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Introduction

• Individual rate of `aging’ is driven by a variety of factors, including environment, 
genetics, neurodegeneration

• Brain age provides a biological estimate of an individual’s age, derived from different 
brain imaging modalities

• Brain age gap: Deviation between brain age and chronological age (time since birth) 

Brain age gap ∝ individual risks for neurological, neuropsychiatric 
and neurodegenerative diseases
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Step 1. Train ML model to predict chronological age for healthy controls from cortical thickness features

Brain age gap evaluation using ML



Step 2. Linear regression-based age-bias correct for outputs of ML model
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Step 2. Linear regression-based age-bias correct for outputs of ML model

Step 3. Obtain brain age gap for healthy controls and individuals with neurodegenerative condition.

Data from 
all cohorts

Age-bias 
correction

Brain age gap = 
Bias-corrected ML model 

output – True age

Brain age gap evaluation using ML
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VNN ModelCortical 
thickness 

Age-bias 
correction

Brain age gap = 
Bias-corrected VNN 
output – True age

brain regions with elevated 
regional residuals in neurodegeneration
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regional
residual

Contributing regions to elevated brain 
age gap in neurodegeneration
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gap

coVariance neural networks (VNN) provide an anatomically interpretable brain age gap
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Graph filter of order K supported on undirected graph S= RFRT
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hk: filter taps

• Graph filter[a]

Graph Filters and coVariance Filters

[a] Ortega, Antonio, et al. "Graph signal processing: Overview, challenges, and applications." Proceedings of the IEEE 106.5 (2018): 808-828.

Learning with a Graph Convolutional Filter

I Input / output signals x / y are graph signals supported on a common graph with shift operator S

I Function class ) graph filters of order K supported on S ) �(x) =
K�1X

k=0

hkS
kx = �(x;S,h)

x
z =

KX

k=0

hk S
k x

z = H(S)x;

I Learn ERM solution restricted to graph filter class ) h⇤ = argmin
h

X

(x,y)2T

`
⇣
y, �( x;S, h )

⌘

) Optimization is over filter coe�cients h with the graph shift operator S given
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Graph Filters and coVariance Filters

[b] Sihag et al. ”coVariance Neural Networks”, NeurIPS 2022. 

• coVariance filter [b]
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For an m-dimensional dataset of n samples, xn 2 Rm⇥n,
sample covariance matrix C= 1

n (xn � x̄n)(xn � x̄n)T
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Graph filter of order K supported on undirected graph S= RFRT

PCA!!
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Spectral representation of coVariance filter H(C)
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VNN Architecture

• coVariance perceptron
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�(·): pointwise non-linearity function (e.g. ReLU, tanh)
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�(·): pointwise non-linearity function (e.g. ReLU, tanh)

• coVariance Neural Networks (VNN)The Components ot a Graph Neural Network

I A GNN with L layers follows L recursions of the form
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h
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i
= �

"
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h`k S
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#

I Filters are parametrized by...

) Coe�cients h`k and graph shift operators S

Layer 1

Layer 2

Layer 3

x0 = x

z1 =

KX

k=0

h1k Ck x x1 = �
h
z1

iz1

z2 =

KX

k=0

h2k Ck x1 x2 = �
h
z2

iz2

z3 =

KX

k=0

h3k Ck x2 x3 = �
h
z3

iz3

x1

x1

x1

x2

x2

x2

x3 = �(x; C,H)

13
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[b] Sihag et al. ”coVariance Neural Networks”, NeurIPS 2022. 

VNN
<latexit sha1_base64="Uz4RFL+Q8zmrCk7Usw6z5OLlwIA=">AAAB/XicbVDLSsNAFJ3UV42v+Ni5GWwFVyUpoi6LunBZwT6gCWUynbRDJw9mbsQair/ixoUibv0Pd/6N0zYLbT1w4XDOvdx7j58IrsC2v43C0vLK6lpx3dzY3NresXb3mipOJWUNGotYtn2imOARawAHwdqJZCT0BWv5w6uJ37pnUvE4uoNRwryQ9CMecEpAS13rwFUBNs1rAgSXM9cP8MO43LVKdsWeAi8SJycllKPetb7cXkzTkEVABVGq49gJeBmRwKlgY9NNFUsIHZI+62gakZApL5teP8bHWunhIJa6IsBT9fdERkKlRqGvO0MCAzXvTcT/vE4KwYWX8ShJgUV0tihIBYYYT6LAPS4ZBTHShFDJ9a2YDogkFHRgpg7BmX95kTSrFeescnpbLdUu8ziK6BAdoRPkoHNUQzeojhqIokf0jF7Rm/FkvBjvxsestWDkM/voD4zPH7cVk3k=</latexit>

Data x

• Stability to perturbations in sample covariance matrix, overcome limitations of PCA

VNN
<latexit sha1_base64="Uz4RFL+Q8zmrCk7Usw6z5OLlwIA=">AAAB/XicbVDLSsNAFJ3UV42v+Ni5GWwFVyUpoi6LunBZwT6gCWUynbRDJw9mbsQair/ixoUibv0Pd/6N0zYLbT1w4XDOvdx7j58IrsC2v43C0vLK6lpx3dzY3NresXb3mipOJWUNGotYtn2imOARawAHwdqJZCT0BWv5w6uJ37pnUvE4uoNRwryQ9CMecEpAS13rwFUBNs1rAgSXM9cP8MO43LVKdsWeAi8SJycllKPetb7cXkzTkEVABVGq49gJeBmRwKlgY9NNFUsIHZI+62gakZApL5teP8bHWunhIJa6IsBT9fdERkKlRqGvO0MCAzXvTcT/vE4KwYWX8ShJgUV0tihIBYYYT6LAPS4ZBTHShFDJ9a2YDogkFHRgpg7BmX95kTSrFeescnpbLdUu8ziK6BAdoRPkoHNUQzeojhqIokf0jF7Rm/FkvBjvxsestWDkM/voD4zPH7cVk3k=</latexit>

Data x

<latexit sha1_base64="vycejfOhzrJOctQsX4rU/y8cCNE=">AAAB8nicbVBNS8NAEN3Urxq/qh69LBbBU0mkqMdiLx4r2A9IS9lsN+3SzW7YnQgl9Gd48aCIV3+NN/+NmzYHbX0w8Hhvhpl5YSK4Ac/7dkobm1vbO+Vdd2//4PCocnzSMSrVlLWpEkr3QmKY4JK1gYNgvUQzEoeCdcNpM/e7T0wbruQjzBI2iMlY8ohTAlYKXDfrhxFuzl13WKl6NW8BvE78glRRgdaw8tUfKZrGTAIVxJjA9xIYZEQDp4LN3X5qWELolIxZYKkkMTODbHHyHF9YZYQjpW1JwAv190RGYmNmcWg7YwITs+rl4n9ekEJ0O8i4TFJgki4XRanAoHD+Px5xzSiImSWEam5vxXRCNKFgU8pD8FdfXiedq5p/Xas/1KuNuyKOMjpD5+gS+egGNdA9aqE2okihZ/SK3hxwXpx352PZWnKKmVP0B87nD7ehj5g=</latexit>

