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Abstract 11 

The somato-cognitive action network (SCAN) consists of three nodes interspersed within 12 

Penfield’s motor effector regions. The configuration of the somato-cognitive action network nodes 13 

resembles the one of the ‘plis de passage’ of the central sulcus: small gyri bridging the precentral 14 

and postcentral gyri. Thus, we hypothesize that these may provide a structural substrate of the 15 

somato-cognitive action network.  16 

Here, using microdissections of sixteen human hemispheres, we consistently identified a chain of 17 

three distinct plis de passage with increased underlying white matter, in locations analogous to the 18 

somato-cognitive action network nodes. We mapped localizations of plis de passage into standard 19 

stereotactic space to seed fMRI connectivity across 9,000 resting-state fMRI scans, which 20 

demonstrated the connectivity of these sites with the somato-cognitive action network. 21 

Intraoperative recordings during direct electrical central sulcus stimulation further identified inter-22 

effector regions corresponding to plis de passage locations.  23 

This work provides a critical step towards improved understanding of the somato-cognitive action 24 

network in both structural and functional terms. Further, our work has the potential to guide the 25 
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development of refined motor cortex stimulation techniques for treating brain disorders, and 1 

operative resective techniques for complex surgery of the motor cortex. 2 

 3 
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Introduction  1 

One of the fundamental tenets of structural-functional brain organization is that the primary motor 2 

cortex (M1) exhibits topographical organization arranged into somatotopic maps.1 This conceptual 3 

framework has been widely popularized from Wilder Penfield's intraoperative direct electrical M1 4 

stimulations which, building upon the findings by Otfrid Foerster2 elicited isolated body-effector 5 

movements following a specific spatial pattern.3 These findings were famously illustrated in the 6 

homunculus diagram of the motor cortex in 1948.4 Over time, this depiction of Penfield's 7 

homunculus fostered a misapprehension that the motor cortex comprises an uninterrupted 8 

continuum of distinct motor effector-specific regions5—in other words, that M1 only controls the 9 

movement of certain body parts. This understanding has been instrumental and pivotal for 10 

clinicians in localizing brain lesions associated with motor deficits.6 Nevertheless, this 11 

conventional wisdom poses challenges and has limitations, prompting further inquiry into the 12 

disruptive mechanism of action and related risks of surgical intervention in this region.7 Stroke, a 13 

leading cause of disability, often results in motor impairments due to damage in M1 or its network 14 

connections.6 Rehabilitation and neurostimulation techniques, such as transcranial magnetic 15 

stimulation (TMS) and transcranial direct current stimulation (tDCS), aim to enhance motor 16 

recovery by modulating M1 activity.8,9 Additionally, M1 is crucial for surgical interventions in 17 

patients with challenging brain tumors, where advanced intraoperative mapping and meticulous 18 

planning are essential to preserve motor function, underscoring the importance of precise 19 

structural-functional knowledge of M1.10,11 These insights also apply to the use of motor cortex 20 

stimulation therapies for neuropathic pain, epilepsy, obsessive-compulsive disorder (OCD), and 21 

other neuropsychiatric disorders, with only about half of such patients responding favorably to 22 

treatment.7,12,13 23 

 24 

The primary motor cortex (M1) and the primary somatosensory cortex (S1) are crucially defined 25 

by their cytoarchitectonic features, which align with distinct anatomical landmarks such as the 26 

central sulcus. Despite some interindividual and interhemispheric variations in the superficial 27 

appearance of the central sulcus, the cytoarchitectonic boundaries that demarcate these areas show 28 

considerable consistency along the central sulcus with respect to the crests of the pre- and 29 

postcentral gyri and the fundus of the sulcus.14 Additionally, M1 can be subdivided into '4 anterior' 30 
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(4a) and '4 posterior' (4p) subsections, based on quantitative cytoarchitecture and receptor-binding 1 

site distributions, with each subregion offering distinct functional roles.15 This regular relationship 2 

between M1 and the gyral anatomy supports the idea that functional organization is more tightly 3 

bound to anatomical landmarks in M1 than in other cortical areas.16                          4 

 5 

Originally termed by Louis Pierre Gratiolet in 185417, plis de passage (PDP) are cortical 6 

continuations between adjacent gyri, or in other words, sulcal interruptions. Traditionally, the 7 

central sulcus PDP have been described as “connecting bridges” of cortex between the precentral 8 

(motor) and postcentral (somatosensory) gyri.18 While Gratiolet originally described central sulcus 9 

PDP involving the motor cortex at the level of the paracentral lobule, his descriptions regarding 10 

PDP of more ventral regions of the motor cortex were vague.17 Building on this knowledge Paul 11 

Broca subclassified PDP into 3 categories: the superior, middle, and inferior fronto-parietal PDP.18 12 

According to Broca, the superior and inferior PDP were more superficially situated, whereas the 13 

middle PDP (“pli de passage moyen”) was located in the fundus of the central sulcus, described as 14 

transverse gyri buried within this latter structure.18 Originally, Broca defined PDP as continua 15 

between primary motor and primary sensory cortices. More recently, other authors have termed 16 

the PDP as continua, with further differentiation of gyral vs. sulcal continua, the former being 17 

more superficial as visualized externally (with fused gyri as a variant), and the latter located more 18 

deeply.19 Although the concept of PDP encompasses not only the cortical layer, but also the 19 

underlying white matter -- forming an integrated structural unit – PDP-related white matter circuits 20 

have not been thoroughly examined nor well-characterized in cadaveric or tractography studies.20 21 

 22 

The 'somato-cognitive action network' (SCAN), recently described by Gordon et al. and based on 23 

precise functional MRI findings, challenged the notion of a purely motor M1 and redefined 24 

