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Background

Ø Human cerebral cortex
q Left/right hemispheric cerebral cortices are thin (avg. 2.5mm thickness) sheets with spherical 

topology
q The cerebral cortex is highly convoluted with complex folded patterns

Ø Cortical surface reconstruction (CSR) plays an important role in surface-
based analyses of  the cerebral cortex 



CSR Challenges 

Ø Traditional methods
q FreeSurfer: 6h/subject

Ø DL methods for CSR
q Implicit methods
q Explicit methods

Implicit surface-based reconstruction 

Surface 
extraction 

& 
topology 

correction   

Im
pl

ic
it 

re
pr

es
en

ta
tio

n

Template 
initialization

Explicit surface-based reconstruction 

Ø Limitations 
q Interdependence between the inner and 

outer surfaces is not considered 
q Complex and parallel DL architectures 

(CNN+GNN/MLP) are used 

q Coarse mesh template initialization makes the CSR more challenging  
q The methods are not equipped with cortical thickness estimation 



Coupled Reconstruction of Cortical Surfaces

Ø Find a better initialization surface: midthickness surface 
Ø Reconstruct both white matter and pial surfaces in a coupled manner
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Surface Initialization

Ø The closer the initial surface is to its target surface, 
the higher the reconstruction accuracy is 

Ø Midthickness surface initialization 
q Generate WM/GM segmentation maps: 𝑀!, 𝑀"
q Compute distance transform

o Signed distance function (SDF): 𝐾!, 𝐾"
o SDF of  midthickness surface: 𝐾#

q Perform topology check and correction 
q Extract the initialization surface 𝑆# by Marching Cubes 

algorithm 
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Coupled Surface Reconstruction

Ø Feature extraction from the input with multiple complementary information
q Brain MRI: detailed texture and semantic information
q Ribbon segmentation maps: structural/semantic information
q SDF: surface location and relative relation between all voxel
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Coupled Surface Reconstruction

Ø Coupled Learning of  Cortical Surfaces
q GM/WM/midthickness surfaces are optimized with three diffeomorphic 

deformations 𝑓$ 𝐼%&'(, 𝑆) = (𝜙#, 𝜙!, 𝜙")
o 𝑆) → 𝑆# 𝑆# → 𝑆! 𝑆# → 𝑆"
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Coupled Surface Reconstruction

Ø Coupled Learning of  Cortical Surfaces
q GM/WM/midthickness surfaces are optimized with three diffeomorphic 

deformations 𝑓$ 𝐼%&'(, 𝑆) = (𝜙#, 𝜙!, 𝜙")
q The deformations are modeled with invertible transformation: 𝑆# → 𝑆! → 𝑆#* ; 𝑆# →
𝑆" → 𝑆#**
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Coupled Surface Reconstruction

Ø Coupled Learning of  Cortical Surfaces
q Three diffeomorphic deformations 𝑓$ 𝐼%&'(, 𝑆) = (𝜙#, 𝜙!, 𝜙")
q Invertible transformation
q Diffeomorphic deformation module (DDM) 

+,(𝐱,0)
+0 = 𝐯 𝜙 𝐱, 𝑡 , 𝑡
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Loss Functions

Ø Mesh loss
q Bidirectional Chamfer distance 

Ø Trajectory loss 
q 𝑆# → 𝑆!; 𝑆# → 𝑆"

Ø Symmetric cycle loss
q Invertibility 

Ø Symmetric similarity loss 
q Symmetry of  SVFs 

Ø Normal consistency loss 
q Surface regularity 



Experiments 

Ø Datasets 
q ADNI-1 dataset: 654, 50, and 113 for training, validation, and test.
q OASIS dataset: 330, 25, and 58 for training, validation, and test.
q Pseudo ground-truth of  segmentation and surfaces generated by FreeSurfer v7.2.0.

Ø Baselines
q Implicit: DeepCSR
q Explicit: PialNN, CorticalFlow/++, cortexODE, vox2cortex

Ø Metrics 
q Accuracy

o Chamfer distance (CD)
o Average symmetric surface distance (ASSD)
o 90th percentile Hausdorff distance (HD) 

q Surface quality 
o Ratio of  self-intersection faces (SIF) 



Comparison with SOTA Methods

Quantitative analysis of cortical surface reconstruction on geometric accuracy and surface 
quality. The metrics were measured for WM and pial surfaces on two datasets. The mean value 

and standard deviation are reported. The best ones are in bold



Qualitative Results
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Ablation Study

Ø Input

Ø Loss functions 



Experimental Results 

Ø Reproducibility
q Datasets 

o A paired ADNI1.5&3T dataset 
o Test-Retest dataset 

Ø Cortical Thickness 
q ADNI-2GO 

o 100 AD & 100 normal controls 
q Compute the average cortical thickness 

across 35 cortical regions 

Correlation between prediction (Y-axis) and GT 
thickness (X-axis) on 35 cortical regions (mm).



Conclusions

Ø A new DL framework has been developed for cortical surface
reconstruction by generating a midthickness surface to initialize a coupled
reconstruction of both the WM and pial surfaces.

Ø The method introduces regularization terms of non-negativeness of the
cortical thickness and symmetric cycle-consistency of the midthickness
surface’s deformations to enhance the surfaces’ spherical topology.

Ø Experiments on two large-scale neuroimage datasets have demonstrated the
superior performance of the proposed method.

Ø The method generates an estimation of cortical thickness, facilitating
statistical analyses of brain atrophy.



Thanks for your attention! 

For any questions, please contact hzheng1@upenn.edu 