C

<latexit sha1_base64="gBN/CR2STzuQ1Gm/A/tsUP8SaQA=">AAACGHicbZDLSsNAFIYn9VbjLerSzWArVJCaFFHBTbGb7qxgL9CEMplO2qGTCzMTsYQ8hhtfxY0LRdx259s4bbPQ1h8GPv5zDmfO70aMCmma31puZXVtfSO/qW9t7+zuGfsHLRHGHJMmDlnIOy4ShNGANCWVjHQiTpDvMtJ2R7Vpvf1IuKBh8CDHEXF8NAioRzGSyuoZ57bwoK7fxTKKJSzajSEtJbbrwaf0Bs6glp4pwIjBenpa7BkFs2zOBJfByqAAMjV6xsTuhzj2SSAxQ0J0LTOSToK4pJiRVLdjQSKER2hAugoD5BPhJLPDUniinD70Qq5eIOHM/T2RIF+Ise+qTh/JoVisTc3/at1YetdOQgN1NAnwfJEXMyhDOE0J9iknWLKxAoQ5VX+FeIg4wlJlqasQrMWTl6FVKVuX5Yv7SqF6m8WRB0fgGJSABa5AFdRBAzQBBs/gFbyDD+1Fe9M+ta95a07LZg7BH2mTH2DsnX4=</latexit>

Output �(x;C,H)

<latexit sha1_base64="MdtteMKB3XaqgIys4Vwf5vKRUEA=">AAAB9HicbVDLSsNAFL2prxpfVZduBovoqiRS1GWxG5cV7APaUCbTSTt0MklnJoUS+h1uXCji1o9x5984abPQ1gMDh3Pu5Z45fsyZ0o7zbRU2Nre2d4q79t7+weFR6fikpaJEEtokEY9kx8eKciZoUzPNaSeWFIc+p21/XM/89pRKxSLxpGcx9UI8FCxgBGsjebbdC7Ee+UFan1/2S2Wn4iyA1ombkzLkaPRLX71BRJKQCk04VqrrOrH2Uiw1I5zO7V6iaIzJGA9p11CBQ6q8dBF6ji6MMkBBJM0TGi3U3xspDpWahb6ZzCKqVS8T//O6iQ7uvJSJONFUkOWhIOFIRyhrAA2YpETzmSGYSGayIjLCEhNterJNCe7ql9dJ67ri3lSqj9Vy7T6vowhncA5X4MIt1OABGtAEAhN4hld4s6bWi/VufSxHC1a+cwp/YH3+AHzwkUk=</latexit>

C0

<latexit sha1_base64="UbHKvRlNxCS8nelYORJ3oqtGU9s=">AAACGXicbZDLSsNAFIYn9VbjLerSzWArVpCSFFHBTbGb7qxgL9CUMplO2qGTCzMTsYS8hhtfxY0LRVzqyrdxmmahrT8MfPznHM6c3wkZFdI0v7Xc0vLK6lp+Xd/Y3NreMXb3WiKIOCZNHLCAdxwkCKM+aUoqGemEnCDPYaTtjGvTevuecEED/05OQtLz0NCnLsVIKqtvmLZwoa7fRDKMJCzajREtxbbjwofkCqZQS45PFWHEYD05KfaNglk2U8FFsDIogEyNvvFpDwIcecSXmCEhupYZyl6MuKSYkUS3I0FChMdoSLoKfeQR0YvTyxJ4pJwBdAOuni9h6v6eiJEnxMRzVKeH5EjM16bmf7VuJN3LXkx9dTXx8WyRGzEoAziNCQ4oJ1iyiQKEOVV/hXiEOMJShamrEKz5kxehVSlb5+Wz20qhep3FkQcH4BCUgAUuQBXUQQM0AQaP4Bm8gjftSXvR3rWPWWtOy2b2wR9pXz/OrJ2v</latexit>

Output �(x;C0,H)

<latexit sha1_base64="osZRow42rJmwdKXMvSG5ObJ4YIc="></latexit>

Provably stable: k�(x;C;H)� �(x;C0;H)k is bounded [b]

<latexit sha1_base64="Ndr2VpJNi9jBdZ7wKytBJUva0Zg=">AAAB+XicbVDLSsNAFL2prxpfUZduBovgqiRSqsuimy4r2Ae0oUymk3boZBJmJoUS+iduXCji1j9x5984abPQ1gMDh3Pu5Z45QcKZ0q77bZW2tnd298r79sHh0fGJc3rWUXEqCW2TmMeyF2BFORO0rZnmtJdIiqOA024wfcj97oxKxWLxpOcJ9SM8FixkBGsjDR3HtrNBhPWEYI6aC9seOhW36i6BNolXkAoUaA2dr8EoJmlEhSYcK9X33ET7GZaaEU4X9iBVNMFkise0b6jAEVV+tky+QFdGGaEwluYJjZbq740MR0rNo8BM5iHVupeL/3n9VId3fsZEkmoqyOpQmHKkY5TXgEZMUqL53BBMJDNZEZlgiYk2ZeUleOtf3iSdm6pXr9Yea5XGfVFHGS7gEq7Bg1toQBNa0AYCM3iGV3izMuvFerc+VqMlq9g5hz+wPn8AKsiSEg==</latexit>

H
<latexit sha1_base64="Ndr2VpJNi9jBdZ7wKytBJUva0Zg=">AAAB+XicbVDLSsNAFL2prxpfUZduBovgqiRSqsuimy4r2Ae0oUymk3boZBJmJoUS+iduXCji1j9x5984abPQ1gMDh3Pu5Z45QcKZ0q77bZW2tnd298r79sHh0fGJc3rWUXEqCW2TmMeyF2BFORO0rZnmtJdIiqOA024wfcj97oxKxWLxpOcJ9SM8FixkBGsjDR3HtrNBhPWEYI6aC9seOhW36i6BNolXkAoUaA2dr8EoJmlEhSYcK9X33ET7GZaaEU4X9iBVNMFkise0b6jAEVV+tky+QFdGGaEwluYJjZbq740MR0rNo8BM5iHVupeL/3n9VId3fsZEkmoqyOpQmHKkY5TXgEZMUqL53BBMJDNZEZlgiYk2ZeUleOtf3iSdm6pXr9Yea5XGfVFHGS7gEq7Bg1toQBNa0AYCM3iGV3izMuvFerc+VqMlq9g5hz+wPn8AKsiSEg==</latexit>

H



Advantages offered by VNNs

VNN
<latexit sha1_base64="Uz4RFL+Q8zmrCk7Usw6z5OLlwIA=">AAAB/XicbVDLSsNAFJ3UV42v+Ni5GWwFVyUpoi6LunBZwT6gCWUynbRDJw9mbsQair/ixoUibv0Pd/6N0zYLbT1w4XDOvdx7j58IrsC2v43C0vLK6lpx3dzY3NresXb3mipOJWUNGotYtn2imOARawAHwdqJZCT0BWv5w6uJ37pnUvE4uoNRwryQ9CMecEpAS13rwFUBNs1rAgSXM9cP8MO43LVKdsWeAi8SJycllKPetb7cXkzTkEVABVGq49gJeBmRwKlgY9NNFUsIHZI+62gakZApL5teP8bHWunhIJa6IsBT9fdERkKlRqGvO0MCAzXvTcT/vE4KwYWX8ShJgUV0tihIBYYYT6LAPS4ZBTHShFDJ9a2YDogkFHRgpg7BmX95kTSrFeescnpbLdUu8ziK6BAdoRPkoHNUQzeojhqIokf0jF7Rm/FkvBjvxsestWDkM/voD4zPH7cVk3k=</latexit>