Penfield’s homunculus.21 The motor homunculus does not seem like a continuous functional 25 

gradient, but rather is interrupted by three functionally defined regions on each hemisphere, termed 26 

inter-effector regions.21 These inter-effector regions comprise the SCAN, and are seemingly 27 

involved with movement and coordination of the entire body, distinct from the more traditional 28 

effector-specific regions that focus on isolated control of limbs, such as hands and feet, or even 29 

the mouth.22 SCAN may constitute part of a more general action network involving integrated 30 
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body perception, pain, and action planning.21,23 As such, SCAN sites stand in contrast to ‘effector 1 

regions’ dedicated to pure effector-specific motor control over specific limbs, which are structured 2 

as symmetric oval zones that, in their center, map to fingertips, toe tips, or the tip of the tongue, 3 

respectively.21 4 

 5 

The SCAN operates alongside the effector-specific regions in what Gordon et al. refer to as an 6 

"integrate-isolate" pattern, where effector-specific regions isolate fine motor control (e.g., foot, 7 

hand, mouth) while the SCAN integrates broader physiological and cognitive goals.21 The SCAN 8 

is characterized by three inter-effector regions per hemisphere, which exhibit strong functional 9 

connectivity both contra- and ipsilaterally, forming an interdigitated chain along the precentral 10 

gyrus. The pattern and location of the three inter-effector regions were consistently identified in 11 

all highly-sampled adults (Figure S1 / reprinted Figure 1 from Gordon et al 202321). It was reliably 12 

replicated within individual participants across separate datasets. Additionally, this inter-effector 13 

configuration was evident in group-averaged data from large cohorts, including 4,000 participants 14 

in the UK Biobank24;  3,928 participants in the ABCD study25;  812 participants in the HCP 15 

dataset26; and 120 participants in the WU120 study27 (Figure S2/ reprinted extended data Figure 16 

1c from Gordon et 202321). In contrast, the effector-specific regions demonstrate more restricted 17 

cortical connectivity to the homotopic contralateral primary motor cortex and adjacent primary 18 

sensory cortex during isolated limb movements.21 The SCAN demonstrates strong subcortical 19 

connectivity to regions such as the centromedian nucleus of the thalamus and the cerebellum, 20 

further supporting its role in integrating motor and cognitive functions.28,29 Moreover, the SCAN’s 21 

association with internal organ control, such as connectivity to the adrenal medulla, points to its 22 

involvement in coordinating autonomic and motor responses.29   23 

 24 

Both PDP and SCAN are arranged as a chain of three nodes spanning across the motor strip of the 25 

cortex. Could they have something in common? We hypothesized that PDP may provide a 26 

structural substrate of the SCAN. Here, using a comprehensive approach (Figure 1), we analyze 27 

cadaveric human hemispheres (n=16), resting-state fMRI connectomes (n ∼ 9,000), and 28 

intraoperative, direct electrical stimulation recordings (n=33) to investigate and compare the 29 

structural and functional organization of the human primary motor cortex.  30 
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Materials and methods  1 

We used a multimodal approach comprising of microdissections, fMRI, and direct electrical 2 

stimulation (Figure 1). We analyzed 16 cadaveric human hemispheres processed through the 3 

Klingler’s method, using a novel sharp cortical microdissection technique to investigate the 4 

location and frequency of sulcal continua that cross the central sulcus. Given the difference in 5 

structure and similarities in distribution with the SCAN nodes, we hypothesized that these white 6 

matter connections may represent a structural substrate of the SCAN network. To that end, we 7 

manually registered locations of continua onto standard stereotactic space and used the average 8 

sites as seeds in data from three large fMRI studies — the Human Connectome Project (HCP)26, 9 

the UK Biobank (UKB)24, and the Adolescent Brain Cognitive Development (ABCD) Study25 — 10 

comprising a total of approximately 9,000 subjects, to determine whether the sites of continua 11 

correspond to inter-effector regions in the SCAN network. Furthermore, we analyzed the motor 12 

output (motor evoked potentials, MEPs) recorded intraoperatively in six exceptionally rare patients 13 

who had tumors in M1/S1. During these procedures, exposure of the anterior bank of the central 14 

sulcus was required for identification and preservation of function. The analysis allowed us to 15 

reconstruct the somatotopy of the stimulated tissue, focusing on the discrimination between single-16 

effector and multi-effector/inter-effector sites.  17 

 18 

White matter microdissections 19 

Sixteen normal adult cadaveric formalin-fixed hemispheres (7 right and 9 left) were prepared 20 

according to Klingler’s technique, 30–32 and subsequently studied through micro-dissection of the 21 

cortex under a surgical microscope (OPMI Carl Zeiss) as previously described. Our dissection 22 

tools included various micro-dissectors, micro-forceps and micro-scissors, including arteriotomy 23 

and arachnoid 1.0/2.0 mm knives. Each dissection step in our study was conducted with 24 

approximately 1 mm thickness. Given the inherent curvature of the brain surface, dissections were 25 

performed parallel to this curvature. This method accommodates the natural anatomical contours 26 

of the brain, allowing for a more accurate morphological assessment of the structures within their 27 

native spatial relationships. In each dissection step multiple photographs were obtained from 28 

different angles using a Nikon DSLR camera with macro-lenses to adequately illustrate the 29 
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structural and topographical architecture of the PDP. In all specimens, we carried out focused 1 

cortex microdissections of the pre- and postcentral gyri. Here, we aimed to record the topography 2 

and morphology of the fronto-parietal PDP, and investigate their spatial relationships with adjacent 3 

structures of the surface anatomy including the sulci and gyri of the frontal lobe, the Sylvian 4 

fissure, and the midline (interhemispheric fissure). Left-right asymmetries were examined. We 5 

progressively dissected the cortex of the pre-and post-central gyri until the depth of the sulcus was 6 

adequately exposed. After meticulous inspection for the presence of transverse gyri, the cortex of 7 

the central sulcus was dissected until a short straight white matter connection bridging the pre- and 8 

post-central gyrus was exposed. Cortical microdissections were carried out in a stepwise manner, 9 

resembling a gradual shaving of the cortex parallel to the silhouette of the gyrus or sulcus using 10 

curved micro knives. Following exposure of the white matter connections, the surrounding cortex 11 

was dissected to illustrate the relationship between the PDP-associated white matter and the 12 

surrounding “U”-fibers. We recorded their number, topography, relationship with surface 13 

anatomy, and distance from the midline and Sylvian fissure (SF). Finally, the patterns of the PDP 14 

were reassessed, taking our results and findings into consideration. 15 

 16 

fMRI 17 

All PDP sites were manually registered onto the cortical surface of the template defined by the 18 

