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Crick & Jones, Nature (1993)

‘You’, your joys and your 
sorrows, your memories and 
your ambitions, your sense of 
personal identity and free will, 
are in fact no more than the 
behavior of a vast assembly of 
nerve cells…” 
Crick, The Astonishing Hypothesis (1994)



BUILDING NETWORKS ACROSS SCALES & DISCIPLINES: 
CELLS, BRAINS & POPULATIONS

A Future of Convergence
– bridging scales of the connectome: top-down meets bottom-up
– a reconciliation of biological & artificial neural networks
– the connectome as the keystone for clinical/translational neuroscience &  

neuroengineering

Churchland & Sejnowski 
Computational Brain (1992)



A Future of Convergence
– bridging scales of the connectome: top-down meets bottom-up
– a reconciliation of biological & artificial neural networks
– the connectome as the keystone for clinical/translational neuroscience &  

neuroengineering

Bassett & Sporns 
Nature Neurosci (2017)



“Consensus Connectome”



Structural Connectome (“Projectome”) Processing Pipeline

Limitations 
 - brain network is spatially embedded, not purely topological
 - brain regions are heterogeneous in function, not indistinguishable nodes
 - therefore, traditional graph theory metrics are not ideal for brain networks 



White Matter Connectivity (The Macroscale Connectome)
– anatomic embedding of the connectome within white matter
– importance of spatially-embedded networks in WM diseases (SPD, TBI)
– network eigenmodes: spectral analysis of the macroscale connectome

Julia P. Owen, Yi-Shin Chang, Pratik Mukherjee  Neuroimage (2015)



Are Connectome Edges Uniformly Distributed in White Matter? 
• Hypothesis: There are “nexus” regions of white matter that 

contain disproportionately large numbers of connectome edges
• These “nexus” regions of white matter would be loosely 

analogous to the “hub” regions of gray matter that are the 
endpoints for large numbers of connectome edges

“crossing fiber nexus” “collimated fiber nexus”

Groeschel et al., 
PLoS ONE (2016)



White Matter Network Connectivity:
“Structural Connectome”

White Matter Anatomy:
“Track Density Imaging”

White Matter Network
Anatomy & Connectivity:
“Edge Density Imaging”



Periventricular WM:
“crossing fiber nexus”

Corpus Callosum:
“collimated fiber nexus”



“Periventricular Crossroads”: Crossing Fiber Nexus Regions

Periventricular white matter contains crossing association, projection and 
commissural (callosal) pathways 
Originally discovered by von Monakow in 1905 and further characterized by Judas et al. (2005) 

Vasung et al., J Anat (2010)



White Matter “Edge Density”
Why are Nexus Regions More Prominent Posteriorly in the Brain? 
• Cortical hubs have a preferentially posterior distribution, too 

(Hagmann et al., 2008)
• The posterior cerebral regions are phylogenetically older than 

prefrontal regions, the latter of which underwent greater 
evolutionary expansion in primates and especially humans

https://www.pinterest.co.uk/pin/496170083922902662/





Edge Density Imaging:  
Effect of Acquisition & Tractography 

UCSF Tractography Results
Siemens 3T Tim Trio
ss-EPI acquisition

FSL MCMC probtrackx2

IIT Tractography Atlas
GE 3T Signa

Turboprop acquisition
MRTrix CSD tractography

Julia P. Owen PhD, Maxwell B. Wang BS, Pratik Mukherjee MD PhD
Brain Connectivity (2016)



Multiple Sclerosis
(MS)

Vascular Dementia
(SVID)

White Matter Injury 
of Prematurity

Traumatic Brain 
Injury (TBI) 

Julia P. Owen,
PhD



From a Clinical Perspective, Nexus Regions are 
More Like “Dark Matter” than White Matter

• The function of white matter in nexus regions is not as well 
understood as other regions, perhaps due to their complexity

• The effects of damage to nexus white matter regions is 
typically not easily observed clinically, as they may entail only 
cognitive dysfunction and behavioral difficulties, rather than 
focal neurological deficits (paresis, aphasia, scotoma, etc.)

• Neurosurgeons consider nexus white matter regions to be 
“non-eloquent”, and therefore resectable, as opposed to 
“eloquent” areas such as corticospinal tract and arcuate 
fasciculus 



Reber et al. PNAS (2021)

“Lesions disrupting white matter regions with high edge density were 
associated with cognitive impairment, whereas lesions damaging gray 
matter regions with high participation coefficient had a weaker, less 
consistent association with cognitive outcomes. Similar results were 
observed with six other gray matter hubness measures. This suggests that 
damage to densely connected white matter regions is more cognitively 
impairing than similar damage to gray matter hubs, helping to explain 
interindividual differences in cognitive outcomes after brain damage.”