Data x

• Stability to perturbations in sample covariance matrix, overcome limitations of PCA

VNN
<latexit sha1_base64="Uz4RFL+Q8zmrCk7Usw6z5OLlwIA=">AAAB/XicbVDLSsNAFJ3UV42v+Ni5GWwFVyUpoi6LunBZwT6gCWUynbRDJw9mbsQair/ixoUibv0Pd/6N0zYLbT1w4XDOvdx7j58IrsC2v43C0vLK6lpx3dzY3NresXb3mipOJWUNGotYtn2imOARawAHwdqJZCT0BWv5w6uJ37pnUvE4uoNRwryQ9CMecEpAS13rwFUBNs1rAgSXM9cP8MO43LVKdsWeAi8SJycllKPetb7cXkzTkEVABVGq49gJeBmRwKlgY9NNFUsIHZI+62gakZApL5teP8bHWunhIJa6IsBT9fdERkKlRqGvO0MCAzXvTcT/vE4KwYWX8ShJgUV0tihIBYYYT6LAPS4ZBTHShFDJ9a2YDogkFHRgpg7BmX95kTSrFeescnpbLdUu8ziK6BAdoRPkoHNUQzeojhqIokf0jF7Rm/FkvBjvxsestWDkM/voD4zPH7cVk3k=</latexit>

Data x

<latexit sha1_base64="vycejfOhzrJOctQsX4rU/y8cCNE=">AAAB8nicbVBNS8NAEN3Urxq/qh69LBbBU0mkqMdiLx4r2A9IS9lsN+3SzW7YnQgl9Gd48aCIV3+NN/+NmzYHbX0w8Hhvhpl5YSK4Ac/7dkobm1vbO+Vdd2//4PCocnzSMSrVlLWpEkr3QmKY4JK1gYNgvUQzEoeCdcNpM/e7T0wbruQjzBI2iMlY8ohTAlYKXDfrhxFuzl13WKl6NW8BvE78glRRgdaw8tUfKZrGTAIVxJjA9xIYZEQDp4LN3X5qWELolIxZYKkkMTODbHHyHF9YZYQjpW1JwAv190RGYmNmcWg7YwITs+rl4n9ekEJ0O8i4TFJgki4XRanAoHD+Px5xzSiImSWEam5vxXRCNKFgU8pD8FdfXiedq5p/Xas/1KuNuyKOMjpD5+gS+egGNdA9aqE2okihZ/SK3hxwXpx352PZWnKKmVP0B87nD7ehj5g=</latexit>

C

<latexit sha1_base64="gBN/CR2STzuQ1Gm/A/tsUP8SaQA=">AAACGHicbZDLSsNAFIYn9VbjLerSzWArVJCaFFHBTbGb7qxgL9CEMplO2qGTCzMTsYQ8hhtfxY0LRdx259s4bbPQ1h8GPv5zDmfO70aMCmma31puZXVtfSO/qW9t7+zuGfsHLRHGHJMmDlnIOy4ShNGANCWVjHQiTpDvMtJ2R7Vpvf1IuKBh8CDHEXF8NAioRzGSyuoZ57bwoK7fxTKKJSzajSEtJbbrwaf0Bs6glp4pwIjBenpa7BkFs2zOBJfByqAAMjV6xsTuhzj2SSAxQ0J0LTOSToK4pJiRVLdjQSKER2hAugoD5BPhJLPDUniinD70Qq5eIOHM/T2RIF+Ise+qTh/JoVisTc3/at1YetdOQgN1NAnwfJEXMyhDOE0J9iknWLKxAoQ5VX+FeIg4wlJlqasQrMWTl6FVKVuX5Yv7SqF6m8WRB0fgGJSABa5AFdRBAzQBBs/gFbyDD+1Fe9M+ta95a07LZg7BH2mTH2DsnX4=</latexit>

Output �(x;C,H)

<latexit sha1_base64="MdtteMKB3XaqgIys4Vwf5vKRUEA=">AAAB9HicbVDLSsNAFL2prxpfVZduBovoqiRS1GWxG5cV7APaUCbTSTt0MklnJoUS+h1uXCji1o9x5984abPQ1gMDh3Pu5Z45fsyZ0o7zbRU2Nre2d4q79t7+weFR6fikpaJEEtokEY9kx8eKciZoUzPNaSeWFIc+p21/XM/89pRKxSLxpGcx9UI8FCxgBGsjebbdC7Ee+UFan1/2S2Wn4iyA1ombkzLkaPRLX71BRJKQCk04VqrrOrH2Uiw1I5zO7V6iaIzJGA9p11CBQ6q8dBF6ji6MMkBBJM0TGi3U3xspDpWahb6ZzCKqVS8T//O6iQ7uvJSJONFUkOWhIOFIRyhrAA2YpETzmSGYSGayIjLCEhNterJNCe7ql9dJ67ri3lSqj9Vy7T6vowhncA5X4MIt1OABGtAEAhN4hld4s6bWi/VufSxHC1a+cwp/YH3+AHzwkUk=</latexit>

C0

<latexit sha1_base64="UbHKvRlNxCS8nelYORJ3oqtGU9s=">AAACGXicbZDLSsNAFIYn9VbjLerSzWArVpCSFFHBTbGb7qxgL9CUMplO2qGTCzMTsYS8hhtfxY0LRVzqyrdxmmahrT8MfPznHM6c3wkZFdI0v7Xc0vLK6lp+Xd/Y3NreMXb3WiKIOCZNHLCAdxwkCKM+aUoqGemEnCDPYaTtjGvTevuecEED/05OQtLz0NCnLsVIKqtvmLZwoa7fRDKMJCzajREtxbbjwofkCqZQS45PFWHEYD05KfaNglk2U8FFsDIogEyNvvFpDwIcecSXmCEhupYZyl6MuKSYkUS3I0FChMdoSLoKfeQR0YvTyxJ4pJwBdAOuni9h6v6eiJEnxMRzVKeH5EjM16bmf7VuJN3LXkx9dTXx8WyRGzEoAziNCQ4oJ1iyiQKEOVV/hXiEOMJShamrEKz5kxehVSlb5+Wz20qhep3FkQcH4BCUgAUuQBXUQQM0AQaP4Bm8gjftSXvR3rWPWWtOy2b2wR9pXz/OrJ2v</latexit>

Output �(x;C0,H)

[b] Sihag et al. ”coVariance Neural Networks”, NeurIPS 2022. 

