections
between the hubs.

The cognitive intrinsic functional networks map
onto the anatomical hubs

To frame the hubs functionally, we compared the anatomically
defined hubs with the established functional networks using
classical independent component analysis of the rsfMRI data
from the same participants. The independent component analysis
separates the low-frequency fluctuations of the blood-oxygen-
level-dependent (BOLD) signal into spatially independent maps
with common time courses. Interpretation of the resting-state
spatial maps is based on comparison with known patterns of
task-dependent activation or deactivation; for this purpose, we
used the FIND atlas (see Materials and Methods). There are
approximately 10 to 11 networks that consistently appear in
rsfMRI (Damoiseaux et al. 2006), whereby the ICA may break down
single functionally defined networks into separate subnetworks
(for instance, the DMN is broken down into “dorsal” and “ventral”
DMN). The networks related to primary functions (sensory, motor,
vision) and visuospatial processing did not relate strongly to the
anatomical hubs. However, the nodes of the networks related
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A lateral dual-loop

medial dual-loop

Fig. 2. Anatomical interaction sites (“hubs”) between the ventral and the two dorsal systems. The left column presents a lateral view, while the right
column displays a medial view. A) Two dual loops: the lateral dorsal streamline systems (AF/SLF) and the separate medial dorsal streamline system
(cingulum) each form a dual loop with the ventral streamline system (EmC) to connect frontal and posterior lobes; d =dorsal, v=ventral, a =anterior,
p=posterior. B, C) The hubs as the voxel-wise product of the permutation of dorsal and ventral streamlines: Ventral x medial-dorsal conjunction (ochre)
was in the medial prefrontal cortex (MPFC), posterior cingulate cortex (PCC), and temporopolar gyrus (TPG). Conjunction of ventral x lateral-dorsal
(magenta) was in the lateral prefrontal cortex (LPFC), anterior insula (Al), and in a large posterior cluster centered on the middle temporal gyrus (MTG)
and temporoparietooccipital junction (MTG/TPO]J). B) Left hemisphere and C) right hemisphere.

to higher cognitive functions, the DMN (Raichle 2015), the CEN,
also called the fronto-parietal network or multiple demand
network (Duncan 2010; Yeo et al. 2011; Chand et al. 2017), the SAL
(Seeley 2019), and the language network participate in all four
anatomical conjunction hubs (Fig. 4; Table S2). For quantification,

we computed the DICE scores between the ROIs of the FIND
atlas and the group of lateral and medial hubs (Fig. S4). The
quantitative analyses corroborate the visual impression. The
similarity between the anatomical hubs and the DMN is most
obvious for the medial system (PCC and MPFC) (Fig. S4) and
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Fig. 3. Structure of the meta-loop. A) Dendrogram of functional connectivity strengths validates the classification in two dual loops, which are merged
into a supercluster on the next level. B) The separate hubs of both dual-loops are connected along cross connections (left hemisphere shown; A = anterior,
P =posterior); anterior-posterior connections within the lateral and the medial dual-loop are omitted for clarity.

inferior parietal lobe (MTG/TPO]J). But also, VPFC as part of the
LPFC cluster is a typical DMN node (Raichle 2015). It has been
discussed whether the entorhinal cortex and TPG are also part
of DMN (Raichle 2015). In the lateral system, the large cluster in
the LPFC relates best to the major node of the executive control
network (CEN) (Duncan 2010) (middle frontal gyrus) and to the
language network (inferior frontal gyrus) (Binder et al. 2009). The
Al is clearly an anatomical interaction hub and central to the
functional SAL (Seeley 2019). We repeated the analysis using the
seven networks as originally defined by Yeo et al. (Yeo et al.
2011) and observed very similar results (Fig. S4). The medial
dual loop predominantly corresponds to the DMN, while the
lateral dual loop is primarily associated with the frontoparietal
network.