ICBM 2009b NLin Asym (‘MNI’) space, by identifying the corresponding site on an MNI surface 19 

atlas for each subject. Surface coordinates were averaged across cadavers to calculate a single 20 

average coordinate for each of the three PDP sites (top, middle, bottom). The mean Euclidean 21 

distance between corresponding PDP and SCAN nodes (as reported by Gordon et al.21) coordinates 22 

was calculated. The average surface coordinate for each of the PDP sites was used as a seed region 23 

in each of the resting-state fMRI datasets, above. Furthermore, to gain insights into the 24 

cytoarchitectonic properties underlying the identified surface coordinates, we referenced their 25 

location with the Julich-Brain Cytoarchitectonic atlas.33 26 

 27 

For visualization purposes, network maps were thresholded to highlight the strongest functional 28 

connections. Due to differences in data acquisition and processing strategies employed, this 29 
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threshold varied across the datasets. Specifically, in cortex we used UKB: Z(r) > 1.0; HCP: Z(r) > 1 

0.75; and ABCD: Z(r) > 0.1. Furthermore, because the signal-to-noise ratio of fMRI is lower in 2 

subcortical structures than in cortex, due to increased distance from the MR coil, more lenient 3 

thresholds were employed to visualize the strongest connections in subcortical structures than in 4 

the cortex. In subcortex, we used UKB: Z(r) > 0.75; HCP: Z(r) > 0.4; and ABCD: Z(r) > 0.03. 5 

 6 

Resting-state fMRI data was averaged across participants within each of three large datasets. In 7 

brief, this approach computes pairwise correlations of activity time series between every location 8 

in the brain, thus describing the whole-brain functional connectivity pattern of every brain region. 9 

These connectivity patterns are then Fisher Z-transformed to improve normality, and averaged 10 

across participants within each dataset. 11 

 12 

UK Biobank (UKB) 13 

 A group-averaged, weighted eigenvectors file of an initial batch of 4,100 UKB participants (ages 14 

40-69; 53% female) -- scanned using resting-state fMRI for six minutes -- was downloaded from 15 

https://www.fmrib.ox.ac.uk/ukbiobank/. This file consisted of the top 1,200 weighted spatial 16 

eigenvectors from a group-averaged principal component analysis (PCA). Details defining data 17 

acquisition and processing pipelines are available at 18 

https://biobank.ctsu.ox.ac.uk/crystal/ukb/docs/brain_mri.pdf.24 This eigenvectors file was mapped 19 

to the Conte69 surface template atlas16 using the ribbon-constrained method in Connectome 20 

Workbench,34 and eigenvector time courses of all surface vertices were cross-correlated. 21 

 22 

Adolescent Brain Cognitive Development (ABCD) Study 23 

Twenty minutes (4 × 5-minute runs) of resting-state fMRI data, as well as high-resolution T1- and 24 

T2-weighted images, were collected from 3,928 participants (9 to 10-years old; 51% female), who 25 

were selected as participants with at least 8 minutes of low-motion data from a larger scanning 26 

sample. Data collection was performed across 21 sites within the United States, harmonized across 27 

Siemens, Philips, and GE 3T MRI scanners. Acquisition parameters were previously described 28 
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elsewhere25 Data processing was conducted using the ABCD-BIDS pipeline 1 

(https://github.com/DCAN-Labs/abcd-hcp-pipelines)35 2 

 3 

Human Connectome Project (HCP) 4 

A vertex-wise, group-averaged, functional connectivity matrix from the HCP 1,200 participants 5 

release was downloaded from db.humanconnectome.org. This matrix consisted of the average 6 

strength of functional connectivity across all 812 participants (ages 22-35; 410 female) who 7 

completed four 15-minute resting-state fMRI runs, and who had their raw data reconstructed using 8 

the newer “recon 2” software, with detailed acquisition and processing steps that are well-9 

characterized in the literature.26,34,36,37 10 

 11 

Intraoperative direct electrical stimulation recordings  12 

Six patients undergoing craniotomy at the Neurosurgical Oncology Unit of Prof. Bello (IRCCS 13 

Galeazzi – Sant’Ambrogio), for resection of a cavernoma or brain tumor requiring exposure of the 14 

anterior bank of the CS, were included. Patients gave formal consent to the procedures, and the 15 

study was approved by the regional ethical committee (Lombardia 1, Italy L2093). During each 16 

procedure, the craniotomy exposed the tumor area, the central sulcus, and the adjacent pre- and 17 

postcentral gyri. During cortical motor mapping, the somatotopy of M1 on the convexity was 18 

delineated by recording motor responses to direct electrical stimulation applied to the cortical 19 

surface. The sites with the highest cortical motor threshold (cMT) (i.e. negative sites, or the ones 20 

with the lowest excitability) were used as a safe entry zone. Subcortical motor mapping guided the 21 

resection by identifying corticospinal (CST) fiber components. Motor mapping was performed, 22 

both at the cortical and subcortical level, using High-Frequency (HF) stimulation (monophasic 23 

stimulus, 500 pulse duration, ISI = 2–3 ms) delivered by a monopolar probe (straight tip, 1.5 mm 24 

diameter), combining the classical 5-shocks-mode (HF-To5) and the novel bistim-mode (HF-To2), 25 

as described in recent studies.11,38 Upon identification of a motor response, a current-intensity 26 

curve (at 5-shocks and 2-shocks) was always performed to find threshold parameters. Tumor 27 

resection in the six selected patients required exposing a limited amount of tissue within the 28 
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anterior bank of the CS (M1), corresponding to the most caudal/posterior sector of the precentral 1 

gyrus buried within the sulcus. All surgeries were performed under general anesthesia, using 2 

propofol and remifentanil, and titrating the level of drugs to EEG and electrocorticography (ECoG) 3 

signals, to avoid any burst suppression and to maintain a continuous level of brain activity. See 4 