<latexit sha1_base64="osZRow42rJmwdKXMvSG5ObJ4YIc="></latexit>

Provably stable: k�(x;C;H)� �(x;C0;H)k is bounded [b]

<latexit sha1_base64="QGP+ZgPaHZit1F+ajJTcGUEq/lE=">AAAB/XicbVDLSsNAFJ34rPEVHzs3g63gqiRF1GVRFy4r2Ac0odxMJ+3QyYOZiRBD8VfcuFDErf/hzr9x2mahrQcuHM65l3vv8RPOpLLtb2NpeWV1bb20YW5ube/sWnv7LRmngtAmiXksOj5IyllEm4opTjuJoBD6nLb90fXEbz9QIVkc3assoV4Ig4gFjIDSUs86dGWATfMGFOBK7voBzsaVnlW2q/YUeJE4BSmjAo2e9eX2Y5KGNFKEg5Rdx06Ul4NQjHA6Nt1U0gTICAa0q2kEIZVePr1+jE+00sdBLHRFCk/V3xM5hFJmoa87Q1BDOe9NxP+8bqqCSy9nUZIqGpHZoiDlWMV4EgXuM0GJ4pkmQATTt2IyBAFE6cBMHYIz//IiadWqznn17K5Wrl8VcZTQETpGp8hBF6iOblEDNRFBj+gZvaI348l4Md6Nj1nrklHMHKA/MD5/ALibk3o=</latexit>

Data y

• Transferability of learnt parameters to datasets of different dimensionalities

VNN
<latexit sha1_base64="I6S6rK2h1oogVoUteuQaJdLAbGY="></latexit>

Output �(x;Cm1 ,H)

<latexit sha1_base64="8r8QgEsPZTz8gVIhtXr7BqRNthY=">AAAB+HicbVBNS8NAEJ3Urxo/WvXoZbEInkoiRT0We/FYwX5AG8Jmu2mXbjZhdyPUkF/ixYMiXv0p3vw3btsctPXBwOO9GWbmBQlnSjvOt1Xa2Nza3inv2nv7B4eV6tFxV8WpJLRDYh7LfoAV5UzQjmaa034iKY4CTnvBtDX3e49UKhaLBz1LqBfhsWAhI1gbya9WbDsbBiFq5X4W+W7uV2tO3VkArRO3IDUo0ParX8NRTNKICk04VmrgOon2Miw1I5zm9jBVNMFkisd0YKjAEVVetjg8R+dGGaEwlqaERgv190SGI6VmUWA6I6wnatWbi/95g1SHN17GRJJqKshyUZhypGM0TwGNmKRE85khmEhmbkVkgiUm2mRlmxDc1ZfXSfey7l7VG/eNWvO2iKMMp3AGF+DCNTThDtrQAQIpPMMrvFlP1ov1bn0sW0tWMXMCf2B9/gA8zJIx</latexit>

Cm1

<latexit sha1_base64="Ndr2VpJNi9jBdZ7wKytBJUva0Zg=">AAAB+XicbVDLSsNAFL2prxpfUZduBovgqiRSqsuimy4r2Ae0oUymk3boZBJmJoUS+iduXCji1j9x5984abPQ1gMDh3Pu5Z45QcKZ0q77bZW2tnd298r79sHh0fGJc3rWUXEqCW2TmMeyF2BFORO0rZnmtJdIiqOA024wfcj97oxKxWLxpOcJ9SM8FixkBGsjDR3HtrNBhPWEYI6aC9seOhW36i6BNolXkAoUaA2dr8EoJmlEhSYcK9X33ET7GZaaEU4X9iBVNMFkise0b6jAEVV+tky+QFdGGaEwluYJjZbq740MR0rNo8BM5iHVupeL/3n9VId3fsZEkmoqyOpQmHKkY5TXgEZMUqL53BBMJDNZEZlgiYk2ZeUleOtf3iSdm6pXr9Yea5XGfVFHGS7gEq7Bg1toQBNa0AYCM3iGV3izMuvFerc+VqMlq9g5hz+wPn8AKsiSEg==</latexit>

H
<latexit sha1_base64="Ndr2VpJNi9jBdZ7wKytBJUva0Zg=">AAAB+XicbVDLSsNAFL2prxpfUZduBovgqiRSqsuimy4r2Ae0oUymk3boZBJmJoUS+iduXCji1j9x5984abPQ1gMDh3Pu5Z45QcKZ0q77bZW2tnd298r79sHh0fGJc3rWUXEqCW2TmMeyF2BFORO0rZnmtJdIiqOA024wfcj97oxKxWLxpOcJ9SM8FixkBGsjDR3HtrNBhPWEYI6aC9seOhW36i6BNolXkAoUaA2dr8EoJmlEhSYcK9X33ET7GZaaEU4X9iBVNMFkise0b6jAEVV+tky+QFdGGaEwluYJjZbq740MR0rNo8BM5iHVupeL/3n9VId3fsZEkmoqyOpQmHKkY5TXgEZMUqL53BBMJDNZEZlgiYk2ZeUleOtf3iSdm6pXr9Yea5XGfVFHGS7gEq7Bg1toQBNa0AYCM3iGV3izMuvFerc+VqMlq9g5hz+wPn8AKsiSEg==</latexit>

H

<latexit sha1_base64="Ndr2VpJNi9jBdZ7wKytBJUva0Zg=">AAAB+XicbVDLSsNAFL2prxpfUZduBovgqiRSqsuimy4r2Ae0oUymk3boZBJmJoUS+iduXCji1j9x5984abPQ1gMDh3Pu5Z45QcKZ0q77bZW2tnd298r79sHh0fGJc3rWUXEqCW2TmMeyF2BFORO0rZnmtJdIiqOA024wfcj97oxKxWLxpOcJ9SM8FixkBGsjDR3HtrNBhPWEYI6aC9seOhW36i6BNolXkAoUaA2dr8EoJmlEhSYcK9X33ET7GZaaEU4X9iBVNMFkise0b6jAEVV+tky+QFdGGaEwluYJjZbq740MR0rNo8BM5iHVupeL/3n9VId3fsZEkmoqyOpQmHKkY5TXgEZMUqL53BBMJDNZEZlgiYk2ZeUleOtf3iSdm6pXr9Yea5XGfVFHGS7gEq7Bg1toQBNa0AYCM3iGV3izMuvFerc+VqMlq9g5hz+wPn8AKsiSEg==</latexit>

H

VNN
<latexit sha1_base64="Ndr2VpJNi9jBdZ7wKytBJUva0Zg=">AAAB+XicbVDLSsNAFL2prxpfUZduBovgqiRSqsuimy4r2Ae0oUymk3boZBJmJoUS+iduXCji1j9x5984abPQ1gMDh3Pu5Z45QcKZ0q77bZW2tnd298r79sHh0fGJc3rWUXEqCW2TmMeyF2BFORO0rZnmtJdIiqOA024wfcj97oxKxWLxpOcJ9SM8FixkBGsjDR3HtrNBhPWEYI6aC9seOhW36i6BNolXkAoUaA2dr8EoJmlEhSYcK9X33ET7GZaaEU4X9iBVNMFkise0b6jAEVV+tky+QFdGGaEwluYJjZbq740MR0rNo8BM5iHVupeL/3n9VId3fsZEkmoqyOpQmHKkY5TXgEZMUqL53BBMJDNZEZlgiYk2ZeUleOtf3iSdm6pXr9Yea5XGfVFHGS7gEq7Bg1toQBNa0AYCM3iGV3izMuvFerc+VqMlq9g5hz+wPn8AKsiSEg==</latexit>

H
<latexit sha1_base64="J6jx9kNzqvz6INorg0XnZ7Zdy/g=">AAAB+nicbVDLSsNAFJ3UV42vVJduBluhbkpSRF0W3bisYB/QhjCZ3rRDJw9mJkqJ/RQ3LhRx65e482+ctllo64ELh3Pu5d57/IQzqWz72yisrW9sbhW3zZ3dvf0Dq3TYlnEqKLRozGPR9YkEziJoKaY4dBMBJPQ5dPzxzczvPICQLI7u1SQBNyTDiAWMEqUlzyqZ1UroORUcAFGpAHnmWWW7Zs+BV4mTkzLK0fSsr/4gpmkIkaKcSNlz7ES5GRGKUQ5Ts59KSAgdkyH0NI1ICNLN5qdP8alWBjiIha5I4bn6eyIjoZST0NedIVEjuezNxP+8XqqCKzdjUZIqiOhiUZByrGI8ywEPmACq+EQTQgXTt2I6IoJQpdMydQjO8surpF2vORe187t6uXGdx1FEx+gEVZGDLlED3aImaiGKHtEzekVvxpPxYrwbH4vWgpHPHKE/MD5/AN/Qkns=</latexit>

