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Abstract 39 

Understanding the evolutionary origins of the structural substrates underlying self-40 

processing is central to elucidating the neural basis of human cognition. Although self-related 41 

behaviors differ markedly across primates, the extent to which the underlying neural 42 

architecture is conserved or reorganized remains unclear. Here, we investigated shared and 43 

species-specific characteristics of the self-processing network (SPN) across humans (n = 46, 44 

19 males), chimpanzees (n = 46, 18 males), and macaques (n = 43, 22 males) using a 45 

comparative connectomic framework. We mapped a meta-analysis-derived human SPN onto 46 

nonhuman primates within a shared homologous connectivity space defined by conserved 47 

white-matter tracts. We compared local microstructural properties and gene expression 48 

signatures between humans and macaques, and further included chimpanzees as an 49 

intermediate evolutionary reference for large-scale structural connectivity. SPN regions 50 

exhibited highly similar myelin-sensitive contrast profiles in humans and macaques, 51 

accompanied by shared expression patterns of related genes, which were also enriched for 52 

human-accelerated brain genes. Large-scale connectivity revealed pronounced species 53 

differences, with chimpanzees occupying an intermediate position between humans and 54 

macaques. Importantly, evolutionary modifications of the SPN were domain-specific: 55 

Interoceptive-processing subnetworks showed greater similarity between macaques and 56 

chimpanzees; Exteroceptive-processing subnetworks showed closer correspondence 57 

between chimpanzees and humans; and Mental-self-processing subnetworks exhibited 58 

greater interspecies differentiation. Moreover, these changes were accompanied by a 59 

progressive reorganization of network hubs from insular regions in macaques to cingulate 60 

regions in humans. Together, these findings reveal a scale-dependent evolutionary 61 

organization of SPN structural substrates and provide a framework for understanding the 62 

conservation and reorganization of self-processing architectures across primates. 63 

 64 

Keywords: self-processing; cross-species comparison; connectomics  65 JN
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Significance Statement  66 

Self is a central construct in cognition, yet its neural evolution remains poorly understood. 67 

By comparing local biological features between humans and macaques and using 68 

chimpanzees as an intermediate reference for structural connectivity, this study reveals a 69 

scale-dependent dissociation in the reorganization of self-processing network (SPN) structural 70 

substrates across primates. Local microstructural and transcriptional features of the SPN are 71 

highly conserved between humans and macaques, whereas large-scale network architecture 72 

is selectively and nonuniformly reorganized. This reorganization follows domain-specific 73 

patterns that diverge from whole-brain evolutionary trends and is accompanied by systematic 74 

shifts in network hub organization. These findings provide a framework for understanding how 75 

neural architectures associated with human self-processing may have emerged from 76 

conserved primate brain systems.  77 
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Introduction 78 

The self is central to cognition, enabling organisms to integrate internal bodily states, 79 

external sensory information, and social signals into a coherent representation of the individual 80 

(Qin & Northoff, 2011; Davey et al., 2019; Wolff et al., 2019; Qin et al., 2020; Keskin et al., 81 

2025). Self-processing comprises hierarchically organized functions: interoceptive processing 82 

relates to internal bodily states; exteroceptive processing supports multisensory integration 83 

between the body and environment; and mental-self processing underlies abstract, reflective 84 

representations of the self (Qin et al., 2020). Although disruptions of self-processing are 85 

implicated in neurological and psychiatric disorders (Damiani et al., 2019; Northoff et al., 2021; 86 

Scalabrini et al., 2024), its evolutionary neural substrates remain unclear. Addressing this 87 

question is important for understanding human cognition and establishing non-human primate 88 

(NHP) models, particularly macaques, for mechanistic investigation of self-processing and its 89 

pathological changes (Fang et al., 2019; Miyamoto, 2024; Lei, 2023). 90 

NHP studies have examined self-processing mainly through self-awareness-related 91 

behaviors. Chimpanzees exhibit self-agency (Kaneko & Tomonaga, 2011), pass the mirror 92 

self-recognition (MSR) test (Gallup, 1970), and recognize themselves in distorted mirrors 93 

(Kitchen et al., 1996), whereas macaques generally do not show spontaneous mirror self-94 

recognition (Anderson & Gallup, 2015; Gallup, 1977; Suddendorf & Collier-Baker, 2009), 95 

although trained individuals can pass the MSR test after associating visual and 96 

somatosensory feedback (Chang et al., 2015, 2017). Yet chimpanzee studies are ethically 97 

constrained, and macaque self-related capacities remain debated despite their experimental 98 

tractability. These limitations highlight the need for neurobiological features supporting cross-99 

species comparison in their self-processing capacities, independent of overt behavioral 100 

performance. 101 

Local biological properties provide one comparative route. Cortical myelination has been 102 

widely used to assess microstructural similarity and infer putative homologies between cortical 103 

regions across primate species (Gao et al., 2020; Glasser & Essen, 2011), while regional gene 104 

expression profiles capture shared developmental and transcriptional constraints (Morgan et 105 

al., 2019; Wang et al., 2025; Xia et al., 2022). These features tend to show conserved cross-106 

species correspondences (Li et al., 2025; Wu et al., 2025), but may miss species-specific 107 

reorganization in higher-order association cortices. Connectomic architecture is more 108 

sensitive to species-specific variation in large-scale organization and is therefore essential for 109 

characterizing evolutionary trajectories of self-processing-related brain regions (Passingham 110 

et al., 2002; Thiebaut de Schotten & Forkel, 2022). 111 
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 6 

Structural connectivity is suited to this aim because anatomical wiring constrains 112 

information flow, shapes functional specialization, and supports integration across distributed 113 

regions (Axer & Amunts, 2022; Thiebaut de Schotten & Forkel, 2022), while also supporting 114 

homologous mapping. Forty-two homologous white-matter tracts have been established in 115 

humans, chimpanzees, and macaques, and each cortical region’s connectivity “fingerprint” 116 

with these tracts allows the detection of homologous areas across species (Bryant et al., 2020; 117 

Warrington et al., 2020), as validated for well-established homologous regions, such as MT 118 

(Mars et al., 2018). Thus, structural connectivity fingerprints provide a behavior-independent 119 

method for mapping self-related regions in NHPs (Mars et al., 2018). Because evolutionary 120 

modifications of the connectome architecture have been central to the emergence of human 121 

cognition (Changeux et al., 2021), structural connectivity provides a critical entry point for 122 

studying the reorganization of the self-processing network (SPN) and its potential relevance 123 

to self-related behavioral capacities. 124 

In the present study, we adopted a meta-analysis-derived human framework that 125 

categorizes self-processing into Interoceptive-processing, Exteroceptive-processing, and 126 

Mental-self-processing domains and associated brain regions (Qin et al., 2020). We 127 

constructed a shared homologous connectivity space based on conserved white-matter tracts 128 

and mapped self-processing regions from humans onto macaques (Mars et al., 2018). Then, 129 

we compared local microstructural and transcriptional features in humans and macaques, with 130 

chimpanzees included as an intermediate reference for network-level properties. Based on 131 

prior evidence that microstructural and transcriptional features are relatively conserved across 132 

primate species (Charvet et al., 2022), whereas large-scale connectivity is more sensitive to 133 

evolutionary reorganization, we expected greater cross-species similarity at the local level but 134 

more pronounced dissimilarity in large-scale network organization, particularly within the 135 

Mental-self-processing subnetwork.  136 
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Materials and Methods 137 

Data Acquisition and Preprocessing 138 

Human Data 139 

We randomly selected 46 participants (age±SD: 30.07±3.72 years; 19 males) (to match 140 

the sample size of chimpanzees data; see below) from the Human Connectome Project (HCP) 141 

S1200 release. Detailed acquisition parameters have been reported previously (Van Essen et 142 

al., 2013). Briefly, structural images were acquired on a Siemens 3T Skyra scanner with a 143 

32‑channel head coil. T1‑weighted images were obtained using a 3D magnetization‑prepared 144 

rapid gradient echo (MPRAGE) sequence (repetition time [TR] = 2400 ms, echo time [TE] = 145 

2.14 ms, flip angle [FA] = 8°, isotropic resolution = 0.7 mm). T2‑weighted images were 146 

collected using a 3D T2‑weighted Sampling Perfection with Application‑optimized Contrasts 147 

using different flip‑angle Evolutions (SPACE) sequence with identical geometry (TR = 3200 148 

ms, TE = 565 ms, variable FA, isotropic resolution = 0.7 mm). Diffusion‑weighted images 149 

(DWI) were acquired using single‑shot, multiband spin‑echo echo‑planar (SE‑EPI) imaging 150 

(TR = 5520 ms, TE = 89.5 ms, isotropic resolution = 1.25 mm, b = 1000, 2000, and 3000 151 

s/mm², 96 directions). To correct susceptibility‑induced distortions, additional DWI scans were 152 

acquired with reversed phase‑encoding directions. 153 

Chimpanzee Data 154 

Imaging data from 46 adult chimpanzees (Pan troglodytes, 18 males) were obtained from 155 

the National Chimpanzee Brain Resource. Data acquisition was conducted at the Emory 156 