Individual anatomical conjunction strength
correlates with performance in ToM tasks
Behavioral scores from the HCP dataset can be used for corre-
lation with structural connectivity data in individuals. For this
purpose, the number of conjugated streamlines between the three
tract systems were taken as a measure of “hub strength.” Out of
the 814 behavioral items in the HCP dataset, we tested 41 that
have beenrelated to cognition, emotion/mood, and the social task.
Only ToM measures from the social task correlated with “hub
strength” on an “individual level” in both dual loops. On a lower
significance level, a correlation was found between hub strength
in the lateral dual loop and verbal reasoning, general verbal
vocabulary knowledge, and reading skills (more on the left side),
as well as attention and attentional problems, externalization,
and withdrawal or avoidance behavior (Table S3).

Discussion

Hubs as interaction sites for two dual loops

Unlike the current trend of ever finer differentiation of the cere-
bral cortex, we divide the brain based on the two most invari-
ant structures on a macroscopic level, the central sulcus and
the Sylvian fissure (Mesulam 1987). The nearly vertical central
sulcus divides the hemisphere into front (anterior, rostral) and
back (posterior, caudal), while the more horizontal Sylvian fissure

divides the hemisphere into top (superior, dorsal) and bottom
(inferior, ventral) (Fig. 1A, Fig. S1). Only three long association
tract systems, following either a dorsal or ventral course, con-
nect the cortex of the frontal and posterior lobes. Streamlines
of the three tracts converge in two sets of anatomical “hubs.”
One set is part of the lateral brain systems, which are more
concerned with extrapersonal space (eg exteroception and propri-
oception), while the other set belongs to the medial brain systems,
specialized in processing the internal world of the embodied
brain.

The three tracts can be used to order the cerebral cortex,
corresponding to established serial models of the cortex (Fig. SA).
These approaches are data-driven, focusing on patterns formed by
cortical regions sharing common characteristics based on archi-
tecture at cellular, molecular, geometrical, and circuit levels and
incorporating onto- and phylogenetic developments (Mesulam
1987; Park and Friston 2013; Margulies et al. 2016; Amunts et al.
2020; Luppi et al. 2022; Pang et al. 2023; Tucker and Luu 2023;
Du et al. 2024). Primary cortex regions (V1, A1, S1, M1) are not
targeted by the three tracts. We used single ROIs to define the
streamlines of the three systems (Fig. S1). Therefore, we did not
differentiate separable subtracts, for instance, AF and SLF that
together constitute the dorsal pathway (Weiller et al. 2022; van
den Hoven et al. 2024), nor IFOF, UF, and TFecF, which constitute
the ventral pathway (Weiller et al. 2021), nor subdivisions of the
cingulum bundle (Jones et al. 2013).

However, our approach enables a classification of the associ-
ation cortex into nonhub and hub regions. Nonhub regions are
exclusively connected via either medial or lateral dorsal stream-
lines or through ventral streamlines. The nonhub regions within
the lateral system are associated with the unimodal association
cortex (eulaminate III) located adjacent to, and interconnected
with, primary cortical regions (Mesulam 1987). This type of asso-
ciation cortex is connected via dorsal streamlines that do not
integrate with the ventral system, such as the “dorso-dorsal path-
way” between the superior parietal lobule and the dorsal premotor
cortex (Sakreida et al. 2016). Similarly, nonhub ventral streamlines
connect to the orbitofrontal, inferior temporal, and occipital lobe
(Weiller et al. 2022). In the medial system, all fornix stream-
lines are independent of ventral streamlines. The fornix connects
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Fig. 4. A-D) The cognitive functional networks of the brain derived from resting-state network analysis that project on the anatomical hubs (left
hemisphere): A) the anatomical hubs, B) the default mode network (DMN), C) the central executive network (CEN), D) the salience (SAL) network,
and E) the language network (LAN).

the allocortex and periallocortex, forming the inner limbic arc stimuli (via the colliculi) to the hypothalamus and mammillary
(Mesulam 1987; Puelles et al. 2019). bodies (postcommissural fornix) to regulate organ functions crit-