(m1 features)
<latexit sha1_base64="nJ2xN97sqv3j1E1X+Dhxvqwrc2w=">AAAB+nicbVDLSsNAFJ3UV42vVJduBluhbkpSRF0W3bisYB/QhjCZ3rRDJw9mJkqJ/RQ3LhRx65e482+ctllo64ELh3Pu5d57/IQzqWz72yisrW9sbhW3zZ3dvf0Dq3TYlnEqKLRozGPR9YkEziJoKaY4dBMBJPQ5dPzxzczvPICQLI7u1SQBNyTDiAWMEqUlzyqZ1Uro1Ss4AKJSAfLMs8p2zZ4DrxInJ2WUo+lZX/1BTNMQIkU5kbLn2IlyMyIUoxymZj+VkBA6JkPoaRqREKSbzU+f4lOtDHAQC12RwnP190RGQiknoa87Q6JGctmbif95vVQFV27GoiRVENHFoiDlWMV4lgMeMAFU8YkmhAqmb8V0RAShSqdl6hCc5ZdXSbtecy5q53f1cuM6j6OIjtEJqiIHXaIGukVN1EIUPaJn9IrejCfjxXg3PhatBSOfOUJ/YHz+AOFfknw=</latexit>

(m2 features)

<latexit sha1_base64="AqiSb14E42tK16zXFN5YQeAKOBA=">AAAB9XicbVBNS8NAEJ34WeNX1aOXxSJ4Kkkp6rHYi8cK9gPaGDbbTbt0Nwm7G6WE/A8vHhTx6n/x5r9x2+agrQ8GHu/NMDMvSDhT2nG+rbX1jc2t7dKOvbu3f3BYPjruqDiVhLZJzGPZC7CinEW0rZnmtJdIikXAaTeYNGd+95FKxeLoXk8T6gk8iljICNZGerCzQRCiZu5nwq/lfrniVJ050CpxC1KBAi2//DUYxiQVNNKEY6X6rpNoL8NSM8Jpbg9SRRNMJnhE+4ZGWFDlZfOrc3RulCEKY2kq0miu/p7IsFBqKgLTKbAeq2VvJv7n9VMdXnsZi5JU04gsFoUpRzpGswjQkElKNJ8agolk5lZExlhiok1QtgnBXX55lXRqVfeyWr+rVxo3RRwlOIUzuAAXrqABt9CCNhCQ8Ayv8GY9WS/Wu/WxaF2zipkT+APr8weR25Ht</latexit>

Cm2

<latexit sha1_base64="XotPVQUEELpDtDMTOT/dMlZrD5o="></latexit>

Output �(y;Cm2 ,H)

<latexit sha1_base64="Uz4RFL+Q8zmrCk7Usw6z5OLlwIA=">AAAB/XicbVDLSsNAFJ3UV42v+Ni5GWwFVyUpoi6LunBZwT6gCWUynbRDJw9mbsQair/ixoUibv0Pd/6N0zYLbT1w4XDOvdx7j58IrsC2v43C0vLK6lpx3dzY3NresXb3mipOJWUNGotYtn2imOARawAHwdqJZCT0BWv5w6uJ37pnUvE4uoNRwryQ9CMecEpAS13rwFUBNs1rAgSXM9cP8MO43LVKdsWeAi8SJycllKPetb7cXkzTkEVABVGq49gJeBmRwKlgY9NNFUsIHZI+62gakZApL5teP8bHWunhIJa6IsBT9fdERkKlRqGvO0MCAzXvTcT/vE4KwYWX8ShJgUV0tihIBYYYT6LAPS4ZBTHShFDJ9a2YDogkFHRgpg7BmX95kTSrFeescnpbLdUu8ziK6BAdoRPkoHNUQzeojhqIokf0jF7Rm/FkvBjvxsestWDkM/voD4zPH7cVk3k=</latexit>

Data x

<latexit sha1_base64="q1d7zatZSx6gHpI0YIvbbqyXnUk=">AAACBHicbVDLSsNAFJ3UV42vqMtuBlvBVUmKqMuimy4r9AVNKJPppB06mQkzE6GELtz4K25cKOLWj3Dn3zhts9DWAxcO59zLvfeECaNKu+63VdjY3NreKe7ae/sHh0fO8UlHiVRi0saCCdkLkSKMctLWVDPSSyRBcchIN5zczf3uA5GKCt7S04QEMRpxGlGMtJEGTslXkW23JOIqIhKKCFYyHyMGG7PKwCm7VXcBuE68nJRBjubA+fKHAqcx4RozpFTfcxMdZEhqihmZ2X6qSILwBI1I31COYqKCbPHEDJ4bZQgjIU1xDRfq74kMxUpN49B0xkiP1ao3F//z+qmOboKM8iTVhOPloihlUAs4TwQOqSRYs6khCEtqboV4jCTC2uRmmxC81ZfXSadW9a6ql/e1cv02j6MISuAMXAAPXIM6aIAmaAMMHsEzeAVv1pP1Yr1bH8vWgpXPnII/sD5/AEiglpc=</latexit>

Transfer of H



<latexit sha1_base64="BB+zuH+Wb5qvvGNNTqi5oqKxNec=">AAACFHicbZDLSsNAFIYnXmu8RV26GWwFQShJEXVZ7MZlBXuBJoTJdNIOnUzCzKRYQh/Cja/ixoUibl24822ctFlo6w8DH/85hznnDxJGpbLtb2NldW19Y7O0ZW7v7O7tWweHbRmnApMWjlksugGShFFOWooqRrqJICgKGOkEo0Ze74yJkDTm92qSEC9CA05DipHSlm+dm64ModmIx0hQxDGBEVKCPsBK5moaBiFsTP0s8p1pxbfKdtWeCS6DU0AZFGr61pfbj3EaEa4wQ1L2HDtRXoaEopiRqemmkiQIj9CA9DRyFBHpZbOjpvBUO30YxkI/ruDM/T2RoUjKSRToznxRuVjLzf9qvVSF115GeZIqwvH8ozBlUMUwTwj2qSBYsYkGhAXVu0I8RAJhpXM0dQjO4snL0K5VncvqxV2tXL8p4iiBY3ACzoADrkAd3IImaAEMHsEzeAVvxpPxYrwbH/PWFaOYOQJ/ZHz+AK9cnV4=</latexit>

Covariance matrix Cm1

<latexit sha1_base64="nlfp2EM1lsXgOSKGOI/mHjj8NgA=">AAACFHicbZDLSsNAFIYnXmu8RV26GWwFQShJEXVZ7MZlBXuBJoTJdNIOnUzCzKRYQh/Cja/ixoUibl24822ctFlo6w8DH/85hznnDxJGpbLtb2NldW19Y7O0ZW7v7O7tWweHbRmnApMWjlksugGShFFOWooqRrqJICgKGOkEo0Ze74yJkDTm92qSEC9CA05DipHSlm+dm64ModmIx0hQxDGBEVKCPsBK5moaBiFsTP0s8mvTim+V7ao9E1wGp4AyKNT0rS+3H+M0IlxhhqTsOXaivAwJRTEjU9NNJUkQHqEB6WnkKCLSy2ZHTeGpdvowjIV+XMGZ+3siQ5GUkyjQnfmicrGWm//VeqkKr72M8iRVhOP5R2HKoIphnhDsU0GwYhMNCAuqd4V4iATCSudo6hCcxZOXoV2rOpfVi7tauX5TxFECx+AEnAEHXIE6uAVN0AIYPIJn8ArejCfjxXg3PuatK0YxcwT+yPj8AbDinV8=</latexit>