National Primate Research Center using a 3T MRI scanner, following previously published 157 

protocols. Animals were anesthetized with propofol (10 mg/kg/h) during scanning (Chen et al., 158 

2013). All procedures were approved by the Emory University Institutional Animal Care and 159 

Use Committee. All scans were collected before 2012, prior to the implementation of U.S. 160 

regulations restricting chimpanzee research, and no new data were acquired for this study. 161 

T1‑weighted images were acquired using a 3D MPRAGE sequence (TR = 2600 ms, TE 162 

= 3.06 ms, FA = 8°, resolution = 0.7 × 0.7 × 1.0 mm3). DWI scans were collected using a 163 

single‑shot SE‑EPI imaging sequence with 60 diffusion directions (TR = 5900 ms, TE = 86 164 

ms, isotropic resolution = 1.8 mm, b = 1000s/mm², 60 directions). Additional DWI scans were 165 

acquired with reversed phase‑encoding directions. 166 
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Macaque Data 167 

A total of 43 rhesus macaques (Macaca mulatta, 22 males) were included. All 168 

experimental procedures complied with the National Institutes of Health Guide for the Care 169 

and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use 170 

Committees of the Kunming Institute of Zoology (KIZ) and the Institute of Biophysics (IBP), 171 

Chinese Academy of Sciences. 172 

Animals were premedicated with atropine (0.05 mg/kg, intramuscular) and ketamine (10 173 

mg/kg, intramuscular). Anesthesia was maintained with continuous intravenous propofol (15 174 

mg/kg/h). End‑tidal CO₂ and respiratory rate were continuously monitored using 175 

MRI‑compatible equipment. 176 

Thirty macaques were scanned at KIZ using a United Imaging uMR 790 3T scanner with 177 

a 12‑channel head coil. High‑resolution T1‑weighted images were acquired twice and 178 

averaged (fast spoiled gradient echo [FSPGR] sequence; TR = 13.01 ms, TE = 5.6 ms, FA = 179 

8°, isotropic resolution = 0.5 mm). T2‑weighted images were obtained using a fast spin‑echo 180 

sequence (TR = 3400 ms, TE = 396.48 ms, FA = 59°, isotropic resolution = 0.5 mm). 181 

Diffusion‑weighted images were acquired twice (TR = 7740 ms, TE = 90 ms, isotropic 182 

resolution = 1.0 mm, b = 1000 and 2000 s/mm², 64 directions), along with reversed 183 

phase‑encoding scans for distortion correction. 184 

The remaining 13 macaques were scanned at IBP using a Siemens 3T Prisma scanner 185 

with a custom four‑element surface coil. T1‑weighted images were acquired using an 186 

MPRAGE sequence (TR = 2200 ms, TE = 2.84 ms, FA = 8°; isotropic resolution = 0.5 mm), 187 

and T2‑weighted images using a SPACE sequence (TR = 3200 ms, TE = 392 ms, FA = 120°, 188 

isotropic resolution = 1.0 mm). Diffusion‑weighted images were acquired (TR = 6720 ms, TE 189 

= 81 ms, isotropic resolution = 1.2 mm, b = 1000 and 2000 s/mm², 64 directions). To correct 190 

susceptibility‑induced distortions, additional DWI scans were acquired with reversed 191 

phase‑encoding directions. 192 

Image Preprocessing 193 

Diffusion data were processed using parallel preprocessing and tractography workflows, 194 

and all subsequent cross-species comparisons used the same connectivity construction and 195 

statistical procedures. 196 

Human structural and diffusion data were processed using the HCP minimal 197 

preprocessing pipelines (https://github.com/Washington-University/HCPpipelines). Structural 198 
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preprocessing included bias‑field correction, tissue segmentation, cortical surface 199 

reconstruction with FreeSurfer (version 5.3‑HCP), registration to Montreal Neurological 200 

Institute (MNI) space. Diffusion preprocessing included denoising, correction for susceptibility 201 

distortions and eddy currents, and alignment to structural images (Glasser et al., 2013). 202 

Chimpanzee and macaque data were processed using the HCP‑NHP pipelines 203 

(https://github.com/Washington-University/NHPPipelines), which closely parallel the human 204 

workflow. Chimpanzee data were registered to the Yerkes29 chimpanzee template (Donahue 205 

et al., 2018), and macaque data to the Yerkes19 macaque template (Donahue et al., 2018; 206 

Van Essen et al., 2012). Diffusion data preprocessing followed procedures analogous to those 207 

used for human data.  208 

We derived the T1w/T2w ratio as a myelin-sensitive MRI contrast following established 209 

procedures (Glasser & Essen, 2011; Sui et al., 2022). The T1w/T2w ratio was treated as a 210 

proxy for cortical myeloarchitecture, rather than a direct quantitative measure of intracortical 211 

myelin content. Because the T1w/T2w-derived contrast can be affected by transmit-field (B1+) 212 

inhomogeneity and residual intensity biases in the underlying T1w and T2w images, structural 213 

images were processed with bias-field correction within the HCP/HCP-NHP preprocessing 214 

pipelines. In the PreFreeSurfer stage, a bias-field estimate was derived from the square root 215 

of the product of the T1w and T2w images (√𝑇1𝑤 × 𝑇2𝑤), which reduces tissue contrast while 216 

preserving spatially smooth intensity variations that can be used for bias-field estimation. In 217 

the PostFreeSurfer stage, residual bias correction was further applied to the T1w/T2w-derived 218 

myelin-sensitive contrast maps by estimating low-spatial-frequency deviations relative to a 219 

group-average reference and reducing remaining large-scale intensity variations, including 220 

potential transmit-field-related effects. These procedures were used to improve the stability of 221 

regional myelin-sensitive contrast profiles, although residual bias cannot be fully excluded. 222 

Chimpanzees were excluded from the myelin-sensitive contrast analysis due to the lack of 223 

available T2-weighted images. 224 

Generation of Anatomical Connectivity Blueprints 225 

Diffusion tensors were fitted using FMRIB’s Diffusion Toolbox (FDT) in FSL. Voxel‑wise 226 

fiber orientation modeling was performed with BedpostX, allowing up to three fiber orientations 227 

per voxel (Behrens et al., 2007). Individual cortical surface models (~32,000 vertices per 228 

hemisphere) generated by the HCP pipeline based on FreeSurfer’s surface reconstruction 229 

were used for all analyses. 230 
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Using established tractography protocols (Bryant et al., 2020; Warrington et al., 2020), 231 

we applied XTRACT to identify 42 homologous white‑matter tracts across humans, 232 

chimpanzees, and macaques. Probabilistic tractography was performed with probtrackx2, and 233 

species‑specific connectivity blueprints were then generated using xtract_blueprint (Fig. 1A). 234 

These blueprints were represented as vertex‑by‑tract matrices, in which each entry quantified 235 

the probability that a given cortical vertex connected to a specific tract (Behrens et al., 2007; 236 

Mars et al., 2018). 237 

Definition of the Self‑Processing Network 238 

Human 239 

Coordinates defining the three‑level human self‑processing network (Interoceptive-240 

processing, Exteroceptive-processing, and Mental-self-processing) were obtained from prior 241 

studies (Qin et al., 2020) and projected onto the cortical surface. For each coordinate, the 242 

nearest surface vertex was identified and expanded into a ROI using a 12‑mm surface dilation. 243 

Because subsequent analyses focused on cortical surfaces, subcortical regions (i.e., 244 

thalamic areas identified in both the Interoceptive-processing and Mental-self-processing 245 

subnetworks) reported in the original studies were excluded. A midline cingulate region without 246 

specified laterality was represented bilaterally. The three subnetworks were then merged 247 

(Table S1), and overlapping ROIs were combined, yielding a total of 31 cortical ROIs. Each 248 

ROI was labeled according to its location in the HCP multimodal parcellation (HCP‑MMP) atlas 249 

(Glasser et al., 2016). 250 

Chimpanzees and Macaques 251 

To identify homologous self‑processing regions in chimpanzees and macaques, we 252 

quantified interspecies dissimilarity using symmetric Kullback-Leibler (KL) divergence 253 

between connectivity blueprints (Mars et al., 2018). Let 𝐻 denote the human connectivity 254 

blueprint and 𝐶 denote the NHP connectivity blueprint. Here, 𝐻𝑖𝑘 represents the probability 255 

that the cortical vertex 𝑖𝑡ℎ in the human brain is connected to tract 𝑘, and 𝐶𝑗𝑘 represents the 256 

probability that the cortical vertex 𝑗𝑡ℎ  in the NHP brain is connected to the tract 𝑘 . The 257 

dissimilarity (𝐷𝑖𝑗) between human vertex 𝑖𝑡ℎ and NHP vertex 𝑗𝑡ℎ is then defined as: 258 