The formix functions as a fast and automatic loop, relaying ical for maintaining the body’s homeostatic integrity (Benarroch
stimuli from the viscera, as well as olfactory, auditory, and visual 1993). Additionally, it facilitates the transfer of episodic memory
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Fig. 5. A tract-based model of the brain. A) The diagram relates cytoarchitectonic features (left) to cortical terminations of the long association tracts
(right) along a modification of a classic serial diagram by Marcel Mesulam (Mesulam 1987), hub regions in gray. Abbreviations of anatomical structures
according to Mai and Majtanik (2017). B) The integrative meta-loop model (left hemisphere shown only), A: anterior; P: posterior; fsat: frontal short
association tract; MdLF: middle longitudinal fascicle; ROIs for streamline selection as gray quadrangles.

information between parts of the hippocampal formation and
mammillary bodies (Rolls 2015).

In contrast, we define hub regions as those connected by both
dorsal (medial or lateral) and ventral streamlines. The hubs of
the lateral dual loop, serving as cortical interaction sites for the
ventral and latero-dorsal tracts (LPFC, MTG/TPQ)), correspond to
the heteromodal association cortex (eulaminate I/II). Within the
medial system, only the cingulum integrates with the ventral
streamlines. The hub regions of the medial system consist of
agranular and dysgranular proisocortices, forming the “meso-
cortical ring” in the prosomeric model (Puelles et al. 2019). Our
findings align with the established structural model of the brain,
which posits that similar cytoarchitectonic areas are reciprocally
connected (Garcia-Cabezas et al. 2019) (Fig. S5A).

The existence of such long-distance connections has been con-
firmed in primates and in part by human in vivo studies (Petrides
and Pandya 2012) (for a detailed description of the connections of
the medial regions see supplementary text, for the lateral regions,
see: Weiller et al. 2022). In our data, the lateral-dorsal and medio-
dorsal streamlines are clearly separated. This division reflects
their ontogenetic origins. The viscera, associated with the medial
system (MacLean 1955), arise from the endodermal germ layer,
whereas the tactile, visual, and auditory receptors, which mediate
interaction with the extrapersonal world and are represented
within the lateral system, develop from the ectodermal germ layer
(Brodal 2004). The separation of the medial-dorsal and the lateral-
dorsal loop is also congruent with the brain’s arterial supply.
The medial hubs are in the territory of the anterior cerebral
artery, while the lateral hubs are in the middle cerebral artery
territory.

“Hubs” are commonly defined as brain regions that partici-
pate in multiple networks, thus being highly interconnected with
other brain regions and involved in linking segregated processing
streams and networks, thereby playing a central role in cogni-
tive processes. Our approach matches these assumptions. The
objective was to identify anatomically the hubs that facilitate
integration between the frontal and posterior lobes. However,

these hubs are not merely points of conjunction for the long
association fibers linking the frontal and posterior lobes; they also
represent high-level multimodal areas, integrating information
for instance within the frontal lobe itself. The LPFC is exten-
sively connected to numerous regions within the frontal cortex
(Petrides and Pandya 2012; Passingham 2021). Within the hub
in the LPFC, “domain-general” and “domain-specific” circuits are
interdigitated (Assem et al. 2025). Rather than the frontal pole,
it is the anterior portion of the middle frontal gyrus and the
anterior segment of the IFG that are considered the hierarchical
apex of frontal control (Passingham 2021). When Jones and Powell
conducted research to find evidence of integration across all
three sensory modalities (somatosensory, visual, and auditory) in
primates, they identified “areas of convergence” in regions corre-
sponding to the hub areas identified in this study. These include
the posterior two-thirds of the superior temporal sulcus—which
partly corresponds to the MTG in humans—and the LPFC beneath
the arcuate sulcus (areas 45 and 47) (Jones and Powell 1970).