Network Eigenmodes of the Structural Connectome

Maxwell B. Wang BS, Julia P. Owen PhD, Pratik Mukherjee MD PhD, Ashish Raj PhD
PLoS Comput Biol (2017)

Generative Models of the 
Connectome

Neural Mass Models (NMM)
Neural Field Theory (NFT)

Weakness: Lack of data on 
long-range information 

transmission in the human brain 

Spectral Graph Theory: a linear systems approach

Network Diffusion Equation
L = D - A  = QΛQ-1

Laplacian Eigendecomposition

Laplacian 
Matrix

Diagonal 
Matrix

Adjacency 
Matrix

Network 
Eigenmodes Network 

Eigenvalues



Network Eigenmodes of the Structural Connectome

Maxwell B. Wang BS, Julia P. Owen PhD, Pratik Mukherjee MD PhD, Ashish Raj PhD
PLoS Comput Biol (2017)



Network Eigenmodes vs  Edge Density

Network eigenmodes 
provide a better metric for 
mapping vulnerable regions 
of the connectome than 
traditional graph metrics, 
such as efficiency (global) 
and clustering (local).

Maxwell B. Wang

Ashish Raj, PhD



Application to “Connectopathies”

Agenesis 
of the
Corpus 

Callosum

Normal
Brain

Owen et al.
Neuroimage (2012)



Application to “Connectopathies”

Agenesis 
of the
Corpus 

Callosum

Virtual
Callosotomy

Owen et al.
Neuroimage (2012)



Network Eigenmodes in Agenesis of the Corpus Callosum

Maxwell B. Wang BS, Julia P. Owen PhD, Pratik Mukherjee MD PhD, Ashish Raj PhD
PLoS Comput Biol (2017)



Resting State Functional Networks: AgCC vs Normal



Bilaterally 
reduced FC in AgCC:

precuneus, 
posterior cingulate, 

insula

(HC<ACC) 

(HC>ACC) 

P=0 
(sign. Diff.)

P=1

P=1

P=0 
(sign. Diff.)

Unilaterally 
reduced FC in AgCC:

frontoparietal networks

Owen et al. Brain Connectivity (2013)



Structural Eigenmodes and Resting State fMRI Networks

Atasoy et al., Neuroscientist (2017)

Wang et al., 
PLoS Comput Biol 

(2017)

Abdelnour et al., Neuroimage (2018) Becker et al., Sci Rep (2018)

,



Rong Wang, Pan Lin, Yanzin Liu, Ying Wu, Tao Zhou, Changsong Zhou
Phys Rev Letters (2019)

Structural Eigenmodes and Resting State fMRI Networks



Spectral Graph Models of the Connectome
Linking Across Scales: From Micro- to Meso- to Macro-scale 
• Power spectrum of hierarchical modular connectivity

Linking Structural Connectivity to Functional Connectivity 
• Noninvasive: fMRI, MEG, fNIRS, DOT, OCT

Parsimonious Description of Altered Connectivity in Disease 
• neurodevelopmental
• psychiatric
• neurodegenerative

Linking Across Time: Longitudinal Trajectories of Connectivity 
• human brain development and aging
• plasticity due to cognitive/behavioral training or neurostimulation
• treatment monitoring of neurological & psychiatric disorders

Challenges: fast dynamics and their latencies 



Human Brain Connectome:  
Centerpiece for Translational Neuroscience & 

Neuroengineering?

https://dansteer.wordpress.com/tag/eeg

Boto et al. Nature (2018)

Wearable EEG

Wearable MEG

Wearable fNIRS

www.artinis.com

Connectome

Human Connectome Project
https://thought.artsci.wustl.edu

TMS/TDCS/TACS

Boyden et al. Nat Neurosci (2005)

Optogenetics

LM Oberman, BIDMC

DBS

ucsf.edu



F1: diffusion kurtosis / intracellular volume fraction (ICVF)
F2: mean (homogeneous) diffusivity / free water fraction (ISOVF)
F3: complex (heterogeneous) diffusivity/ extracellular volume fraction
F4: diffusion anisotropy / neurite orientation dispersion index (ODI)