𝐷𝑖𝑗 =∑𝐻𝑖𝑘𝑙𝑜𝑔2
𝐻𝑖𝑘

𝐶𝑗𝑘
𝑘

+∑𝐶𝑗𝑘𝑙𝑜𝑔2
𝐶𝑗𝑘

𝐻𝑖𝑘
𝑘

 259 
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For each of the 31 ROIs in the human SPN, we computed an average connectivity 260 

fingerprint by averaging the connectivity blueprints of all vertices within that ROI (𝑖). This 261 

regional fingerprint was then compared with the connectivity fingerprint of every vertex 𝑗 on 262 

the cortical surface of the NHP (𝐽). The vertex exhibiting the minimal KL divergence was 263 

selected as the best-matched homologous location (𝑗∗): 264 

𝑗∗ = arg min
𝑗∈𝐽

𝐷𝑖𝑗 265 

The selected vertex (𝑗∗) served as the center of the corresponding ROI in the NHP brain 266 

and was expanded using surface-based dilation. To account for interspecies differences in 267 

cortical surface area, dilation distances were set to 6 mm for chimpanzees and 4 mm for 268 

macaques. This procedure yielded species-specific SPNs for both chimpanzees and 269 

macaques, each comprising 31 cortical ROIs corresponding to those defined in humans (Fig. 270 

1B). 271 

We assessed the reliability of our method following previous studies (Mars et al., 2018). 272 

Specifically, the dissimilarity matrix derived from KL divergence values was used to transfer a 273 

cortical map from one species to another via distance-weighted interpolation. Using this 274 

approach, a predicted macaque myelin-sensitive contrast map was generated based on the 275 

human myelin-sensitive contrast map. Method reliability was assessed by computing 276 

Spearman’s rank correlation between the predicted and empirically measured macaque 277 

myelin-sensitive contrast maps. To ensure that the observed correlation was not driven by 278 

spatial autocorrelation, 10,000 surrogate maps were generated using BrainSMASH, and the 279 

empirical correlation was evaluated against this null distribution (Burt et al., 2020). 280 

Myelin-Sensitive Contrast Analysis 281 

Based on the T1w/T2w-derived contrast maps and the predefined SPN ROIs in humans 282 

and macaques, we extracted mean myelin-sensitive contrast values for each SPN region in 283 

each participant or animal. Group-averaged myelin-sensitive contrast maps and regional 284 

profiles were generated by averaging data across 46 human participants and 43 macaques, 285 

respectively. Cross-species spatial correspondence of SPN myelin-sensitive contrast profiles 286 

was assessed using Spearman’s rank correlation across the 31 corresponding SPN regions. 287 

To compare myelin-sensitive contrast between SPN and non-SPN cortex, we computed mean 288 

contrast values within SPN and non-SPN cortical regions for each participant or animal. 289 

To determine whether the cross-species correspondence observed in SPN myelin-290 

sensitive contrast profiles reflected a network-specific property rather than a general feature 291 
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of homologous primate cortex, we performed an additional specificity analysis. An 292 

independently defined baseline set of 27 homologous cortical regions, compiled from previous 293 

studies, was used as a reference set (Ruan et al., 2025). For both the SPN and the 294 

homologous baseline set, we computed the group-averaged macaque myelin-sensitive 295 

contrast profile and correlated it with the corresponding profile of each human participant using 296 

Spearman’s rank correlation. This procedure yielded subject-level distributions of human-297 

macaque correlation coefficients for the SPN and baseline sets. 298 

Gene Expression Analyses 299 

Human Gene Expression Data 300 

Regional gene expression data were obtained from six postmortem brains (1 female, ages 301 

24.0-57.0, 42.50 ± 13.38) in the AHBA (https://human.brain-map.org) (Hawrylycz et al., 2012). 302 

Data were processed using the abagen toolbox (version 0.1.3; 303 

https://github.com/rmarkello/abagen) and mapped to the 31 self‑processing ROIs in MNI 304 

space (Arnatkevic̆iūtė et al., 2019; Markello et al., 2021). Probes were reannotated, filtered for 305 

signal quality, and collapsed to gene‑level expression values, yielding a 31 × 15,633 306 

region‑by‑gene matrix. 307 

Identification of Relevant Genes 308 

We applied PLSR to examine the relationship between regional gene expression and 309 

cortical microstructure (T1w/T2w-derived myelin-sensitive contrast) within the SPN in humans. 310 

Specifically, PLSR was used to identify latent components that maximally covary with the SPN 311 

myelin-sensitive contrast map, thereby capturing optimally weighted linear combinations of 312 

gene expression patterns associated with regional variation in myelin-sensitive contrast (Fig. 313 

3A). The statistical significance of PLS components was assessed using permutation testing 314 

with 10,000 permutations. The first PLS component (PLS1) was further evaluated using 315 

10,000 bootstrap resamples to estimate the standard error of each gene’s weight. For each 316 

gene, a Z score was calculated as the ratio of its PLS weight to its bootstrap-derived standard 317 

error. Genes with Z scores greater than 3 or less than −3 were retained for subsequent 318 

analyses. To further validate the biological relevance of the selected genes, we tested whether 319 

they were significantly enriched for human-accelerated brain-related genes (HAR-BRAIN 320 

genes) using a hypergeometric test (Wei et al., 2019). 321 

To further assess the robustness of PLS-derived gene weights, we performed a split-half 322 

validation analysis. In each iteration, the 31 SPN regions were randomly divided into two 323 

subsets, and PLSR was fitted independently in each subset using the same regional myelin-324 
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 13 

sensitive contrast values and gene expression matrix. Spearman correlations were then 325 

computed between the gene-weight vectors derived from the two halves across all genes 326 

included in the PLSR model. To assess consistency with the full model, we also correlated the 327 

gene-weight vector from each half with that obtained from the full dataset. This procedure was 328 

repeated 10,000 times, and the resulting correlation distributions were summarized. 329 

Macaque Gene Expression Data 330 

Macaque gene expression data were obtained from large‑scale single‑nucleus RNA 331 

sequencing and spatial transcriptomic analyses across 143 cortical regions defined on the 332 

D99 cortical atlas (Chen et al., 2023). Thus, the resulting dataset consists of a 143 × 15,929 333 

region-by-gene expression matrix. Since the ROIs of the macaque SPN do not directly align 334 

with the D99 parcellation, an additional mapping procedure was performed to extract gene 335 

expression data relevant to self-processing, following the approach used in humans (Markello 336 

et al., 2021). Specifically, for each ROI, we identified all overlapping regions in the D99 atlas. 337 

We then assigned weights to the overlapping D99 regions based on the number of shared 338 

surface vertices, which served as an approximation of their relative areal contribution to the 339 

ROI. Gene expression profiles from the overlapping D99 regions were combined using these 340 

weights to compute a weighted average expression vector for each self-processing ROI. This 341 

procedure resulted in a gene expression matrix of 31 self-processing ROIs by 15,929 genes. 342 

Cross‑Species Gene Expression Similarity 343 

From the subset of genes overlapping with HARs identified in the preceding PLSR 344 

analysis, we further restricted the gene set to human-macaque orthologs using Ensembl 345 

BioMart (https://useast.ensembl.org/info/data/biomart/index.html) (Durinck et al., 2005). 346 

Based on the sign of their PLS-derived Z scores (Z > 3 or Z < −3), genes were divided into 347 

positively weighted and negatively weighted groups, corresponding to positive and negative 348 

associations with SPN myelin-sensitive contrast, respectively. These two gene sets were 349 

analyzed separately in subsequent analyses. For each species, we first computed the mean 350 

expression level of each gene set across the self-processing ROIs. We then assessed cross-351 

species similarity by performing Spearman’s rank correlation analyses between human and 352 

macaque average expression values across the 31 corresponding brain regions. This 353 

approach specifically evaluates the similarity of spatial expression profiles across SPN regions 354 

between the two species. 355 
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Structural Connectome Construction 356 

To characterize the SPN from a high-dimensional structural connectivity perspective and 357 

enable cross-species comparisons, probabilistic fiber tractography was performed on 358 

preprocessed diffusion-weighted imaging data from humans, chimpanzees, and macaques 359 

using MRtrix3 (version 3.0.3) (https://www.mrtrix.org/). Tractography combined a probabilistic 360 

streamline algorithm (Behrens et al., 2003; Parker & Alexander, 2005) with constrained 361 

spherical deconvolution (CSD) (Tournier et al., 2007) to model multiple fiber orientations within 362 

each voxel. Whole-brain tractography was achieved by random seeding throughout the brain. 363 

Tracking parameters were identical across species and included a default step size equal 364 

to 0.5 times the voxel size, a maximum angular deviation of 45° between successive steps, 365 

and exclusion of streamlines shorter than twice the voxel size. For each human subject, 20 366 

million streamlines were generated, whereas 10 million streamlines were generated for each 367 

chimpanzee and macaque subject (Ruan et al., 2025). Tractograms were reconstructed for all 368 

individuals across species. To reduce tractography-related biases and improve quantitative 369 

interpretability, SIFT2 (Smith et al., 2015) was applied, assigning a biologically meaningful 370 

cross-sectional area multiplier to each streamline across all three species. Crucially, although 371 

the total number of generated streamlines differed across species and was selected to provide 372 

adequate sampling relative to brain size, SIFT2 reduced the dependence of connection 373 

weights on raw streamline counts by optimizing streamline-specific weights to better match 374 

the underlying Apparent Fibre Density (AFD) (R. E. Smith et al., 2022). In addition, voxel-375 

volume scaling within the SIFT2 framework helps account for differences in spatial resolution 376 

and improves the quantitative comparability of tractography-derived connection weights 377 

across datasets (Smith et al., 2022). 378 

After constructing self-processing ROIs on the cortical surface, the wb_command label-379 

to-volume-mapping tool was used to convert the surface-based ROIs into volumetric 380 

representations. These volumetric self-processing ROIs were then combined with whole-brain 381 

tractograms to construct ROI-ROI structural connectomes using the tck2connectome tool. 382 