The conjunction of long association tracts identifies cortical
regions with high conjunction strength, which are known in the
literature from studies using very different approaches as for
instance rsfMRI. The anatomically defined hubs are very similar
to the nodes of functional networks, the DMN (Raichle 2015), the
CEN, also called the fronto-parietal network (Yeo et al. 2011) or
multiple demand network (Duncan 2010; Chand et al. 2017), the
language network, and the SAL (Seeley 2019). The DMN, the SAL,
and the CEN have been grouped as “core cognitive networks” in
the triple network model (Menon 2011). The SAL is thought to
mediate switching between internal (DMN) and external (CEN)
cognitive functions. The hubs are also the place for interaction
between the three networks. Highly cognitive processes are
believed to be described by these three core cognitive functional
networks, and disruptions are closely associated with cognitive
impairments (Chand et al. 2017; Ereira et al. 2024). The language
network is strikingly similar to the DMN; semantic processing
constitutes a large component of the cognitive activity occurring
during “passive” states (Binder et al. 2009; Dehghani et al.
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Fig 6. The anatomical hubs (magenta for the lateral dual-loop (left) and ochre for the medial dual loop (right)) correspond to the fields that are the
latest to be myelinated on the Flechsig map from 1920. The range is from 1 (earliest) to 45 (latest). The hubs correspond to the fields 39-45. Copyright
for the original figure at: Universitatsbibliothek Freiburg i.Br./Historische Sammlungen (V9069, b), with permission.

2017). The behavioral variables correlating with the anatomical
conjunction strength in the hubs (Table S3) have consis-
tently been associated with these functional networks. ToM is
typically linked to the DMN (Spreng and Grady 2010; Schurz
et al. 2014; Menon 2023), but the DMN has also been associated
with crystallized abilities and reading (Geranmayeh et al. 2016;
Lombardo and Kaufmann 2023), externalization (Lee et al. 2024),
withdrawal (Saris et al. 2020), avoidance (Sayali and Badre 2019),
and attention-deficit/hyperactivity disorder (Broulidakis et al.
2022). Functional connectivity denotes temporal correlations
between remote neurophysiological events for which the causal
relation (ie the anatomical connections) is undetermined (Yeo
et al. 2011). The interaction of the three association tract systems
provides the common anatomical scaffold of these networks,
the factual cause (Deco et al. 2011). Although the terms DMN,
CEN, and SAL refer to distinct functions and the functional
networks engage lateral and medial anatomical brain systems to
varying extents, the DMN being more associated with the medial
system and the CEN/FPN with the lateral system (Fig. S4), they all
necessitate the interaction of both systems, being fundamentally
based on the interplay between the internal and external worlds.
A study of independent architectural gradients in rsfMRI data,
contrasting between processing information from the external
environment and the internal milieu resulted in the same four
anatomical hubs as the first of three gradients (Zhang et al. 2019).

The hubs are the brain regions that developed the latest, onto-
genetically as well as phylogenetically (Hill et al. 2010; Schwartz
et al. 2023). This is illustrated when comparing the hub regions
with the timepoint of myelination in an individual's lifespan as
assessed by Paul Flechsig (Fig. 6) (Flechsig 1920). The range is from
1 (earliest) to 45 (latest). The hubs correspond to the fields 39 to 45.
These fields myelinate as late as at the age of 25. The hubs are not
only the latest in development, but they are also the first and most
severely affected cortical regions in Alzheimer’s disease (Jagust
and Mormino 2011; Benzinger et al. 2013). It appears that these
regions are vulnerable to $3-amyloid deposition as they rely on aer-
obic glycolysis for rapid generation of adenosine-5'-triphosphate
(Jagust and Mormino 2011). We do not present data from patients
with Alzheimer’s disease; however, a recent study showed that
altered connectivity between parahippocampal formations and
the hubs in MPFC and TPOJ predict future dementia incidence
(Ereira et al. 2024). It may seem promising to study structural
conjunction strength in such cohorts as well.