Covariance matrix Cm2

VNN

VNN

<latexit sha1_base64="A+bM3tFQH6wVVKGRKA/4150t/Ik="></latexit>

�(xm1 ;Cm1 ,H)

<latexit sha1_base64="8lqwsuGUSa07bktLXpD5pnd9Y2Q=">AAACJXicbZDLSsNAFIYn9VbjLerSzWArVJCSFFFBF8VuuqxgL9CUMJlO2qGTCzMTsYS8jBtfxY0LiwiufBWnbRBt/WHg5zvnMOf8bsSokKb5qeVWVtfWN/Kb+tb2zu6esX/QEmHMMWnikIW84yJBGA1IU1LJSCfiBPkuI213VJvW2w+ECxoG93IckZ6PBgH1KEZSIce4sYUHdb1oN4a0lNg+kkPXg4+pk/hOJb2GP6iWoTOFMGKwnp4WHaNgls2Z4LKxMlMAmRqOMbH7IY59EkjMkBBdy4xkL0FcUsxIqtuxIBHCIzQgXWUD5BPRS2ZXpvBEkT70Qq5eIOGM/p5IkC/E2HdV53RnsVibwv9q3Vh6V72EBlEsSYDnH3kxgzKE08hgn3KCJRsrgzCnaleIh4gjLFWwugrBWjx52bQqZeuifH5XKVRvszjy4AgcgxKwwCWogjpogCbA4Am8gDcw0Z61V+1d+5i35rRs5hD8kfb1DUiBo00=</latexit>

�(xm2 ;Cm2 ,H)

<latexit sha1_base64="PqoZwz9ujnI2oSeyK5WnDOtQr5Y=">AAACFHicbVDJSgNBEO1xd9yiHr00JoIihJkg6lHUg8cIRoUkDDWdGm3sWeiuEcOQj/Dir3jxoIhXD978GzvLwe1BUY/3quiuF2ZKGvK8T2dsfGJyanpm1p2bX1hcKi2vnJs01wIbIlWpvgzBoJIJNkiSwstMI8Shwovw5qjvX9yiNjJNzqibYTuGq0RGUgBZKShtt0zEXfcYCHilaIURv+sFRRz4vQrfrNhe4REC5RrNVlAqe1VvAP6X+CNSZiPUg9JHq5OKPMaEhAJjmr6XUbsATVIo7Lmt3GAG4gausGlpAjGadjE4qsc3rNLhUaptJcQH6veNAmJjunFoJ2Oga/Pb64v/ec2cov12IZMsJ0zE8KEoV5xS3k+Id6RGQaprCQgt7V+5uAYNgmyOrg3B/33yX3Jeq/q71Z3TWvngcBTHDFtj62yT+WyPHbATVmcNJtg9e2TP7MV5cJ6cV+dtODrmjHZW2Q84719ZHJvo</latexit>

Data xm1 (m1 features)

<latexit sha1_base64="VFQoMYLj1P5UlHlpz52TNXwXYDY=">AAACFHicbVDJSgNBEO1xd9yiHr00JoIihJkg6lHUg8cIRoUkDDWdGm3sWeiuEcOQj/Dir3jxoIhXD978GzvLwe1BUY/3quiuF2ZKGvK8T2dsfGJyanpm1p2bX1hcKi2vnJs01wIbIlWpvgzBoJIJNkiSwstMI8Shwovw5qjvX9yiNjJNzqibYTuGq0RGUgBZKShtt0zEXfcYCHilaIURv+sFRRzUehW+WbG9wiMEyjWaraBU9qreAPwv8UekzEaoB6WPVicVeYwJCQXGNH0vo3YBmqRQ2HNbucEMxA1cYdPSBGI07WJwVI9vWKXDo1TbSogP1O8bBcTGdOPQTsZA1+a31xf/85o5RfvtQiZZTpiI4UNRrjilvJ8Q70iNglTXEhBa2r9ycQ0aBNkcXRuC//vkv+S8VvV3qzuntfLB4SiOGbbG1tkm89keO2AnrM4aTLB79sie2Yvz4Dw5r87bcHTMGe2ssh9w3r8AXEKb6g==</latexit>

Data xm2 (m2 features)

<latexit sha1_base64="L4SiOGXZ7aqAAcLhvUhxyDIC3Is=">AAACBHicbZC7TsMwFIYdriXcAoxdLFqkslRJhYCxgoWxSPQiNVHluE5r1XYi20EqUQcWXoWFAYRYeQg23ga3zQAtv2Tp03/O0fH5w4RRpV3321pZXVvf2Cxs2ds7u3v7zsFhS8WpxKSJYxbLTogUYVSQpqaakU4iCeIhI+1wdD2tt++JVDQWd3qckICjgaARxUgbq+cUfRVBu6LoA4Fl3vN8TTlR0FD5tOeU3Ko7E1wGL4cSyNXoOV9+P8YpJ0JjhpTqem6igwxJTTEjE9tPFUkQHqEB6RoUyKwKstkRE3hinD6MYmme0HDm/p7IEFdqzEPTyZEeqsXa1Pyv1k11dBlkVCSpJgLPF0UpgzqG00Rgn0qCNRsbQFhS81eIh0girE1utgnBWzx5GVq1qndePbutlepXeRwFUATHoAI8cAHq4AY0QBNg8AiewSt4s56sF+vd+pi3rlj5zBH4I+vzB6AWlis=</latexit>

(size m1 ⇥m1)

<latexit sha1_base64="K3UOvH8/jansHgmOvTMHqjYAm/g=">AAACBHicbZC7TsMwFIYdriXcAoxdLFqkslRJhYCxgoWxSPQiNVHluE5r1XYi20EqUQcWXoWFAYRYeQg23ga3zQAtv2Tp03/O0fH5w4RRpV3321pZXVvf2Cxs2ds7u3v7zsFhS8WpxKSJYxbLTogUYVSQpqaakU4iCeIhI+1wdD2tt++JVDQWd3qckICjgaARxUgbq+cUfRVBu6LoA4Fl3qv5mnKioKHyac8puVV3JrgMXg4lkKvRc778foxTToTGDCnV9dxEBxmSmmJGJrafKpIgPEID0jUokFkVZLMjJvDEOH0YxdI8oeHM/T2RIa7UmIemkyM9VIu1qflfrZvq6DLIqEhSTQSeL4pSBnUMp4nAPpUEazY2gLCk5q8QD5FEWJvcbBOCt3jyMrRqVe+8enZbK9Wv8jgKoAiOQQV44ALUwQ1ogCbA4BE8g1fwZj1ZL9a79TFvXbHymSPwR9bnD6Msli0=</latexit>

(size m2 ⇥m2)