This procedure yielded 31 × 31 weighted connectivity matrices, with each element 383 

representing the structural connection strength between a pair of self-processing ROIs (Fig. 384 

4A). To mitigate the influence of spurious connections inherent to dense probabilistic 385 

tractography-derived networks, we applied a consistency-based thresholding procedure. In 386 

the main analysis, connections were retained if they were present in at least 75% of subjects 387 

within each species (Tooley et al., 2025). To assess sensitivity to this choice, we repeated the 388 

main ROI-ROI analyses across consistency thresholds ranging from 50% to 90% in 5% 389 

increments. At each threshold, the same consistency criterion was applied across species, 390 
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and the resulting ROI-ROI connectomes were entered into the statistical analyses as in the 391 

main analysis. 392 

In addition to ROI-ROI connectomes, we also generated ROI-tract connectomes by 393 

averaging vertex-wise connectivity blueprint values within each ROI from the previously 394 

derived vertex-to-tract connectivity data (Fig. 4A). The ROI-ROI connectome captures 395 

structural connectivity exclusively among regions belonging to the SPN, thereby 396 

characterizing the internal organization of the SPN. In contrast, the ROI-tract connectome 397 

quantifies the relationships between SPN regions and major whole-brain fiber tracts, providing 398 

insight into how this network interfaces with broader brain regions. 399 

Cross‑Species Comparison of Structural Connectome 400 

To examine similarities and differences in SPN connectivity patterns across species, 401 

connectivity matrices from all individuals were first vectorized, and pairwise dissimilarities 402 

between individuals were computed to construct an RDM (Fig. 4B&C). For symmetric ROI-403 

ROI connectomes, only the lower triangular elements excluding the diagonal were included, 404 

whereas for ROI-tract connectomes, all matrix elements were vectorized. Dissimilarity 405 

between any two connectivity patterns was quantified using correlation distance, as 1 − 𝑟, 406 

where 𝑟  denotes Spearman’s rank correlation coefficient. As a complementary analysis 407 

conducted directly in the original dissimilarity space, we performed PERMANOVA on the 408 

RDMs with species as the grouping factor using 10,000 permutations (Anderson, 2001). This 409 

analysis tested whether between-species dissimilarities exceeded within-species 410 

dissimilarities without relying on low-dimensional MDS projections. 411 

Based on the resulting RDM, MDS was applied to embed individual SPN connectivity 412 

patterns into a two-dimensional space, enabling intuitive visualization of their relative 413 

relationships across species. The quality of the MDS embedding was evaluated using 414 

Kruskal’s Stress-1. To assess whether the observed geometric relationships depended on the 415 

dimensionality of the embedding, we additionally repeated the MDS analysis using three-416 

dimensional solutions and compared the resulting species organization with the two-417 

dimensional results. Distances between species were then computed in the MDS space to 418 

characterize overall differences in SPN connectivity patterns among humans, chimpanzees, 419 

and macaques. 420 

For statistical inference, individual-to-centroid distances were calculated in the MDS 421 

space. For each species pair, the centroid of the evolutionarily less derived species was used 422 

as a reference, and the Euclidean distance between this centroid and each individual from the 423 
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evolutionarily more derived species was computed. For example, in the human-chimpanzee 424 

comparison, distances were calculated between each human individual and the chimpanzee 425 

centroid. Analogous procedures were applied to the human-macaque and chimpanzee-426 

macaque comparisons. 427 

The same analytical framework was also applied to each of the three self-processing 428 

subnetworks, with analyses restricted to the regions within each subnetwork. 429 

Graph‑Theoretical Analysis 430 

For each subject, weighted small-worldness properties of the SPN were computed from 431 

ROI-ROI connectomes using the Python implementation of the Brain Connectivity Toolbox 432 

(bctpy, https://github.com/aestrivex/bctpy) (Rubinov & Sporns, 2010). To control for the 433 

potential influence of network density on graph-theoretical metrics, we additionally performed 434 

a proportional thresholding analysis. For each subject, the weighted SPN connectome was 435 

thresholded across a range of network densities from 40% to 65% in 5% increments, retaining 436 

the strongest connections at each density level. This procedure generated density-matched 437 

networks in which human, chimpanzee, and macaque connectomes had the same number of 438 

edges at each threshold. The density range was determined based on the topological 439 

constraints of the SPNs. The lower bound of 40% was selected to avoid substantial network 440 

fragmentation and disconnected nodes, which can compromise the estimation of 441 

characteristic path length and small-worldness. The upper bound of 65% was set below the 442 

minimum empirical density observed across all unthresholded subject networks (66.9%), 443 

ensuring that density matching could be applied without introducing absent connections. 444 

Small-worldness was then recalculated at each density threshold and compared across 445 

species using the same statistical framework as in the main analysis. 446 

Degree centrality and eigenvector centrality were computed for each region using the 447 

NetworkX package (https://networkx.org/). Nodal degree reflects a node’s capacity for 448 

information communication within the network, while eigenvector centrality captures a node’s 449 

influence by accounting not only for the number of its connections but also for the importance 450 

of the nodes to which it is connected (Lohmann et al., 2010; Onias et al., 2014). Both measures 451 

were normalized to the range [0, 1] and averaged to obtain a composite centrality measure 𝐶 452 

for each region. Cross-species similarity in regional importance was assessed by computing 453 

Spearman’s rank correlations of 𝐶 values across corresponding regions. 454 

Unified Correlation-based Comparison of Local and Network Features 455 
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To test whether local and network-level comparisons were affected by differences in 456 

analytical representation, we conducted an additional subject-level analysis using a consistent 457 

correlation-based framework. Taking T1w/T2w as an example, we computed the Spearman 458 

correlation between the group-averaged macaque SPN microstructural profile (31 regions) 459 

and the corresponding profile of each individual human subject. Using the same procedure, 460 

we derived analogous distributions of human-macaque correlations for SPN connectivity 461 

patterns and for graph-theoretical centrality measures. Correlation coefficients were Fisher z-462 

transformed and compared across measures using paired t-tests. 463 

Statistical Analysis 464 

All statistical analyses were conducted using R (version 4.4.1) and SPSS (version 26). 465 

Correlation coefficients were Fisher r-to-z transformed and then compared. Statistical tests 466 

were selected according to data distribution, with parametric tests (paired-sample t tests and 467 

analysis of variance [ANOVA]) applied when normality assumptions were met and 468 

nonparametric tests (Mann-Whitney U tests and Aligned Rank Transform ANOVA [ART-469 

ANOVA]) applied otherwise. Results from parametric tests are presented using bar plots, 470 

whereas results from nonparametric tests are visualized using violin plots. Bonferroni 471 

correction was applied for multiple comparisons when appropriate. All correlation analyses 472 

were performed using Spearman’s rank correlation. Benjamini-Hochberg FDR correction was 473 

applied to families of related correlation analyses and subnetwork-level tests where 474 

appropriate. A comprehensive summary table was provided (Table S2), specifying the 475 

statistical test, corresponding effect size metric, and multiple-comparison correction applied 476 

for each major analysis.  477 
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Results 478 

Shared Myelin-sensitive Contrast Profiles in the SPN Across Humans and 479 

Macaques 480 

To enable a valid cross-species comparison of the SPN, we first mapped the human SPN 481 

onto NHPs using a previously established comparative connectomics framework based on 482 

connectivity blueprints (Mars et al., 2018). In this framework, cortical regions are characterized 483 

by their connection profiles to a set of 42 homologous white-matter tracts across species, 484 

thereby providing a common anatomical reference space for cross-species cortical alignment 485 

(Fig. 1; see Materials and Methods for details). Using established macaque cortical atlases as 486 

anatomical references, we quantified the spatial overlap between the identified SPN regions 487 

and atlas-defined parcellations (the Cortical Hierarchy Atlas of the Rhesus Macaque 488 

[CHARM], level 5) (Jung et al., 2021). Note that the identified SPN regions showed spatial 489 

overlap with similarly labeled atlas regions (Table S1). Prior studies also provide external 490 

validation for the functional relevance of these mapped regions. For example, area 6 and area 491 

9 have been implicated in metacognitive processing (Miyamoto, 2024), while the medial 492 

prefrontal and posterior cingulate regions are key default mode network (DMN) nodes involved 493 

in internally oriented and self-referential processes (Jenkins, 2019; Yeshurun et al., 2021) and 494 

have also been identified in both macaques and chimpanzees (Garin et al., 2022). 495 