Supplementary Materials for details on the monitoring protocol.  5 

 6 

MEP analysis 7 

Raw electromyography (EMG) of contralateral and ipsilateral muscles (bilateral orbicularis oris, 8 

bilateral hemitongue, mentalis, biceps brachii, flexor carpi radialis, extensor digitorum communis, 9 

abductor digiti minimi, first dorsal interosseous, bilateral abductor pollicis brevis, quadriceps, 10 

bilateral tibialis anterior, flexor hallucis brevis) was recorded with specific software (ISIS, 11 

INOMED; sampling rate, 20 kHz; notch filter, 50 Hz). For each patient, the raw data, i.e., all the 12 

Motor Evoked Potentials (MEPs) recorded during the procedure, were extracted from the 13 

acquisition system, resampled at 4 kHz, and analyzed offline using dedicated MATLAB software. 14 

For each trial, a 100 msec window of interest from the stimulus onset was defined. The average 15 

background EMG activity and its SD (±1 SD) were then calculated from the last 25 msec of the 16 

recorded trace (i.e., from 75 to 100 msec). An MEP was considered reliable only when the EMG 17 

voltage signal exceeded the average background ±1 SD.39 The threshold parameters and the 18 

combination of muscle responses were stored for each responsive (eloquent) site. 19 

 20 

Reconstruction of stimulation sites 21 

The surgical procedure was recorded through the microscope view, and MRI coordinates of all the 22 

stimulated sites were acquired by the neuronavigation system, allowing the visualization of the 23 

stimulation probe and the neuronavigation probe when applied on the effective sites, as well as the 24 

surrounding tissue and gyro-sulcal anatomy. A cortical surface extraction and surface volume 25 

registration were computed using the T1-weighted images loaded files into the neuronavigation 26 

system during surgery, using Freesurfer software.40 Subsequently, the results were loaded onto a 27 

Brainstorm/MATLAB toolbox.41 where the exact position of all the sites was marked as a scout 28 
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on the patient's 3D MRI. With the aid of Brainstorm, each site was co-registered to the MNI space 1 

and visualized on the 3D surface reconstruction of the anterior bank of the central sulcus (ICBM 2 

152). The MNI coordinates of each site were used to estimate the probability of overlap with the 3 

cytoarchitectonic maps available in SPM Anatomy Toolbox.33,42,43 The association between 4 

cytoarchitectonic maps and the type of HF-DES responses (single vs inter-effector probability 5 

values) was assessed using a Mann Whitney U-test. The region of highest probability of evoking 6 

MEPs was computed using a modified in-house version of probability kernel density estimation 7 

(PDE analysis) implemented in MATLAB.44 Each coordinate was weighted based on the number 8 

of body-effectors involved by the stimulation, to better display the voxels associated with inter-9 

effector responses. 10 

 11 

Population-based High Definition Tractography  12 

Tracts and population-based connectivity data were obtained from a population-based 13 

tractography atlas, as described by Yeh et al.45 The atlas provided averaged trajectories for the 14 

three subdivisions of the superior longitudinal fasciculus (SLF I, II, III) across a large cohort. For 15 

brain parcellation, we employed the HCP-MMP atlas, as defined in the Glasser et al. study.26 This 16 

parcellation scheme subdivides the cortex into 180 regions per hemisphere, enabling precise 17 

mapping of tract coverage and cortical region interactions. All visualization and data processing 18 

were conducted using DSI Studio, an open-source diffusion MRI software as previously 19 

described.46,47 The software allowed for the integration of the tractography atlas with the HCP-20 

MMP parcellation, enabling us to visualize and quantify the intersections between SLF 21 

subdivisions and specific cortical regions. Tract-to-region intersection probability was calculated 22 

for each hemisphere to evaluate the spatial relationships between tracts and cortical regions. 23 
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Results 1 

White matter microdissections 2 

A chain of three distinct, short, white matter connections (superior, middle, and inferior PDP) that 3 

interrupted the central sulcus at its depth was recorded in all studied hemispheres (Figure 1, Table 4 

S1). The PDP predominantly comprised white matter exhibiting a morphological composition, 5 

distinctly different from standard U-fibers. In contrast to the latter’s delicate thinness and U shape, 6 

the white matter found within these regions exhibited a slightly deeper location, marked thickness, 7 

prominence, and a less pronounced curvature when compared to the U fibers. A satellite PDP near 8 

the inferior PDP was present in 50% of the cases. Satellite PDP adjacent to both inferior and middle 9 

PDP were present in 12.5% of the cases. A superior PDP was found at the level of the SFG in 10 

56.25% (9/16) of the cases, at the level of the superior frontal sulcus (SFS) in 31.25% (5/16) of 11 

the cases, and at the level of the middle frontal gyrus (MFG) in 12.5% (2/16) of the cases. The 12 

average distance from the midline was 5 ± 2.6 mm. A middle PDP was found at the level of the 13 

middle frontal gyrus (MFG) in 93.75% (15/16) of the cases, and at the level of the inferior frontal 14 

sulcus (IFS) in 6.25% (1/16) of the cases. The mean distance from the midline to a middle PDP 15 

was 41 ± 15.1 mm, and from the Sylvian Fissure 37 ± 14.1 mm.  An inferior PDP was found at the 16 

level of the inferior frontal gyrus (IFG) in all (16/16) of the cases. The mean distance of the inferior 17 

PDP from the Sylvian fissure was 7 ± 4.8 mm. 18 

 19 

fMRI 20 

Superimposing anatomically derived PDP to an MNI surface model corresponded to average 21 

coordinates of x = -58.6, y = 1.5 and z = 13.8 mm (inferior PDP); -46.1, -9.7, 46.5 mm (middle 22 