<latexit sha1_base64="Ndr2VpJNi9jBdZ7wKytBJUva0Zg=">AAAB+XicbVDLSsNAFL2prxpfUZduBovgqiRSqsuimy4r2Ae0oUymk3boZBJmJoUS+iduXCji1j9x5984abPQ1gMDh3Pu5Z45QcKZ0q77bZW2tnd298r79sHh0fGJc3rWUXEqCW2TmMeyF2BFORO0rZnmtJdIiqOA024wfcj97oxKxWLxpOcJ9SM8FixkBGsjDR3HtrNBhPWEYI6aC9seOhW36i6BNolXkAoUaA2dr8EoJmlEhSYcK9X33ET7GZaaEU4X9iBVNMFkise0b6jAEVV+tky+QFdGGaEwluYJjZbq740MR0rNo8BM5iHVupeL/3n9VId3fsZEkmoqyOpQmHKkY5TXgEZMUqL53BBMJDNZEZlgiYk2ZeUleOtf3iSdm6pXr9Yea5XGfVFHGS7gEq7Bg1toQBNa0AYCM3iGV3izMuvFerc+VqMlq9g5hz+wPn8AKsiSEg==</latexit>

H

<latexit sha1_base64="Ndr2VpJNi9jBdZ7wKytBJUva0Zg=">AAAB+XicbVDLSsNAFL2prxpfUZduBovgqiRSqsuimy4r2Ae0oUymk3boZBJmJoUS+iduXCji1j9x5984abPQ1gMDh3Pu5Z45QcKZ0q77bZW2tnd298r79sHh0fGJc3rWUXEqCW2TmMeyF2BFORO0rZnmtJdIiqOA024wfcj97oxKxWLxpOcJ9SM8FixkBGsjDR3HtrNBhPWEYI6aC9seOhW36i6BNolXkAoUaA2dr8EoJmlEhSYcK9X33ET7GZaaEU4X9iBVNMFkise0b6jAEVV+tky+QFdGGaEwluYJjZbq740MR0rNo8BM5iHVupeL/3n9VId3fsZEkmoqyOpQmHKkY5TXgEZMUqL53BBMJDNZEZlgiYk2ZeUleOtf3iSdm6pXr9Yea5XGfVFHGS7gEq7Bg1toQBNa0AYCM3iGV3izMuvFerc+VqMlq9g5hz+wPn8AKsiSEg==</latexit>

H

VNN performance is transferable across different covariance matrices derived from same covariance function



<latexit sha1_base64="Y4bCfEat9cNUZ0HXvtjQO1hF5Mw="></latexit>

Representation of discrete
VNN output on interval [0, 1]

0 1

0 1

<latexit sha1_base64="GbW6eigMBomwFXAErbt3bZbzp/4=">AAACC3icbVC7TsMwFHXKq4RXgJHFaovEVCUVAsYKFsYi0YfURJHjOK1Vx4lsB6mKurPwKywMIMTKD7DxNzhtBmi5kqWjc8491j1ByqhUtv1tVNbWNza3qtvmzu7e/oF1eNSTSSYw6eKEJWIQIEkY5aSrqGJkkAqC4oCRfjC5KfT+AxGSJvxeTVPixWjEaUQxUpryrZorI2iaLk8oDwlXptmIfacBUyR0mrZI07fqdtOeD1wFTgnqoJyOb325YYKzWMdhhqQcOnaqvLxIxIzMTDeTJEV4gkZkqCFHMZFePr9lBk81E8IoEfpxBefs740cxVJO40A7Y6TGclkryP+0YaaiKy+nPM0U4XjxUZQxqBJYFANDKghWbKoBwkLfjiEeI4Gw0vUVJTjLJ6+CXqvpXDTP71r19nVZRxWcgBo4Aw64BG1wCzqgCzB4BM/gFbwZT8aL8W58LKwVo9w5Bn/G+PwBu5yY+g==</latexit>

m1 partitions

<latexit sha1_base64="TmuOAHeSrXM87zF7P9b0CcZjnYs=">AAACC3icbVC7TsMwFHXKq4RXgJHFaovEVCUVAsYKFsYi0YfURJHjOK1Vx4lsB6mKurPwKywMIMTKD7DxNzhtBmi5kqWjc8491j1ByqhUtv1tVNbWNza3qtvmzu7e/oF1eNSTSSYw6eKEJWIQIEkY5aSrqGJkkAqC4oCRfjC5KfT+AxGSJvxeTVPixWjEaUQxUpryrZorI2iaLk8oDwlXptmI/VYDpkjoNG2Rpm/V7aY9H7gKnBLUQTkd3/pywwRnsY7DDEk5dOxUeXmRiBmZmW4mSYrwBI3IUEOOYiK9fH7LDJ5qJoRRIvTjCs7Z3xs5iqWcxoF2xkiN5bJWkP9pw0xFV15OeZopwvHioyhjUCWwKAaGVBCs2FQDhIW+HUM8RgJhpesrSnCWT14FvVbTuWie37Xq7euyjio4ATVwBhxwCdrgFnRAF2DwCJ7BK3gznowX4934WFgrRrlzDP6M8fkDvS2Y+w==</latexit>

m2 partitions

<latexit sha1_base64="Mpdb7y5WrAUIUCneZFpXkG/Kf9w=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9hsN+3S3U3Y3Qgh9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5YcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfog15UzSjmGG036iKBYhp71wejf3e09UaRbLR5Ml1Bd4LFnECDZW6mVBLgJvFlRrbt1dAK0TryA1KNAOql/DUUxSQaUhHGs98NzE+DlWhhFOZ5VhqmmCyRSP6cBSiQXVfr44d4YurDJCUaxsSYMW6u+JHAutMxHaToHNRK96c/E/b5Ca6MbPmUxSQyVZLopSjkyM5r+jEVOUGJ5Zgoli9lZEJlhhYmxCFRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAwhWd4hTcncV6cd+dj2VpyiplT+APn8wdYj4+W</latexit>ym1

<latexit sha1_base64="B3TabGQOvoP/DaFafwWrxlzgo8Y=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY9FLx4r2A9oQ9hsN+3S3U3Y3Qgh9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5YcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfog15UzSjmGG036iKBYhp71wejf3e09UaRbLR5Ml1Bd4LFnECDZW6mVBLoLGLKjW3Lq7AFonXkFqUKAdVL+Go5ikgkpDONZ64LmJ8XOsDCOczirDVNMEkyke04GlEguq/Xxx7gxdWGWEoljZkgYt1N8TORZaZyK0nQKbiV715uJ/3iA10Y2fM5mkhkqyXBSlHJkYzX9HI6YoMTyzBBPF7K2ITLDCxNiEKjYEb/XlddJt1L2revOhWWvdFnGU4QzO4RI8uIYW3EMbOkBgCs/wCm9O4rw4787HsrXkFDOn8AfO5w9aFI+X</latexit>ym2