Furthermore, we used cortical T1w/T2w-derived myelin-sensitive contrast as an external 496 

benchmark to independently validate the reliability of this connectivity blueprint-based 497 

mapping. This contrast, estimated using the T1w/T2w ratio, is widely used in neuroimaging 498 

studies as a proxy for cortical myeloarchitecture (Glasser & Essen, 2011). Utilizing the 499 

connectivity blueprint as the reference space, we projected the group-averaged human whole-500 

brain myelin-sensitive contrast map onto the macaque cortex based on blueprint similarity, 501 

yielding a predicted macaque myelin-sensitive contrast map (Fig. S1A, right panel). A 502 

significant correlation was observed between the predicted and empirical macaque myelin-503 

sensitive contrast patterns (ρ = 0.693, p < 0.001; Fig. S1B), and remained significant after 504 

controlling for spatial autocorrelation using 10,000 BrainSMASH surrogates (p < 0.001), 505 

supporting the validity of the cross-species mapping. 506 

Next, we extracted myelin-sensitive contrast values from SPN regions of interest (ROIs) 507 

in both humans and macaques and observed a strong correspondence in regional myelin-508 

sensitive contrast profiles across the 31 SPN regions between the two species (ρ = 0.773, p 509 

< 0.001; Fig. 2A-C). To assess whether this correspondence exceeded a general homologous 510 

cortical baseline, we further compared it with an independently defined set of 27 homologous 511 
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cortical regions compiled from previous studies (Ruan et al., 2025). The SPN showed 512 

significantly stronger human-macaque similarity than this baseline set (baseline: ρ = 0.628; 513 

paired t-test: p < 0.001, Cohen’s d = 3.325; Fig. S1C), suggesting that the observed SPN 514 

pattern is not fully explained by general cross-species similarity among homologous cortical 515 

regions. Consistent with previous findings in humans (Keskin et al., 2025), SPN regions in the 516 

human brain data exhibited significantly lower myelin-sensitive contrast values than non-SPN 517 

regions (Fig. 2D; paired-sample t-test, p < 0.001, Cohen’s d = 17.435). Importantly, the same 518 

pattern of lower myelin-sensitive contrast values in SPN regions was also observed in 519 

macaques (Fig. 2E; Mann-Whitney U test, p < 0.001, Rank-biserial correlation = 1.0). 520 

Together, these results indicate that the SPN in macaques may share structural features (i.e., 521 

myelin-sensitive contrast) with that in humans. 522 

Transcriptional Correlates of Myelin-sensitive Organization in the SPN 523 

We next examined whether the observed similarity in myelin-sensitive contrast profiles 524 

was accompanied by shared cross-species transcriptional signatures. We analyzed gene 525 

expression associated with regional myelin-sensitive contrast within the SPN in humans using 526 

data from the Allen Human Brain Atlas (AHBA). Following established approaches (He et al., 527 

2025; Morgan et al., 2019; Wang et al., 2025), we first applied partial least squares regression 528 

(PLSR) to relate regional myelin-sensitive contrast values to whole-brain gene expression 529 

profiles (Fig. 3A). The first PLS component (PLS1) accounted for 48.28% of the variance in 530 

myelin-sensitive contrast (Fig. 3B), a proportion significantly greater than expected by chance 531 

(p = 0.021), as confirmed by permutation testing (n = 10,000). Consistent with this, regional 532 

myelin-sensitive contrast values showed a strong negative correlation with PLS1 scores (ρ = 533 

−0.775, p < 0.001; Fig. 3C). These findings indicate that PLS1 captures key gene expression 534 

patterns that are closely linked to regional myelin-sensitive contrast within the human SPN, 535 

providing a foundation for subsequent cross-species comparisons. To assess the robustness 536 

of the PLS-derived gene weights, we performed a split-half validation across 10,000 random 537 

partitions of the 31 SPN regions. Gene-weight vectors derived from the two halves showed 538 

consistent correlations across all genes included in the PLSR model (mean ρ = 0.633; Fig. 539 

S1D), and both half-sample estimates were strongly correlated with the full-data gene weights 540 

(first half vs. full dataset: mean ρ = 0.885; second half vs. full dataset: mean ρ = 0.898; Fig. 541 

S1E). These results support the stability of the myelin-sensitive contrast-associated 542 

transcriptional pattern identified by PLSR. 543 

Next, we identified 4,627 genes with extreme loadings on PLS1 (|Z| > 3) using bootstrap 544 

analyses (n = 10,000). To further assess the evolutionary relevance of this myelin-sensitive 545 

contrast-associated transcriptional profile, we examined whether genes with extreme PLS1 546 
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loadings were enriched for human-accelerated brain-related genes (HAR-BRAIN). Among 547 

these genes, 141 overlapped with HAR-BRAIN genes. A hypergeometric test, which evaluates 548 

whether the observed overlap exceeds what would be expected by chance, confirmed that 549 

this enrichment was statistically significant (p = 0.028; Fig. 3D). This enrichment suggests that 550 

the transcriptional profile associated with variation in myelin-sensitive contrast within the SPN 551 

partially reflects genes implicated in human brain evolution. 552 

Of these 141 genes, 130 human-macaque orthologs were identified using BioMart. 553 

Notably, the majority exhibited positive loadings (Z > 3; n = 95), indicating preferential 554 

expression in SPN regions with lower myelin-sensitive contrast, while a smaller subset of 555 

genes with negative loadings (Z < −3; n = 35) was more highly expressed in SPN regions with 556 

higher myelin-sensitive contrast. To assess cross-species conservation, we calculated the 557 

mean expression of positively or negatively loaded genes in each SPN ROI and assessed 558 

Spearman correlations between human and macaque values. We found a significant 559 

correlation between humans and macaques in the expression patterns for genes with positive 560 

loadings (ρ = 0.567, p < 0.001; Fig. 3E), whereas no such association was observed for genes 561 

with negative loadings (ρ = 0.019, p = 0.919). 562 

These results suggest that the myelin-sensitive transcriptional profile within the SPN, 563 

particularly genes preferentially expressed in regions with lower myelin-sensitive contrast, 564 

shows partial human-macaque conservation and may provide a molecular context for the 565 

conserved local microstructural organization of the SPN. 566 

Cross-Species Differences in SPN Connectivity 567 

While local microstructural profiles and associated transcriptional signatures within the 568 

SPN exhibited broadly similar patterns in humans and macaques, the two species differ 569 

substantially in self-related behaviors. This discrepancy suggests that mechanisms beyond 570 

local microstructural properties and gene expression may contribute to the evolutionary 571 

reorganization of the SPN. Given evidence that large-scale structural connectivity constitutes 572 

a fundamental substrate of neural function (Axer & Amunts, 2022; Lee et al., 2022; Leergaard 573 

& Bjaalie, 2022; Thiebaut de Schotten & Forkel, 2022), we next examined cross-species 574 

differences in the structural connectivity of the SPN. To further clarify the evolutionary 575 

reorganization of the SPN, we additionally included chimpanzees as an intermediate species, 576 

enabling a more detailed characterization of species-related transitions from macaques 577 

through chimpanzees to humans. 578 
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Cross-species differences in SPN connectivity were assessed using representational 579 

dissimilarity matrices (RDMs) at two connectome levels: region-to-region (ROI-ROI) and 580 

region-to-tract (ROI-tract) (Fig. 4A; see Materials and Methods for details). The ROI-ROI 581 

connectome characterizes structural connectivity among SPN regions, capturing the 582 

network’s internal organization, while the ROI-tract connectome quantifies connections from 583 

SPN regions to major whole-brain fiber tracts, reflecting the network’s integration with the 584 

global brain architecture. These two connectivity levels were therefore used to distinguish 585 

reorganization of the SPN’s internal architecture from changes in its embedding within the 586 

broader white-matter scaffold. To compare SPN connectivity patterns across species, we 587 

computed pairwise dissimilarities between individuals, defined as 1 minus Spearman’s rank 588 

correlation coefficient (r), to create an RDM (Fig. 4B&C). 589 

Based on these RDMs, multidimensional scaling (MDS) projected individual SPN 590 

connectivity patterns into a two-dimensional space, allowing for intuitive visualization of their 591 

relative similarities across species (Fig. 4D&E). In this framework, the RDMs characterize the 592 

high-dimensional geometry of inter-individual connectome dissimilarities, whereas MDS 593 

provides a low-dimensional visualization of this structure. To test whether the observed 594 

species separation was present in the original dissimilarity space, we performed 595 

PERMANOVA directly on the RDMs. Species had a significant effect at both connectivity 596 

levels (ROI-ROI: pseudo-F = 403.298, p < 0.001; ROI-tract: pseudo-F = 184.752, p < 0.001), 597 

indicating that between-species dissimilarities exceeded within-species variability. The two-598 

dimensional MDS solutions showed reasonable stress values (ROI-ROI: Kruskal’s Stress-1 = 599 

0.115; ROI-tract: Kruskal’s Stress-1 = 0.168), and the same species organization was 600 

observed in three-dimensional embeddings with lower Kruskal’s stress-1 values (0.0836 and 601 