Along a principal gradient of macroscale cortical organization,
the regions of our “hubs” are described as the top of the functional
hierarchy (Margulies et al. 2016), “supra-areal association

megaclusters” (Du et al. 2024). They show high functional
connectivity in humans (Buckner et al. 2009) and constitute the
high-cost components of networks (Bullmore and Sporns 2012;
Castrillon et al. 2023), the “synergistic core for human brain
evolution and cognition” (Luppi et al. 2022). They reflect the high
frequency/short wavelength mode of cortical activity constrained
with geometric eigenmodes (Pang et al. 2023). Our data provide
the structural anatomic basis. All of these models put the cortical
regions that we found as conjunction hubs in an intermediate
position between the limbic allocortex and the fully developed
isocortex of the primary cortex, regions providing neural bridges
that mediate between the internal and the extrapersonal world
(Mesulam 1987).

Interaction in the meta-loop: four principles of
brain organization

Looking at the connections provides structure. Starting from AP
traversals at the level of the central sulcus, we identified three
fronto-posterior tract systems, two dorsal, thus above the Sylvian
fissure and one ventral below the Sylvian fissure, that group into
a lateral and medial dual loop with respective conjugation hubs
in frontal and posterior lobes. The two dual loops are anatomi-
cally and functionally separated but interact through frontal and
posterior cross connections forming a meta-loop on a higher level
(Fig. 5B). With respect to lateralization of higher brain functions,
functionally different connotations for left and right “meta-loops”
can be expected, and the interplay between the two may pose
yet another level of organization. However, these questions are
beyond the scope of this study. In the future, the anatomical
meta-loop as described here needs to be put into context to sub-
cortical structures of emotion regulation and the basal ganglia;
the brainstem and their conjunctions with cortico-petal mostly
frontal connections have tobe included (Coenen et al. 2022). There
is also a need to implement other anatomical networks within the
frontal or the posterior lobes, thus connected by tracts that do
not cross the central sulcus. Exemplary temporo-parietal cortico-
cortical connections along the MdLF (Makris et al. 2017), lateral
premotor, motor cingulate, and pre-supplementary motor area
(SMA) connections to IFG along the FAT (Catani et al. 2013) or
amygdala to prefrontal/orbitofrontal connections (Bracht et al.
2009) may be put forward.

The anatomical structure of the meta-loop accommodates
four core architectural principles of the brain, (i) the integration
of action-related activity in the frontal lobe with perception-
related activity in the posterior lobes, (ii) the integration of distinct
processing streams (dorsal and ventral), (iii) self-containment
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for internalization, and (iv) the integration of representations of
internal and external world in medial and lateral brain systems
(Fig. 5B).

The first principle pertains to the location of the hubs within
the anterior and posterior segments of the hemisphere. The recip-
rocal interaction between action and perception is indispensable
for state estimation, decision-making, action selection, and plan-
ning through the combination of perceptual and active inference
(Friston 2010), and a recent high-resolution neuroimaging study
suggests that also “recognition” necessitates the integration of
frontal and posterior activation (Kwon et al. 2025). The anatomical
structures for these integrations is provided by the hubs of the
lateral and medial brain systems, as demonstrated in our study.
The stratified architecture of the meta-loop facilitates a hierar-
chical system of iterative prediction. The complete internal rep-
resentation, with anterior-action and posterior-perceptive hubs,
establishes an independent system to incorporate concepts as
“latent” or “hidden states” (Mitchell 2021).