PDP); and -25.9, -22.5, 67.1 mm (superior PDP). Results are shown in Figure 2. Individual 23 

coordinates for each cadaver are reported in Supplementary Table 2 (Table S2). The mean 24 

Euclidean distance between corresponding PDP and SCAN node coordinates (as reported by 25 

Gordon et al.) was 8.89  2.7 mm (mean  SD, range: 6.2 – 11.5 mm). Seeding fMRI connectivity 26 

from these anatomically defined (PDP) average locations across three large datasets resulted in a 27 
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network pattern in every dataset (UKB: Figure 2D; HCP and ABCD: Figure S3) that precisely 1 

resembled the SCAN network, including subcortical representations, such as the centromedian 2 

nucleus of the thalamus. 3 

 4 

To gain insights into the relationship between the anatomical location of the PDP and its 5 

underlying cytoarchitecture, we derived atlas parcellations from the Julich-Brain 6 

Cytoarchitectonic Atlas42 and superimposed the coordinates reported by our group (Figure S4). 7 

Supplementary Table 3 (Table S3) provides an overview of the atlas allocation. Importantly, 8 

coordinates localized to border regions within primary somatosensory cortex (BA3b), primary 9 

motor cortex (BA4a), and premotor cortex (BA6), identifying the transition between areas or 10 

regions comprised of differential cell architecture. 11 

Intraoperative direct electrical stimulation recordings  12 

The anterior bank of the central sulcus was dissected, exposed and mapped through direct electrical 13 

stimulation in six patients (Table S4), and the MEP response of 33 eloquent sites was recorded. 14 

All stimulation sites were located on the anterior bank of the central sulcus (areas 4a and 4p). 15 

Details on stimulation parameters, effectors involved, and MEPs mean amplitude are reported in 16 

Table S5. We recorded 8 inter-effector sites within the region of the superior and middle PDP, in 17 

which direct electrical stimulation of single sites resulted in diffuse MEP responses involving 18 

muscle groups of different parts of the body. Given that these sites do not represent effector-19 

specific regions, and to remain consistent with the current literature, we refer to them as inter-20 

effector regions. Stimulation sites were overlapped with the 3D surface reconstruction of the 21 

anterior bank of the central sulcus/M1 at a single subject and population level (Figure 3A-G). The 22 

spatial relationship between the inter-effector sites and their probability estimation with the PDP 23 

MNI coordinates is shown in Figure 3H. Overall, we recorded 8 inter-effector sites. Three of them 24 

were recorded in patient 1. Here, direct electrical stimulation elicited reliable MEPs 25 

simultaneously in the upper limb (Extensor Digitorum Communis muscle) and the lower limb 26 

(Tibialis Anterior and Flexor Hallucis Brevis muscles) with the same threshold parameters (2 stim, 27 

8 mA). In patient 2, HF-DES stimulation revealed an inter-effector site that, when stimulated, 28 

elicited MEPs simultaneously in the proximal upper limb (Biceps Brachi), in distal hand muscles 29 
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(Flexor Carpi Radialis, Extensor Digitorum Communis, Abductor Pollicis Brevis, First Dorsal 1 

Interosseus, Abductor Digiti Minimi) and the lower-limb district (Tibialis Anterior and Flexor 2 

Hallucis Brevis muscles). In patient 3, only single effector sites were found (upper-limb MEPs), 3 

possibly due to the limited amount of CS cortex exposed for surgical reasons, corresponding to the 4 

hand-knob sector. In patient 4, an inter-effector site was found, evoking MEPs in distal hand 5 

muscles (Flexor Carpi Radialis, Abductor Digiti Minimi) and, simultaneously, in the oro-facial 6 

district (Orbicularis Oris, Mentalis). In patient 5, inter-effector responses were recorded at three 7 

distinct sites. Here, MEPs were simultaneously evoked in distal hand muscles (Abductor Digiti 8 

Minimi, First Dorsal Interosseus) and the lower limb (Quadriceps, Tibialis Anterior). Finally, in 9 

patient 6, HF-DES of two different inter-effector sites elicited oro-facial and hand muscle MEPs 10 

(Orbicularis Oris and Abductor Digiti Minimi). We did not record any MEPs during stimulation 11 

of the inter-effector sites with current intensity below threshold parameters (i.e. the MEPs in all 12 

muscles responsive simultaneously disappeared). Finally, in an attempt to establish a more precise 13 

anatomical location of the inter- and single-effector sites within the different sub-sectors of area 4 14 

(4a and 4p), our analysis showed no significant differences (Figure 3I). 15 

 16 

Population-based High Definition Tractography  17 

In this study, we utilized population-based tractography to map the trajectories and cortical 18 

coverage of the three subdivisions of the superior longitudinal fasciculus (SLF I, II, III) in relation 19 

to the precentral gyrus. We successfully reconstructed population-averaged tracts of all three 20 

subdivisions of the superior longitudinal fasciculus (SLF I, II, III) through fiber tractography and 21 

parcelated HCP-MMP cortical regions, particularly 1, 3a, 3b, and 4 (Figure S5). SLF II and III 22 

demonstrated considerable coverage over the majority of the precentral gyrus, postcentral gyrus, 23 

and portions of the central sulci, as shown in Figure S5b. Specifically, SLF I showed a more 24 

restricted intersection, primarily along the lateral portions of the precentral region. Quantitative 25 

analysis of the tract-to-region connectome (Fig. S5d) revealed high intersection probabilities for 26 

SLF II and III across the HCP-MMP regions 1, 3a, and 3b, with consistently high overlap in both 27 

the left and right hemispheres (94-100%). In contrast, SLF I exhibited minimal overlap with 28 

regions 1, 3a, and 3b, and only 6-8% overlap in the right hemisphere. In Figure (S5e), a coronal 29 
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view illustrates the distinct compartments of SLF intersection with the cortical regions. SLF II 1 

showed more medial coverage, while SLF III was predominantly lateral. This regional distinction 2 

suggests differential functional roles for SLF II and III in sensorimotor integration. Overall, these 3 

results underscore the substantial intersection of SLF II and III with precentral regions, while SLF 4 