0.121, respectively). 602 

We then conducted a two-way analysis of variance (ANOVA) on the distances between 603 

species within this MDS space, with Connectome Level (ROI-ROI vs. ROI-tract) as the within-604 

subject factor and Species Pair (human-chimpanzee [H-C], human-macaque [H-M], 605 

chimpanzee-macaque [C-M]) as the between-subject factor (Fig. 4D&E). The analysis 606 

revealed a significant main effect of Species Pair (F(2,270) = 106.30, p < 0.001, partial η² = 607 

0.441), but no main effect of Connectome Level (F(1,270) = 0.89, p = 0.346, partial η² = 0.003). 608 

Importantly, a significant interaction between Connectome Level and Species Pair was 609 

observed (F(2,270) = 28.82, p < 0.001, partial η² = 0.176). 610 

Post hoc analyses showed that at the ROI-ROI level, human-macaque distances were 611 

significantly greater than both H-C and C-M distances (all p < 0.001, vs. H-C: Cohen’s d = 612 

3.014; vs. C-M: Cohen’s d = 2.768), whereas the latter two did not differ (p = 0.708, Cohen’s 613 
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d = 0.265). At the ROI-tract level, all species pairs differed significantly. Although the H-M 614 

distance remained the largest (vs. H-C: p < 0.001, Cohen’s d = 1.232; vs. C-M: p = 0.028, 615 

Cohen’s d = 0.569), it was smaller than that observed at the ROI-ROI level (p < 0.001). 616 

Moreover, unlike the ROI-ROI pattern, H-C distances were greater than C-M distances (p = 617 

0.007, Cohen’s d = 0.569). Together, these findings indicate that evolutionary modifications of 618 

the SPN across humans and NHPs are network-specific rather than uniform across the brain. 619 

Similar interspecies distance patterns were observed across consistency thresholds ranging 620 

from 50% to 90% (Fig. S2A; Table S3), indicating that the ROI-ROI findings were not 621 

dependent on the primary 75% threshold. 622 

Subnetwork-Specific Changes in Relative Interspecies Distances within the SPN 623 

Previous studies have shown that the SPN can be divided into three closely connected 624 

levels of self-processing: Interoceptive-processing, Exteroceptive-processing, and Mental-625 

self-processing (Qin et al., 2020). These levels form a hierarchical transition, allowing body-626 

environment information to be integrated and propagated from interoceptive processing to 627 

exteroceptive processing, and then to mental-self processing. To further explore differences 628 

in SPN connectivity, we examined the connections within each subnetwork. RDM and MDS 629 

analyses were performed separately for each subnetwork. Then, we conducted a three-way 630 

ANOVA, with Connectome Level and Subnetwork (Interoceptive-processing, Exteroceptive-631 

processing, Mental-self-processing) as within-subject factors and Species Pair as a between-632 

subject factor (Fig. 5). Significant main effects were found for all three factors, along with 633 

significant two-way and three-way interactions (Table S3). To clarify these interactions, we 634 

conducted simple-effect analyses. At the ROI-ROI connectome level (Fig. 5A), the relative 635 

distances between species, particularly between C-M and H-C, shifted across subnetworks. 636 

Interoceptive-processing network: Within the Interoceptive-processing subnetwork, the 637 

C-M distance was the shortest (vs. H-C: p = 0.001, Cohen’s d = 2.597; vs. H-M: p < 0.001, 638 

Cohen’s d = 2.040), while the H-C distance was significantly shorter than H-M (p < 0.001, 639 

Cohen’s d = 1.296). This result indicates that macaques and chimpanzees may be more 640 

similar to each other in their interoceptive processing than they are to humans. That is, both 641 

NHPs exhibit similar structural organization in regions associated with cardiorespiratory, 642 

gastrointestinal, and urogenital signals. 643 

Exteroceptive-processing network: In the Exteroceptive-processing subnetwork, the 644 

pattern shifted: H-C distance became the shortest (both p < 0.001; vs. H-M: Cohen’s d = 2.532; 645 

vs. C-M: Cohen’s d = 1.772), while C-M remained significantly shorter than H-M (p = 0.001, 646 

Cohen’s d = 0.760). This finding suggests that chimpanzees and humans may be more similar 647 
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to each other than chimpanzees and macaques in integrating external sensory information 648 

with interoceptive signals to link bodily and environmental cues. 649 

Mental-self-processing network: In the Mental-self-processing subnetwork, which 650 

extends self-processing to external stimuli not directly related to the body (such as one’s own 651 

name or personal belongings), all interspecies distances were greater than in the other two 652 

self-subnetworks. Additionally, H-M remained the longest distance (both p < 0.001; vs. H-C: 653 

Cohen’s d = 1.772; vs. C-M: Cohen’s d = 1.802), but H-C and C-M did not differ significantly 654 

(p = 1.000, Cohen’s d = 0.0298). 655 

Together, across the transitions from Interoceptive-processing to Exteroceptive-656 

processing to Mental-self-processing, the relative distances between species shift 657 

systematically: C-M < H-C in Interoceptive-processing, C-M > H-C in Exteroceptive-658 

processing, and C-M ≈ H-C in Mental-self-processing. This result suggests a domain-659 

dependent transition in the structural organization of SPN subnetworks, from regions 660 

associated with body-centered processing to those associated with more abstract self-related 661 

processing. Similar subnetwork-specific patterns were also observed across consistency 662 

thresholds ranging from 50% to 90% (Fig. S2B, Table S3). 663 

At the ROI-tract connectome level (Fig. 5B), a different pattern emerged. Although the 664 

absolute distances among species increased progressively from the Interoceptive-processing 665 

to the Exteroceptive-processing then to the Mental-self-processing subnetwork, their relative 666 

relationships remained consistent, with H-C < C-M < H-M across all subnetworks (Table S4). 667 

These findings suggest that the internal organization of the SPN follows a unique, domain-668 

specific evolutionary trajectory that is not reducible to its broader white-matter embedding. 669 

Small-Worldness Organization and Hub Shifts of the SPN across Species 670 

To further investigate the topological organization of the SPN across species, we 671 

conducted graph-theoretical analyses. 672 

First, we compared the small-worldness (σ) of the SPN, a measure reflecting the 673 

network’s balance between local specialization and global integration (Rubinov & Sporns, 674 

2010; Latora & Marchiori, 2001, 2003) (Fig. 6A). An aligned rank transform ANOVA (ART-675 

ANOVA) revealed a significant main effect of species on σ (F(2,132) = 108.39, p < 0.001, η² = 676 

0.622). Post-hoc analyses showed that humans exhibited significantly higher σ values than 677 

both chimpanzees and macaques (both p < 0.001), and chimpanzees had higher σ values 678 

than macaques (p < 0.001). These results indicate a species-dependent gradient in SPN 679 

small-worldness across humans and NHPs, with the human SPN achieving the greatest 680 
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balance and efficiency between local processing and global information integration. Because 681 

small-worldness can be influenced by network density, we further repeated this analysis using 682 

density-matched SPN connectomes generated by proportional thresholding across densities 683 

from 40% to 65% in 5% increments. The species effect on small-worldness remained 684 

significant across all density thresholds (all p < 0.001; Fig. S3A), and the direction of group 685 

differences was consistent with the original analysis. These results indicate that the observed 686 

species differences in SPN small-worldness were not driven solely by differences in edge 687 

density. 688 

Next, we examined interspecific differences in the topological role of individual nodes 689 

within the SPN. We computed two commonly used graph-theoretical centrality measures: 690 

degree centrality, which quantifies the number of direct connections a node has, and 691 

eigenvector centrality, which reflects a node’s influence based on the importance of its 692 

neighbors (Lohmann et al., 2010; Onias et al., 2014). These measures were combined into a 693 

composite metric termed “composite centrality” (see Materials and Methods for details) (Fig. 694 

6B). Cross-species similarity analysis of node composite centrality distributions revealed that 695 

humans and chimpanzees shared the most similar SPN patterns (ρ = 0.700, p < 0.001), 696 

whereas the similarities between humans and macaques (ρ = 0.232, p = 0.210) and between 697 

chimpanzees and macaques (ρ = 0.310, p = 0.090) were not statistically significant (Fig. 6C). 698 

Similar cross-species patterns were observed when examining degree and eigenvector 699 

centrality separately (Figs. S3C, D, F&G). These findings of graph-based similarities in 700 

network centrality suggest that SPN nodes may occupy comparable functional roles in 701 

humans and chimpanzees but not in macaques. 702 

Beyond cross-species similarities in node centrality, we observed notable topographic 703 

shifts in hub organization. Fig. 6D shows the spatial distribution of nodes on the brain surface, 704 

with node color representing composite centrality. In macaques, the nodes with higher 705 

composite centrality were primarily located in the insular cortex, indicating that the insula may 706 

be the central hub of the SPN in macaques. In chimpanzees, insular regions remained 707 

important, while cingulate regions also emerged as prominent nodes. In humans, the SPN’s 708 

hub shifted predominantly to the cingulate cortex. To assess the consistency of the observed 709 

hub-reorganization pattern across centrality definitions, we further examined degree and 710 

eigenvector centrality separately. Across both metrics, the spatial distributions of high-711 

centrality nodes were broadly consistent with the composite centrality results (Figs. S3B&E). 712 