The second principle pertains to the interplay between two
distinct circuits within the hubs: the dorsal and ventral loops.
By “loop,” we refer to the bi-directional connectivity between the
action-oriented frontal lobe and the perception-oriented posterior
lobes. The integration of the dorsal pathway with the ventral
pathway establishes two critical hubs—one located in the frontal
lobe and the other in the posterior lobe. These hubs represent a
novel and indispensable feature of the dual-loop model (Weiller
etal. 2022). The existence of hubs in both the posterior and frontal
lobes is essential for the formation of a closed loop (as elaborated
in the third principle) and contingent upon the ventral pathway
extending into the frontal lobe, as proposed in the original frame-
work (Macko et al. 1982; Ungerleider et al. 1989). This is a crucial
difference with some current concepts suggesting a termination
of the ventral pathway in the anterior temporal lobe (see for
instance: (Sheth and Young 2016).

Each loop possesses unique specialized capabilities. The lat-
eral dorsal loop is required for all exchange with the external
world. Through our senses, we perceive the extrapersonal space
in sequences (visuo- spatial, auditory, shapes), and our actions are
executed via the sequential activation of various muscle groups.
The dorsal loop is specialized for processing sequences in space
(“where”) and time (“when”), which informs both perception and
action (“how to do”) (Kravitz et al. 2013; Rauschecker 2018). This
includes the fast transition and timing when one item prompts
the subsequent one in the series for fluid behaviors such as
reaching movements or articulate speech (Kristensen et al. 2013;
Sakreida et al. 2016). Furthermore, the dorsal loop facilitates the
intermediate and longer-term storage and retrieval of sequences,
serving as affordances or blueprints for routine sequential activi-
ties like tool use, signing or forming chunks of information, as well
as maintaining spatial constancy (Rijntjes et al. 1999; Medendorp
2011; Sakreida et al. 2016; Blumenthal-Dramé et al. 2017). Under-
standing these sequences is not necessary for their utilization,
though they are not devoid of content. A sequence, whether
heard or read and well-acquainted, is easily recognized within
the dorsal loop, requiring merely familiarity with the sequence
(experiential or ordinal knowledge, “skills”). Utilizing routines is
cost-efficient, aligning with the brain’s overarching objective to
minimize surprises (Friston 2010).

Conversely, when faced with a novel sequence or an unfamiliar
situation lacking retrievable specifications, the brain resorts to
analogy for conceptual abstraction (Mitchell 2021) within the
ventral loop (Corbetta and Shulman 2002; Weiller et al. 2022).
Meaning is established by analogy (Gentner 1983; Hofstadter
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and Sander 2013). Understanding requires classification and we
can only classify the unfamiliar in terms of the familiar (Skin-
ner cited by Weiller et al. 2022). Perceptual representations in
the temporal lobe capture a stable configuration of information,
which is utilized for categorization and recognition (Martin et al.
1996). The primary function of the frontal hub, situated in the
LPEC, specifically areas 45A and 47, is to facilitate comparisons
(Freedman et al. 2001; Passingham 2021). In collaboration with the
dorsal loop, this mechanism supports the selection of sequences.
In conjunction with the ventral loop, it serves to compare and
relate items or the relationships between items based on struc-
ture, independent of their sequential position (Freedman et al.
2001; Klauer et al. 2002; Passingham 2021). Ordering a sequence
not only involves piecing together individual elements step by
step in the dorsal loop but also leveraging the ventral loop for a
comprehensive overview of the entire series, classifying categories
by identifying analogies.

Within the dual-loop model, the hubs serve to integrate pro-
cessing of sequences and structure. The synthesis of sequence
and structure echoes the original connotation of the ancient
Greek terms “syn” (together) and “taxis” (order). This is why the
dual-loop model is suggested as the neural substrate of hierarchi-
cally structured concatenation in all cognitive domains (Weiller
et al. 2022). Our findings align with Dehaene’s theory that the
“language of thought” in humans has evolved across various
domains through multiple parallel brain circuits (linguistic, musi-
cal, mathematical, spatial action, etc.) (Dehaene et al. 2022). There
is indeed not one single stream for multiple cognitive contents,
but there are multiple parallel streams tailored to the domain.
With increasing complexity, the various dorsal streams are pro-
gressively engaged (Dehaene et al. 2022). Nonetheless, our data
also do not refute the notion of a human multidomain capacity
and proclivity to infer tree structures from strings (Fitch 2014). All
these multiple parallel streams converge within the hub regions.
This amalgamation of sequence analysis in the dorsal loop with
structural analogy in the ventral loop facilitates flexible cate-
gorization, concept formation, abstraction, generalization, and
counterfactual inference from perception, extending concepts to
new contexts, even those unlinked to perceptual entities (Mitchell
2021; Dehaene et al. 2022). These capabilities are crucial for a wide
range of significant cognitive functions.