I contributes comparatively limited (or minimal) connectivity. 5 

 6 

Discussion  7 

Our microdissection studies consistently revealed a chain of three distinct short white matter 8 

connections (Plis de Passage, PDP) that interrupted the depth of the central sulcus, resembling the 9 

pattern of the inter-effector regions of the somato-cognitive action network (SCAN), with a mean 10 

Euclidean distance between the SCAN nodes coordinates and the PDP coordinates of 8.89  2.7 11 

mm (mean  SD, range: 6.2 – 11.5 mm). Seeding fMRI functional connectivity from group-12 

averaged PDP locations in 3 large datasets (n = 9,000) functional connectomes resulted in a pattern 13 

that precisely matched the SCAN network. Central sulcus locations at which intraoperative 14 

electrical stimulation caused movement across multiple body parts (not effector specific), 15 

overlapped with the SCAN inter-effector nodes identified by functional connectivity, and the PDP 16 

identified by white matter microdissection. Our comprehensive approach utilizing 17 

microdissections, resting state MRI connectomes, and intraoperative mapping studies indicates 18 

that the PDP of the central sulcus are subserving the SCAN nodes as a structural, anatomical 19 

substrate.  20 

 21 

Distinctive Structural Segments of the Primary Motor Cortex 22 

Although traditional literature has focused on describing the superficial cortical folding associated 23 

with PDP,17,18 our findings herein broaden its structural description by extending the understanding 24 

of the white matter connections within PDP architecture. This expanded view can be supported by 25 

studies that identified PDP as cortical landmarks linked with regions of increased, short -range, 26 

white matter connectivity, linking adjacent gyri; thus, PDP could be considered an integrated 27 

structural unit comprised of both gray and white matter.20 Research has demonstrated a 28 
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concentration of short fibers in primary cortices, suggesting that PDP might represent potential 1 

key elements in the intricate network of connectivity supporting complex motor and cognitive 2 

functions.48  3 

 4 

Our findings show that central sulcus PDP constitutes an interdigitated chain down the precentral 5 

gyrus, similar to the SCAN network sites described by Gordon et al.21 Analogous to the newly 6 

described SCAN network loci, PDP interrupt the central sulcus, and hence M1, at specific and 7 

remarkably similar sites. We find that PDP are located within the depths of the central sulcus, 8 

reinforcing their similarity to the SCAN regions. This assertion is supported by findings of 9 

functional connectivity of the inter-effector regions into the fundus of the central sulcus.21 The 10 

depth of the central sulcus has been implicated in proprioception,49 a function potentially supported 11 

by the SCAN network.21 Here, we show that PDP constitute true white matter axonal connections 12 

moving beyond traditional descriptions of unique cortical folding patterns interrupting the central 13 

sulcus. Furthermore, we highlight their role as integrated cortico-subcortical functional units. On 14 

a cytoarchitectonic level, PDP mapped to border regions within the primary somatosensory cortex 15 

(BA3b), primary motor cortex (BA4a) and premotor cortex (BA6), localizing to transition zones 16 

between cytoarchitectonic labels. This finding may indicate a possible extension of the inter-17 

effector concept to the cytoarchitectonic level, where structure, function and cytoarchitecture could 18 

play a role in facilitating integrated body perception, action planning and execution. 19 

 20 

Our microdissection findings demonstrate that central sulcus PDP predominantly comprise 21 

substantial volumes of white matter (Figure 1). The morphological composition of the PDP 22 

(denser, less curved, more prominent) distinctly deviates from standard U-fibers, suggesting that 23 

PDP may not connect the superficial/lateral parts of M1 and S1. PDP, as structural units, might 24 

have more extensive connectivity patterns.48,50,51 Nevertheless, it is crucial to note that both the 25 

SCAN regions and the PDP as delineated by our dissections, do not establish connections to 26 

lateral/superficial regions of the postcentral gyrus. It is conceivable that the connection between 27 

M1 and S1 within effector-specific regions might be mediated by U-fibers, given their 28 

characteristic superficial termination patterns. Satellite connections that we often found close to 29 

the middle and inferior PDP in some of our cases, may suggest structural variations linked to case-30 
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specific SCAN node volume differences, as reported by Gordon et al. This could indicate that in 1 

individuals with larger SCAN nodes, auxiliary PDP might be present, contributing to these subject -2 

specific volumetric differences. 3 

 4 

The SCAN network is characterized by its wide and extensive connectivity, mapping across 5 

various cortical regions to support complex motor and cognitive functions.21 In contrast, PDP are 6 

more localized. Despite this apparent difference in scale, the observed similarity between the 7 

locations of PDP and SCAN nodes is compelling and suggests a potential structural basis for the 8 

SCAN’s inter-effector nodes. This view is supported by research demonstrating that functional 9 

brain connectivity often reflects broader and more extensive networks than direct structural 10 

connections alone.50,52 Studies by Honey et al. have shown that functional connectivity can emerge 11 

from indirect pathways and neural synchronization across distant brain networks, leading to 12 

broader connectivity patterns than those predicted by direct structural connections alone.50 13 

Similarly, Damoiseaux and Greicius emphasized that functional connectivity networks, such as 14 

those observed in resting-state fMRI, often encompass wider regions than their structural 15 

counterparts, suggesting that functional networks may be more extensive than the underlying 16 

structural connectivity.52 Functional networks can reflect complex, dynamic interactions that 17 

extend beyond direct anatomical connections, reinforcing the idea that functional connectivity may 18 

not always align perfectly with structural connectivity.51 Therefore, it is plausible that PDP 19 

contribute to the integrative functions of SCAN. This perspective underscores the importance of 20 

considering both cortical and white matter components when examining the structural foundations 21 

of functional networks.  22 

 23 

Finally, in considering alternative structural networks, the presence of three inter-effector regions 24 

might superficially suggest a comparison with the three branches of the Superior Longitudinal 25 