This consistency was further quantified by the spatial agreement among centrality measures 713 

within each species: correlations among degree, eigenvector, and composite centrality maps 714 

were strongly positive in all species (all ρ > 0.827, all p < 0.001). Together, these results 715 
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indicate that the observed hub reorganization was not specific to the composite centrality 716 

metric, but was supported by convergent patterns across complementary measures of node 717 

centrality. 718 

Together, this cross-species pattern reveals a clear reorganization in the composite 719 

centrality topography from macaques to chimpanzees and humans: from the insula in 720 

macaques, to a combination of insula and cingulate regions in chimpanzees, and finally to 721 

predominantly cingulate regions in humans, consistent with a structural transition from body-722 

centered sensory integration networks toward regions associated with higher-order self-723 

related processing. 724 

Finally, we tested whether the apparent dissociation between local microstructural 725 

conservation and network-level reorganization depended on the use of different 726 

analytical representations. Under a unified correlation-based framework, human-727 

macaque similarity remained significantly higher for myelin-sensitive contrast profiles 728 

than for either SPN connectivity patterns or graph-theoretical centrality profiles (paired 729 

t-tests on Fisher z-transformed correlations, both p < 0.001). Thus, the stronger 730 

conservation of local microstructural profiles relative to network-level organization was 731 

preserved when all measures were evaluated using the same correlation-based 732 

approach.  733 
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Discussion 734 

In this study, we compared the SPN across humans and NHPs, spanning local 735 

microstructural and transcriptional signatures to large-scale network organizational properties, 736 

using a comparative connectomic framework. We found that self-processing regions exhibited 737 

similar local microstructural properties and transcriptional signatures between humans and 738 

macaques, whereas large-scale connectivity patterns of the SPN followed a primate 739 

evolutionary gradient from macaques to chimpanzees, and then to humans, with topographic 740 

reorganization across species. The three subnetworks (i.e., Interoceptive-processing, 741 

Exteroceptive-processing, and Mental-self-processing) displayed a distinct hierarchical 742 

transition. Notably, these species-specific modifications of the SPN differed from ROI-tract 743 

patterns. Together, these findings provide a cohesive picture of both evolutionary conservation 744 

and species-specific differences in the SPN across humans and NHPs (Fig. 7). 745 

Similar Local Microstructural and Transcriptional Signatures of Self-processing 746 

Regions 747 

At the local microstructural level, we focused on T1w/T2w-derived myelin-sensitive 748 

contrast, a feature often used to infer homology across species (Miller et al., 2012). We found 749 

that regional myelin-sensitive contrast profiles were highly similar between humans and 750 

macaques. Importantly, this cross-species correspondence was stronger than that observed 751 

in an independently defined homologous cortical reference set, indicating that the SPN pattern 752 

was not fully explained by general cortical similarity across homologous regions. Consistent 753 

with previous findings (Keskin et al., 2025), human SPN regions in our data exhibited 754 

significantly lower myelin-sensitive contrast than non-SPN ones. Importantly, this pattern was 755 

recapitulated in macaques, further supporting a conserved local microstructural profile of the 756 

SPN across species. These local structural findings may carry functional implications, though 757 

variation in myelin-sensitive contrast should not be interpreted as a direct readout of self-758 

processing ability. Lightly myelinated association cortices have been associated with more 759 

complex intracortical circuitry (Glasser et al., 2014) and longer intrinsic timescales (Ito et al., 760 

2020), which may support temporal integration relevant to the continuity of self-awareness 761 

and self-experience (Smith et al., 2022; Wolff et al., 2022). 762 

By integrating variation in myelin-sensitive contrast with gene expression data, we 763 

identified transcriptional components that closely tracked the myelin-sensitive contrast profile 764 

of the human SPN. These genes significantly overlapped with HAR-BRAIN genes enriched 765 

for human-specific adaptations related to brain development and connectivity (Wei et al., 766 

2019), and their spatial expression pattern was partially conserved between humans and 767 
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macaques. Together, the conserved local microstructural organization of the SPN appears to 768 

be associated with a partially preserved transcriptional architecture that may include molecular 769 

components implicated in human brain evolution. 770 

Species-Specific Modifications in the SPN in Relation to Whole-Brain 771 

Connectivity across Species 772 

While local microstructural and transcriptional features of the SPN showed substantial 773 

similarities across humans and macaques, the SPN is inherently high-dimensional, and its 774 

organization cannot be fully captured by local microstructural and transcriptional measures 775 

alone (Thiebaut de Schotten & Forkel, 2022; Passingham et al., 2002). Large-scale 776 

connectivity analyses, incorporating chimpanzees as an intermediate evolutionary reference, 777 

revealed pronounced species-related reorganization of SPN architecture. Importantly, this 778 

local-network dissociation was preserved under a unified correlation-based framework, 779 

indicating that it was not attributable to differences in analytical representation. 780 

Representational similarity analyses revealed that SPN connectivity was most dissimilar 781 

between humans and macaques, with chimpanzees occupying an intermediate position. 782 

Graph-theoretical analyses further demonstrated a monotonic increase in small-worldness 783 

from macaques to chimpanzees to humans, reflecting enhanced efficiency in balancing local 784 

specialization with global integration (Rubinov & Sporns, 2010). Notably, this trajectory did not 785 

fully mirror ROI-tract connectome results, indicating that SPN reorganization may be network-786 

specific rather than reflecting uniform, brain-wide changes. 787 

Distinct Hierarchical Transitions of Self-Processing Subnetworks 788 

All three primate species examined here exhibit self-related interoceptive processing 789 

(Craig, 2002; Charbonneau et al., 2022; Candia-Rivera et al., 2024), whereas humans and 790 

chimpanzees can pass the MSR test (Anderson & Gallup, 2015; Gallup, 1970) and macaques 791 

succeed only after training (Chang et al., 2015, 2017). Previous studies have shown that 792 

interconnections among regions constrain information flow and cognition (Thiebaut de 793 

Schotten & Forkel, 2022). By decomposing the SPN into three subnetworks (Qin et al., 2020), 794 

we found that the structural organization of the SPN differed across these functional domains 795 

in a species-dependent manner. 796 

Within the Interoceptive-processing subnetwork, chimpanzees were more similar to 797 

macaques than to humans, suggesting relative conservation of structural architecture 798 

associated with basic interoceptive processing across NHPs. This pattern may relate to 799 

locomotor differences between quadrupedal NHPs and bipedal humans, which likely influence 800 
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the sensory and bodily signals processed by this subnetwork (Yates et al., 2014). The 801 

thalamo-insular pathway, crucial for homeostatic regulation such as thermoreception and 802 

nociception, is highly conserved in macaques and chimpanzees but expanded and integrated 803 

with prefrontal regions in humans to support higher-order cognitive functions ((Bud) Craig, 804 

2003). Furthermore, the distribution of von Economo neurons (VENs), which are closely 805 

associated with interoceptive processing, provides convergent support for this evolutionary 806 

pattern: VENs are concentrated in the human anterior insula, a key Interoceptive-processing 807 

node, whereas NHPs retain a more primitive granular cortical structure with fewer VENs 808 

(Nimchinsky et al., 1999; Allman et al., 2010; Evrard et al., 2012; Cauda et al., 2014; Evrard, 809 

2019). 810 

In contrast, the Exteroceptive-processing subnetwork showed greater chimpanzee-811 

human than chimpanzee-macaque similarity, suggesting a more human-like structural 812 

architecture in regions linking bodily signals with external sensory information. This pattern 813 

aligns with behavioral findings from the MSR task (Gallup, 1970, 1977) and with self-agency 814 

studies (Couchman, 2012; Kaneko & Tomonaga, 2011). For example, macaques can detect 815 

directional discrepancies, whereas chimpanzees show a more human-like capacity to monitor 816 

intentionality and distinguish their own actions even from identical recordings of past self-817 

generated behavior. This suggests a more advanced form of self-agency in chimpanzees than 818 

in macaques (Couchman, 2012; Kaneko & Tomonaga, 2011). 819 

In the Mental-self-processing subnetwork, interspecies distances were greater than in the 820 

other subnetworks, and chimpanzee-human and chimpanzee-macaque distances became 821 

comparable. This suggests greater differentiation of network substrates associated with 822 

abstract self-related representations, such as personal belongings. This pattern parallels 823 

human-specific expansions in regions critical for mentalizing and abstract self-referential 824 

cognition, such as the temporoparietal junction, temporal pole, and anterior cingulate cortex 825 

(Amano et al., 2025). Moreover, VENs have been linked to complex social behaviors, and 826 

their higher abundance in humans relative to chimpanzees and macaques provides additional 827 

anatomical context for our findings. 828 

Together, these findings reveal subnetwork-specific SPN modifications, reflecting a 829 

trajectory from bodily self-processing to externally oriented self-processing, and ultimately to 830 

abstract mental-self processing (Qin et al., 2020). 831 
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Evolutionary Reorganization of Hubs within the SPN 832 