The third principle concerns the concept of internalization.
What makes the dual-loop model special is the presence of the
two lateral hubs that allow for a closed loop, where sequences
can move back and forth. This unique anatomy allows for
computations that are independent of external data—truly
internal computations (Weiller et al. 2022). The configuration
enables us to covertly simulate our actions (dorsal) and compare
them with abstract notions (ventral) in the context of planning
(anterior) and sensory perception (posterior). For instance, motor
imagery emerges from “off-line” simulations within sensorimotor
networks that normally serve implicit “on-line” motor planning
and control, grounding higher-order cognitive processes in
simulated interactions with the environment (Hesslow 2002).
Predictive feed-forward and feedback mechanisms that use
input-output functions based on prelearned sensorimotor
associations, binding perceptive states and goals to potential
actions (inverse models) and motor plans to potential action
effects (forward models) represent a common operational
principle of the dorsal system (Vry et al. 2012). The ventral system
supports cognitive control and conscious retrieval of off-line
simulations situated in the dorsal system. The dorsal network,
however, works automatically and implicitly, as these processing
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steps are usually not consciously accessible (Sirigu et al. 2004).
Awareness is reached only when a mismatch between predicted
and actual states exceeds a certain level, when the planning of
a complex or novel movement requires supervisory attention
(Shallice and Burgess 1996). Comparable mechanisms may be
observed in the medial dual loop for integration of appraisal with
memory during the exhilaration of an eagerly awaited reunion.

Contemporary theories suggest that the DMN is insulated from
the external world, which allows it to support perceptually decou-
pled states as in mind wandering (Mason et al. 2007; Buckner
and DiNicola 2019). Internalization facilitates the generation of
mental imagery (Spagna et al. 2021) and reasoning independently
of sensory input, thus paving the way for foresight, anticipation,
or even remorse and introspection. Our hubs align with the areas
identified as encoding reward-based evidence that supports the
most advantageous counterfactual alternative for upcoming deci-
sions, as demonstrated in an fMRI study (Boorman et al. 2011).
The “first person perspective,” commonly associated with the pre-
cuneus (Lyu et al. 2023), necessitates the frontal lobe for the sense
of “self-agency” (Simons et al. 2022; Johnson 2025). Self-awareness
is characterized by the synchronous, harmonious activation of
several spatially distant areas in both anterior and posterior
regions, to form a single, brain-scale workspace (Dehaene and
Naccache 2001). The hubs further have the capability to accumu-
late and synthesize information over minutes-long timescales, as
seen in narratives, thereby binding “temporally” separated data
into a coherent understanding (Hahamy et al. 2023). The hubs are
also the core brain system that mediates mental time traveling
(Schacter et al. 2007), which requires a subjective awareness of
time (autonoesis) (Fabbro et al. 2015). Self-organizing systems
are crucial for individual identity and subjectivity. We have to
decouple ourselves from the moment to be able to place ourselves
in time. In patients in a vegetative or minimally conscious state,
the connectivity within the resting state network of these four
anatomical hubs inversely correlates with the degree of con-
sciousness (Giacino et al. 2014).