Diffusion Tensor Imaging: rank 2 tensor 
(Gaussian)
Diffusion Kurtosis Imaging: rank 4 tensor
NODDI: biophysical model of ICVF, ISOVF, & ODI
MAP-MRI: mean apparent propagator (q-space)



Human brain cortical microstructure in vivo from diffusion MRI: HCP-YA Data

Sadikov A, Choi HL, Xiao J, Cai LT, Mukherjee P. Commun Biol (2025)
ISMRM 2025: Abstract #1250 

F1: diffusion kurtosis / intracellular volume fraction (ICVF)
F2: mean (homogeneous) diffusivity / free water fraction (ISOVF)
F3: complex (heterogeneous) diffusivity/ extracellular volume 
fraction
F4: diffusion anisotropy / neurite orientation dispersion index (ODI)

Diffusion Tensor Imaging: rank 2 tensor 
(Gaussian)
Diffusion Kurtosis Imaging: rank 4 tensor
NODDI: biophysical model of ICVF, ISOVF, & ODI
MAP-MRI: mean apparent propagator (q-space)



Cortical Diffusion Spatial Gradients
SG1: Rostro-Caudal Axis

SG2: Sensorimotor-Association (SA) Axis
(r=0.68, p=0.004)

SG2 versus SA Axis Components
evolutionary areal scaling 

(r=0.46,p=0.012)
principal component of gene expression

(r=-0.73, p=0.002)
 principal gradient of functional connectivity

(r=0.50, p=0.023)



Cortical microstructure from dMRI reflects Mesulam’s hierarchy of laminar differentiation

F1 
(intracellular/

neurite density)

F2
(free water)

F3 
(extracellular)

F4 
(neurite orientation)

Cortical 
Thickness

Cortical 
Myelination

idiotypicunimodalheteromodal

Sanchez-Velasco A et al.,
Front. Neuroanat (2023) 

https://doi.org/10.3389/fnana.2023.1187280

https://doi.org/10.3389/fnana.2023.1187280


Cortical microstructure from dMRI reflects fMRI networks and MEG neural oscillations

Sadikov A, Choi HL, Xiao J, Cai LT, 
Mukherjee P. Commun Biol (2025)
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Delta: 0.2-4 Hz

Theta: 4-7 Hz

Alpha: 7-14 Hz
Beta: 14-30 Hz

Low Gamma: 30-50 Hz

High Gamma: 50-100 Hz



Cortical microstructure from dMRI reflects neurotransmitter receptor & transporter 
distributions and also an affective vs cognitive behavioral spatial gradient
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R2 = 65% 
(p=0.002) 

R2 = 79% 
(p=0.001) 

Sadikov A, Choi HL, Xiao J, Cai LT, 
Mukherjee P. Commun Biol (2025)



Cortical Gray Matter Morphological Networks from Machine Learning Analysis of 3D T1 MRI 



Sanchez-Velasco A et al.,
Front. Neuroanat (2023) 

https://doi.org/10.3389/fnana.2023.1187280

https://doi.org/10.3389/fnana.2023.1187280




Sadikov A, Choi HL, Xiao J, Cai LT, Mukherjee 
P. Human Brain Mapping (2025)

MSN: morphometric similarity network (sMRI)
MIND: morphometric inverse divergence (sMRI)

FC: functional connectome (fMRI)
SC: structural connectome (dMRI tractography)

DSN-SS: diffusion similarity network (single-shell)
DSN: diffusion similarity network (multi-shell)



First 7T with 128 channel receiver, 
16 channel transmit 

and Impulse gradient system

NextGen 7T with Impulse Gradients

Standard 7T NexGen 7T

Gmax 80 mT/m 200 mT/m

Gslew 200 T/m/s 900 T/m/s

GP = 
Gmax * Gmax

16,000 180,000

Rx chs 32-64 128

Tx chs 1-8 16

Feinberg, Beckett, Vu et al Nature Methods 2023



Mesoscale Resolution (0.9mm isotropic) Diffusion MRI on the NextGen 7T

Hiya Ghosh, Lanya Cai, Joseph An Vu, David Feinberg, Pratik Mukherjee

School-age children ages 8-15 years with 
sensory processing disorder (SPD)



6-dir DTI 6-dir DTI
AI-enhanced

55-dir DTI

AI Denoising

AI Super-Resolution (“Upsampling”)
HCP NextGen 7T

Field Strength 3T 7T

Gradients 100/250 200/1000

Receiver Coils 64 128

Transmit Coils 1 32
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