To further characterize the evolutionary transformation of the SPN, we examined species-833 

dependent reorganization of network hubs using regional composite centrality metrics 834 

(Farahani et al., 2019; Van Den Heuvel et al., 2010). 835 

In macaques, network hubs were primarily confined to the insula, consistent with an SPN 836 

organization dominated by interoceptive and affective processing (Critchley & Seth, 2012; 837 

Evrard, 2019). In contrast, humans exhibited a pronounced hub shift toward cortical midline 838 

structures (CMS), core regions of DMN implicated in higher-order self-referential processing, 839 

autobiographical memory, and mentalizing (Northoff et al., 2006; Seeley et al., 2012). This 840 

topological reorganization aligns with evidence linking high CMS resting-state activity to 841 

continuous self-referential processing and the integration of internal bodily signals into the self 842 

(Qin & Northoff, 2011; Yeshurun et al., 2021). This redistribution of network centrality, together 843 

with the expansion and increased density of VENs in the human CMS and anterior insula, may 844 

provide a structural substrate for efficient communication across distributed networks (Allman 845 

et al., 2010; Cauda et al., 2014). Chimpanzees showed an intermediate hub organization, 846 

suggesting a mixed topology that retains an interoceptive foundation while incorporating 847 

broader self-related integration (Allman et al., 2010). Together, these findings suggest a 848 

graded reorganization of SPN hub architecture across primates, from an insula-centered 849 

configuration linked to bodily and interoceptive processing toward a more cingulate-centered 850 

configuration linked to higher-order self-related processing. 851 

Limitations and Future Directions 852 

Cross-species diffusion MRI involves differences in acquisition protocols, tractography 853 

sampling, and scanning conditions, including anesthesia in nonhuman primates. These factors 854 

may affect tractography quality and connectivity estimates. Although we used parallel 855 

preprocessing and tractography workflows, SIFT2 weighting, and complementary robustness 856 

analyses, residual acquisition- or state-related effects cannot be fully excluded. Future studies 857 

with more harmonized acquisition protocols or independent validation data will further 858 

strengthen cross-species connectomic comparisons. 859 

T1w/T2w-derived myelin-sensitive MRI contrast is not a direct or quantitative measure of 860 

intracortical myelin and may be affected by transmit-field (B₁⁺) inhomogeneity, residual 861 

intensity bias, and other non-myelin-related factors. Therefore, our analyses focused on 862 

relative spatial topographies rather than absolute T1w/T2w magnitude, and gene-expression 863 

associations should be interpreted as spatial covariation with an MRI-derived microstructural 864 
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index. Future work using quantitative myelin imaging or histological validation will help clarify 865 

the biological specificity of these findings. 866 

Conclusion 867 

In summary, this study provides a comprehensive, multi-level characterization of the SPN 868 

across primate evolution. By integrating local microstructural, transcriptional, and large-scale 869 

network analyses, we demonstrate that the SPN is supported by conserved local biological 870 

substrates while undergoing progressive topological reorganization. Our findings characterize 871 

the evolutionary reorganization of SPN structural substrates across humans and NHPs, reveal 872 

subnetwork-specific patterns of architectural differentiation, and provide a structural 873 

framework for interpreting species differences in self-related processing (Fig. 7).  874 
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Data, Materials, and Software Availability 875 

The macaque imaging data reported in this study are available from the lead contact upon 876 

reasonable request. This study also analyzes previously published, publicly available human 877 

and chimpanzee imaging datasets, which can be accessed through the Human Connectome 878 

Project (https://www.humanconnectome.org) and the National Chimpanzee Brain Resource 879 

(NCBR) (https://www.chimpanzeebrain.org/), respectively. No original code was generated for 880 

this study. Any additional information required to reanalyze the data is available from the lead 881 

contact upon request. 882 
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Fig. 1. Overview of the analytical framework for cross-species mapping of the self-1219 

processing network (SPN) 1220 

(A) Generation of vertex-to-tract connectivity blueprints from preprocessed diffusion MRI 1221 

(dMRI) data using the XTRACT toolbox. (B) Definition of a three-level human SPN and cross-1222 

species mapping to macaques using symmetric Kullback-Leibler (KL) divergence. 1223 

Fig. 2. Myelin-sensitive contrast profiles of the SPN in humans and macaques 1224 

(A-B) Myelin-sensitive contrast values for all regions of the SPN in humans (A) and 1225 

macaques (B). In each panel, the left subpanel shows the cortical surface distribution 1226 

of SPN ROIs, with distinct ROIs indicated by different colors, while the right subpanel 1227 

displays the SPN ROIs ranked by myelin-sensitive contrast values from highest to 1228 

lowest. Colors correspond across the two subpanels. (C) Cross-species correlation of 1229 

myelin-sensitive contrast values across homologous SPN regions between humans 1230 

and macaques. (D-E) Comparison of myelin-sensitive contrast values between 1231 

regions within the SPN and regions outside the network (non-self regions) in humans 1232 

(D) and macaques (E). ***, p < 0.001. 1233 

Fig. 3. Cross-species comparison of myelin-sensitive contrast-associated 1234 

transcriptional signatures in the SPN 1235 

(A) Identification of myelin-sensitive contrast-associated genes in the SPN using 1236 

partial least squares regression (PLSR). Human gene expression data from the Allen 1237 

Human Brain Atlas (AHBA) were processed to yield a regional expression matrix (31 1238 

ROIs × 15,633 genes). Genes were ranked according to their PLS-derived Z scores, 1239 

defined as the ratio of each gene’s PLS weight to its bootstrap-estimated standard 1240 

error, and genes with Z scores > 3 or < −3 were retained based on their association 1241 

with SPN myelin-sensitive contrast. (B) Variance explained by the leading PLS 1242 

components. (C) Correlation between regional myelin-sensitive contrast values and 1243 

regional PLS1 scores. (D) Intersection between retained genes and human-1244 

accelerated brain-related (HAR) genes. (E) Cross-species similarity of expression 1245 

patterns for the intersecting genes identified in (D) with Z scores > 3 between humans 1246 

and macaques. *, p < 0.05; ***, p < 0.001. 1247 

Fig. 4. Cross-species distances of SPN connectivity patterns 1248 
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(A) ROI-ROI connectomes were generated using MRtrix3-based probabilistic tractography, 1249 

while ROI-tract connectomes were derived by averaging vertex-level connectivity blueprint 1250 

values within each ROI. (B-C) Representational dissimilarity matrices (RDMs) of individual-1251 

level connectivity patterns at the ROI-ROI (B) and ROI-tract (C) connectome levels. (D-E) 1252 

Interspecies distances derived from multidimensional scaling (MDS) embeddings, quantified 1253 

as individual-to-heterospecies centroid distances at the ROI-ROI (D) and ROI-tract (E) levels. 1254 

*, p < 0.05; **, p < 0.01; ***, p < 0.001. 1255 

Fig. 5. Cross-species distances of self-subnetwork connectivity patterns 1256 

(A-B) Interspecies distances derived from MDS embeddings, quantified as individual-to-1257 

heterospecies centroid distances within each self-subnetwork. Distances are shown for the 1258 

interoceptive (left), exteroceptive (middle), and mental-self (right) subnetworks at the ROI-ROI 1259 

(A) and ROI-tract (B) levels. *, p < 0.05; **, p < 0.01; ***, p < 0.001. 1260 

Fig. 6. Graph-theoretical properties of the SPN. 1261 

(A) Small-worldness properties of the SPN across humans, chimpanzees, and 1262 

macaques. (B) Composite centrality values of SPN regions. (C) Similarity of composite 1263 

centrality values of SPN regions across species. (D) Cortical surface representation 1264 

of SPN ROI composite centrality, with higher (more red) values indicating regions that 1265 

are more central within the network and therefore more likely to act as hubs. ***, p < 1266 

0.001. 1267 

Fig. 7. Schematic of the evolutionary trajectory of SPN across primates. 1268 

The schematic summarizes the domain-specific evolutionary trajectory and selective 1269 

reorganization of the self-processing network (SPN). Decomposition of the SPN into 1270 

interoceptive-processing, exteroceptive-processing, and mental-self-processing subnetworks 1271 

reveals systematic shifts in interspecies similarity: macaques and chimpanzees show the 1272 

greatest similarity in the interoceptive-processing subnetwork; chimpanzees and humans 1273 

exhibit higher correspondence in the exteroceptive-processing subnetwork; whereas all 1274 

species display the strongest species-specific differentiation in the mental-self-processing 1275 

subnetwork. In parallel, the relative prominence of network hubs shows a hierarchical 1276 

reorganization, shifting from predominantly insular hubs in macaques, to combined insular-1277 

cingulate hubs in chimpanzees, and to primarily cingulate hubs in humans. This coordinated 1278 

reorganization reflects a structural shift in the SPN from architectures associated with body-1279 
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centered integration toward those linked to increasingly abstract, mental forms of self-1280 

processing across primates. 1281 
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