The fourth principle of the meta-loop involves integrating
and balancing internal representations of both the internal and
the extrapersonal world. Evidence suggests that the interaction
between medial and lateral brain systems plays a crucial role
in mind-body dynamics, supporting allostasis and interoception.
Studies involving the retrograde transneuronal transport of the
rabies virus in rats, task-based fMRI, and positron emission
tomography, as well as rsfMRI and DTI, indicate that the auto-
nomic brain network relies on cortical and subcortical structures,
along with connecting tracts that belong to the medial and lateral
systems (Benarroch 1993; Levinthal and Strick 2020; Reisert et al.
2021). These systems are embedded within cognitive processes
and emotions (Benarroch 1993; Coenen et al. 2022). Allostasis
necessitates predictive and perceptive inference to model the
world within lateral and medial brain systems (Kleckner et al.
2017; Schulkin and Sterling 2019; Bettinger and Friston 2023).
The meta-loop integrates these brain systems, each possessing
internalized circuits for prediction through a combination
of perceptual and active inference. Kleckner et al, using a
combination of tract tracing studies in nonhuman primates,
rsfMRIin humans, and brain-behavior evidence, described a brain
system fundamental to allostasis and interoception (Kleckner
et al. 2017). The regions are classified in terms of the DMN and
SAL and correspond with the anatomical hubs identified in our
study. The concept of allostasis can be generalized as integrated
“brain-body dynamics,” incorporating social, psychological, and
environmental influences (Bettinger and Friston 2023). The

combination of external and internal worlds is also required to
communicate with others about our emotions, ideas, or things
not currently present, as well as to discuss past and future
events. Additionally, it enables the accumulation of experience,
knowledge, and understanding shaped by the interactions
between individuals. We are capable of transmitting original
thoughts to others, who, in turn, can ponder upon and further
evolve the idea. Through the use of communicative tools such
as speech or writing, a cultural memory is established (Dor
2015). Moreover, the blending of internal and external worlds
is essential for the development of moral values, empathy, and
the ToM. Functional MRI studies have shown the involvement of
the same four central hubs in moral judgment and empathy
(Pascual et al. 2013). Moral reasoning encompasses both the
ability to view situations from others’ perspectives and to grasp
their emotions. In our analysis of the HCP behavioral data, the
strength of anatomical conjunction on an individual level was
associated with ToM task performance in both dual loops. The
four hubs are the shared regions activated across all theory
of mind tasks, as identified through an activation likelihood
estimation analysis across 144 fMRI study datasets (Molenberghs
etal. 2016). The capacity to ascribe mental states to others and the
development of morality evolve over the years. Tract-based spatial
statistics and probabilistic tractography have demonstrated
that a developmental milestone in understanding false beliefs
around the age of four correlates with changes in the local white
matter structure at the hubs in the inferior frontal gyrus, middle
temporal gyrus, medial prefrontal cortex, and posterior cingulate
cortex (Grosse Wiesmann et al. 2017). This corresponds to the
findings of Flechsig (Fig. 6). In individuals with autism spectrum
disorder, particularly those with deficits in social cognition and
ToM, structural and functional alterations at these hubs have
been observed in fMRI studies, alongside variations in cortical
thickness and anomalies in both functional and structural
connectivity (Molenberghs et al. 2016; Guo et al. 2023). It appears
that allostasis, self-reference, and ToM are based on the same
fundamental yet comprehensive anatomical structure.

The four architectural principles delineate the groundwork for
a range of distinct skills such as analogy-making, ToM, teaching,
cultural memory, and individual communication—abilities that
are suggested to distinguish humans (Dehaene et al. 2022). The
meta-loop represents an impressively straightforward anatomi-
cal framework, offering a theoretically and anatomically robust
assortment of hubs and connections, which may, in the future,
be employed to interpret dynamic rsfMRI or electroencephalo-
gram (EEG) data, including longitudinal analyses. The anatomical
conjunction strength within these nodes can be correlated with
behavioral patterns. This model aids in comprehending neurolog-
ical, neuropsychological, and psychiatric symptomatology, and it
assists in developing hypotheses regarding recovery from damage
as well as in predicting responses to treatments or interventions.
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