Fasciculus (SLF). However, a more detailed anatomical analysis highlights key differences. SLF 26 

II and III are lateral to the corticospinal tract (CST), while SLF I is medial and distant from SCAN 27 

nodes as per Gordon et al.53–55 Population-based tractography45 further shows minimal overlap 28 

between SLF I and SCAN nodes, supporting distinct differences in their respective underlying 29 

anatomical pathways, despite some apparent superficial similarities (Figure S5). 30 
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Direct Brain Mapping: Navigating Past Challenges and Acquiring 1 

Insights 2 

Direct electrical stimulation stands as an indispensable technique in neuroscience.56 The 3 

conceptual framework of a motor homunculus stemmed from Penfield's intraoperative, direct 4 

electrical stimulations of the precentral gyrus.57 However, the primary motor cortex folds within 5 

the central sulcus. It thus also occupies the anterior bank of the central sulcus which according to 6 

Penfield was not exposed during his intraoperative mapping.58,59 Direct electrical stimulation of 7 

the anterior bank of the central sulcus requires dissection and exposure, which becomes essential 8 

when contemplating resective surgery for lesions in this region. Due to the technical complexity 9 

and inherent complication risks, lesions in this anatomical area have often been deemed inoperable. 10 

Recent advances in motor mapping strategies have challenged this view, reporting the feasibility 11 

of surgery within M1 and the corticospinal tract (CST) with a very low morbidity rate.11,38 Our 12 

findings show that though exceptionally rare, within the context of appropriate indications and 13 

with the proper technique, the anterior bank of the CS can be exposed, and mapped through direct 14 

electrical stimulation. Moreover, our findings show that the primary motor cortex is indeed 15 

composed of effector-specific (foot, hand, mouth) motor regions and SCAN inter-effector regions 16 

important for whole-body action implementation. 17 

 18 

 The SCAN inter-effector sites were located at the transition between areas 4a and 4p, intermingled 19 

with effector-specific sites. The present data do not allow us to make conclusive remarks about a 20 

potentially different organization, in terms of somatotopy, between anterior and posterior area 4. 21 

However, our findings might suggest that the human motor system hosts a fundamental action-22 

centered organization, or hierarchy, within its well-known effector-specific representation. This 23 

evidence is in line with both previous electrophysiological studies with direct stimulation of the 24 

human precentral gyrus convexity,39,56 and with microstimulation (ICMS) of the non-human 25 

primate motor cortex, able to evoke ethologically relevant actions (e.g. ‘bring to the mouth’ 26 

movements)28 and complex co-activation of multiple muscles, possibly supporting natural 27 

behaviors.60 Moreover, the presence of SCAN inter-effector regions within areas 4a and 4p is 28 

consistent with recent direct mapping data obtained with intracerebral sEEG electrodes along the 29 

anterior bank of the central sulcus, which also challenge the notion of a purely body movement-30 
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centered, human motor cortex.22 The authors reported the existence of sites in the central sulcus, 1 

interspersed between foot-, hand-, and mouth-specific regions, that were non-specifically 2 

electrophysiologically active during movement execution with any limb; the feet, hands, and 3 

mouth.  Here, we provide data confirming this newly described anatomo-functional organization 4 

by EMG recordings during direct electrical stimulation.  5 

 6 

Expanding Beyond a Pure Motor M1 Model Reinstates Treatment 7 

Opportunities 8 

We provide evidence on the topography, morphology and functional connectivity of the PDP of 9 

the central sulcus. Our data suggests that these connections correspond to the newly described 10 

inter-effector regions within the SCAN network. Potentially, our results add an anatomical 11 

interpretation to their functional description. The presented results further add clarity to the 12 

relationships between PDP, the SCAN network, and effector-specific motor regions in showing 13 

that PDP fall onto inter-effector regions of the SCAN network. The localization and number of 14 

PDP varies across subjects, and PDP mostly consists of white matter; thus, representing true white 15 

matter connections. This work provides a critical step towards precisely mapping the SCAN nodes 16 

through structural imaging, and could guide the development of refined motor cortex stimulation 17 

strategies and operative techniques for complex surgery of the somatomotor cortex, essential to 18 

preserve motor function.10,11 Moreover, the SCAN was suggested to be involved in the processing 19 

of pain signals.21 Motor cortex stimulation can treat patients with neuropathic pain, yet only 40% 20 

of patients respond to this treatment. More specific neuromodulatory targeting of the PDP might 21 

increase the therapeutic effects of M1 stimulation for the treatment of neuropathic pain, or other 22 

neuropsychiatric disorders.7,12 Given the pivotal role of M1 in stroke rehabilitation, modulating 23 

PDP activity may also enhance motor recovery outcomes.8,9 Furthermore, recent findings suggest 24 

that the SCAN is critically involved in the pathophysiology of Parkinson's disease and its brain 25 

stimulation treatments, making the PDP a promising candidate target for neuromodulation.61  26 

 27 
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Limitations and Future Directions 1 

Despite the significant insights provided by our study, several limitations should be acknowledged. 2 

First, the sample size of cadaveric human hemispheres (n=16), while providing valuable 3 

anatomical details, may not capture the full variability present in the broader population. Second, 4 

our resting-state fMRI connectomes (n~=9,000 across three datasets) and intraoperative direct 5 

electrical stimulation recordings (n=33) provide robust functional data, yet the integration of these 6 

modalities into a cohesive model of SCAN functionality requires further validation. Third, 7 

focusing on PDP as both cortical and white matter structures is a novel perspective, but more 8 

extensive studies are necessary to fully elucidate their connectivity patterns and functional roles. 9 

 10 

Additionally, our process of marking the PDP observed in the cadaver brains onto the template 11 

surface may have limitations. Specifically, we directly marked them on the template brain (see 12 

Figure 2, panel A). While similar processes have been used before, such as mapping histological 13 

parcellations onto the standard MNI brain1 and lesion locations from case reports to standard MNI 14 

brain space,5–7 it is indeed true that inter-individual variability of gyral and sulcal anatomy cannot 15 

be accounted for by this method. Our approach is more probabilistic (as described in Figure 2, 16 

Panel A), mapping average locations of the PDP (as found in cadavers) onto the average brain 17 

space (as defined by the MNI template), similar to using an average group connectome based on 18 

resting-state fMRI scans from normal brains.12 19 

 20 

Regarding the imaging resolution, the fMRI scans used to create the normative functional 21 

connectome had a voxel size of between 2.0 and 2.4 mm isotropic, with no gap between slices. It 22 

is key to emphasize that the seeds were run along 812 to > 4,000 scans and the results were 23 

averaged. These datasets are widely used, and are the same group-average resting-state datasets in 24 

which SCAN was previously described by Gordon et al.21 25 

 26 

Our study included motor-evoked potential (MEP) recordings following stimulations of the PDP-27 

related sites on the central sulcus (CS). While this data is valuable, we weren’t able to assess these 28 

ACCEPTED M
ANUSCRIP

T

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/advance-article/doi/10.1093/brain/aw

af022/7984389 by W
ashington U

niversity in St. Louis (IN
AC

TIVE) user on 30 January 2025



 

22 

connections in awake patients; as such, we might have missed critical insights that could only be 1 

captured through conscious responses during specific tasks.  2 

 3 

While our findings suggest that PDP may have implications for enhancing therapeutic outcomes 4 

in neuromodulation and surgical interventions, particularly in conditions such as neuropathic pain, 5 

Parkinson's disease and complex motor cortex-situated tumors, clinical trials and additional 6 

research are needed to confirm these potential applications. Future studies should aim to increase 7 

sample sizes, utilize longitudinal data to track changes over time, and to explore the mechanistic 8 

underpinnings of PDP involvement in broader neural networks. 9 

 10 

Another limitation of this study is the lack of information of post-mortem times and cause of death 11 

of the donors whose hemispheres were used in the fiber microdissections. Nevertheless, when we 12 

receive cadavers in our lab, we ensure that the brains do not come from donors with 13 

neuropsychiatric disorders by excluding those with known neurological diseases or causes of death 14 

related to neurological conditions. This exclusion is based on the information provided in the 15 

official documentation we receive, which includes a log of known diseases and the cause of death 16 

as well as gross inspection of the brains. Additionally, we conduct a thorough morphological 17 

examination to confirm that there are no abnormalities or lesions indicative of gross disease or 18 

previous stroke. Cadavers that do not meet these criteria are excluded from our studies. 19 

 20 

Data availability  21 

fMRI data used in this study are available online (http://neuroinformatics.harvard.edu/gsp/). 22 

Patient data are available as supplementary material at Brain online. Imaging data used in this 23 

study are publicly available through the human connectome project 24 

(https://www.humanconnectome.org/) and DSI studio (https://dsi-studio.labsolver.org/). Human 25 

cadaver data are not publicly available due to conflicts with privacy reasons.   26 

 27 
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 8 

Figure legends 9 

Figure 1 The plis de passage of the central sulcus. (A) Upper panel:  Lateral view of the right 10 

hemisphere of specimen 15. The Plis de passage were superimposed on the cortex in red. The right 11 

panel highlights the intra-gyral white matter connections underlying the cortical tissue of the Plis 12 

de Passage, as revealed through the microdissection process. The inset shows an enlarged view of 13 

the middle pli de passage and a satellite middle pli de passage. Lower panel: Inferior view showing 14 

the subcentral gyrus within the sylvian fissure. A satellite inferior plis de passage was 15 

superimposed on the cortex in red. The right panel displays the white matter connection of the 16 

satellite inferior plis de passage. (B)  Lateral view of the left hemisphere of specimen 1 showing a 17 

striking resemblance to the somato-cognitive action network (SCAN) inter-effector pattern 18 

reported by Gordon et al. in Figure 7b of their study. 19 

 20 

Figure 2 Mapping of plis de passage sites and functional connectivity in relation to the 21 

Somato-Cognitive Action Network.  (A) The plis de passage (PDP) sites of the 16 cadaver brains 22 

were mapped and manually registered onto the brain surface template (ICBM 2009b NLin Asym), 23 

by pointing to the corresponding site on an MNI surface atlas for each subject. (B) Coordinates 24 

were averaged across cadavers to calculate a single average coordinate for each of the three PDPs 25 

(top, middle, bottom), which were highly similar to the somato-cognitive action network (SCAN) 26 

inter-effector nodes reported by Gordon et al. 9 (C) Functional connectivity of each region was 27 

computed by correlating resting-state fMRI signals within these regions against the signals of 28 
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30 

every other brain region, and then averaging these connectivity patterns across the three regions 1 

and across all subjects within UKB, HCP and ABCD datasets. (D) Average functional connectivity 2 

map of the three PDPs across all subjects in the UKB dataset in cortex (left) and subcortex (right). 3 

The resulting map precisely matches the SCAN described by Gordon et al.9 See Figure S3 for a 4 

nearly identical network map in HCP, and ABCD datasets. 5 

 6 

Figure 3 Intraoperative direct electrical stimulation sites. All stimulation sites for Patients 1-6 7 

(A-F) are visualized on a 3D reconstruction of the anterior bank of their central sulcus and 8 

combined on the International Consortium for Brain Mapping (ICBM) 152 central sulcus template 9 

(G). Effector-specific sites are displayed in blue, while inter-effector sites (somato-cognitive action 10 

network [SCAN]) are displayed in red. (H) displays the spatial relationship between the inter-11 

effector sites and the plis de passage (PDP) MNI coordinates as (above) and their probability 12 

density estimation (below). The three colored circles in the upper picture represent the same PDP 13 

sites from Figure 2. (I) Boxplot showing the probability of overlap between stimulation sites (inter-14 

effector [red] vs. single-effector [blue]) for the two subsectors (anterior, posterior) of area 4. MN-15 

U test, ns ≥ p 0.05  16 

 17 

 18 
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