<latexit sha1_base64="BB+zuH+Wb5qvvGNNTqi5oqKxNec=">AAACFHicbZDLSsNAFIYnXmu8RV26GWwFQShJEXVZ7MZlBXuBJoTJdNIOnUzCzKRYQh/Cja/ixoUibl24822ctFlo6w8DH/85hznnDxJGpbLtb2NldW19Y7O0ZW7v7O7tWweHbRmnApMWjlksugGShFFOWooqRrqJICgKGOkEo0Ze74yJkDTm92qSEC9CA05DipHSlm+dm64ModmIx0hQxDGBEVKCPsBK5moaBiFsTP0s8p1pxbfKdtWeCS6DU0AZFGr61pfbj3EaEa4wQ1L2HDtRXoaEopiRqemmkiQIj9CA9DRyFBHpZbOjpvBUO30YxkI/ruDM/T2RoUjKSRToznxRuVjLzf9qvVSF115GeZIqwvH8ozBlUMUwTwj2qSBYsYkGhAXVu0I8RAJhpXM0dQjO4snL0K5VncvqxV2tXL8p4iiBY3ACzoADrkAd3IImaAEMHsEzeAVvxpPxYrwbH/PWFaOYOQJ/ZHz+AK9cnV4=</latexit>

Covariance matrix Cm1

<latexit sha1_base64="nlfp2EM1lsXgOSKGOI/mHjj8NgA=">AAACFHicbZDLSsNAFIYnXmu8RV26GWwFQShJEXVZ7MZlBXuBJoTJdNIOnUzCzKRYQh/Cja/ixoUibl24822ctFlo6w8DH/85hznnDxJGpbLtb2NldW19Y7O0ZW7v7O7tWweHbRmnApMWjlksugGShFFOWooqRrqJICgKGOkEo0Ze74yJkDTm92qSEC9CA05DipHSlm+dm64ModmIx0hQxDGBEVKCPsBK5moaBiFsTP0s8mvTim+V7ao9E1wGp4AyKNT0rS+3H+M0IlxhhqTsOXaivAwJRTEjU9NNJUkQHqEB6WnkKCLSy2ZHTeGpdvowjIV+XMGZ+3siQ5GUkyjQnfmicrGWm//VeqkKr72M8iRVhOP5R2HKoIphnhDsU0GwYhMNCAuqd4V4iATCSudo6hCcxZOXoV2rOpfVi7tauX5TxFECx+AEnAEHXIE6uAVN0AIYPIJn8ArejCfjxXg3PuatK0YxcwT+yPj8AbDinV8=</latexit>

Covariance matrix Cm2

VNN

VNN

<latexit sha1_base64="A+bM3tFQH6wVVKGRKA/4150t/Ik="></latexit>

�(xm1 ;Cm1 ,H)

<latexit sha1_base64="8lqwsuGUSa07bktLXpD5pnd9Y2Q=">AAACJXicbZDLSsNAFIYn9VbjLerSzWArVJCSFFFBF8VuuqxgL9CUMJlO2qGTCzMTsYS8jBtfxY0LiwiufBWnbRBt/WHg5zvnMOf8bsSokKb5qeVWVtfWN/Kb+tb2zu6esX/QEmHMMWnikIW84yJBGA1IU1LJSCfiBPkuI213VJvW2w+ECxoG93IckZ6PBgH1KEZSIce4sYUHdb1oN4a0lNg+kkPXg4+pk/hOJb2GP6iWoTOFMGKwnp4WHaNgls2Z4LKxMlMAmRqOMbH7IY59EkjMkBBdy4xkL0FcUsxIqtuxIBHCIzQgXWUD5BPRS2ZXpvBEkT70Qq5eIOGM/p5IkC/E2HdV53RnsVibwv9q3Vh6V72EBlEsSYDnH3kxgzKE08hgn3KCJRsrgzCnaleIh4gjLFWwugrBWjx52bQqZeuifH5XKVRvszjy4AgcgxKwwCWogjpogCbA4Am8gDcw0Z61V+1d+5i35rRs5hD8kfb1DUiBo00=</latexit>

�(xm2 ;Cm2 ,H)

<latexit sha1_base64="PqoZwz9ujnI2oSeyK5WnDOtQr5Y=">AAACFHicbVDJSgNBEO1xd9yiHr00JoIihJkg6lHUg8cIRoUkDDWdGm3sWeiuEcOQj/Dir3jxoIhXD978GzvLwe1BUY/3quiuF2ZKGvK8T2dsfGJyanpm1p2bX1hcKi2vnJs01wIbIlWpvgzBoJIJNkiSwstMI8Shwovw5qjvX9yiNjJNzqibYTuGq0RGUgBZKShtt0zEXfcYCHilaIURv+sFRRz4vQrfrNhe4REC5RrNVlAqe1VvAP6X+CNSZiPUg9JHq5OKPMaEhAJjmr6XUbsATVIo7Lmt3GAG4gausGlpAjGadjE4qsc3rNLhUaptJcQH6veNAmJjunFoJ2Oga/Pb64v/ec2cov12IZMsJ0zE8KEoV5xS3k+Id6RGQaprCQgt7V+5uAYNgmyOrg3B/33yX3Jeq/q71Z3TWvngcBTHDFtj62yT+WyPHbATVmcNJtg9e2TP7MV5cJ6cV+dtODrmjHZW2Q84719ZHJvo</latexit>

Data xm1 (m1 features)

<latexit sha1_base64="VFQoMYLj1P5UlHlpz52TNXwXYDY=">AAACFHicbVDJSgNBEO1xd9yiHr00JoIihJkg6lHUg8cIRoUkDDWdGm3sWeiuEcOQj/Dir3jxoIhXD978GzvLwe1BUY/3quiuF2ZKGvK8T2dsfGJyanpm1p2bX1hcKi2vnJs01wIbIlWpvgzBoJIJNkiSwstMI8Shwovw5qjvX9yiNjJNzqibYTuGq0RGUgBZKShtt0zEXfcYCHilaIURv+sFRRzUehW+WbG9wiMEyjWaraBU9qreAPwv8UekzEaoB6WPVicVeYwJCQXGNH0vo3YBmqRQ2HNbucEMxA1cYdPSBGI07WJwVI9vWKXDo1TbSogP1O8bBcTGdOPQTsZA1+a31xf/85o5RfvtQiZZTpiI4UNRrjilvJ8Q70iNglTXEhBa2r9ycQ0aBNkcXRuC//vkv+S8VvV3qzuntfLB4SiOGbbG1tkm89keO2AnrM4aTLB79sie2Yvz4Dw5r87bcHTMGe2ssh9w3r8AXEKb6g==</latexit>

Data xm2 (m2 features)

<latexit sha1_base64="L4SiOGXZ7aqAAcLhvUhxyDIC3Is=">AAACBHicbZC7TsMwFIYdriXcAoxdLFqkslRJhYCxgoWxSPQiNVHluE5r1XYi20EqUQcWXoWFAYRYeQg23ga3zQAtv2Tp03/O0fH5w4RRpV3321pZXVvf2Cxs2ds7u3v7zsFhS8WpxKSJYxbLTogUYVSQpqaakU4iCeIhI+1wdD2tt++JVDQWd3qckICjgaARxUgbq+cUfRVBu6LoA4Fl3vN8TTlR0FD5tOeU3Ko7E1wGL4cSyNXoOV9+P8YpJ0JjhpTqem6igwxJTTEjE9tPFUkQHqEB6RoUyKwKstkRE3hinD6MYmme0HDm/p7IEFdqzEPTyZEeqsXa1Pyv1k11dBlkVCSpJgLPF0UpgzqG00Rgn0qCNRsbQFhS81eIh0girE1utgnBWzx5GVq1qndePbutlepXeRwFUATHoAI8cAHq4AY0QBNg8AiewSt4s56sF+vd+pi3rlj5zBH4I+vzB6AWlis=</latexit>

(size m1 ⇥m1)

<latexit sha1_base64="K3UOvH8/jansHgmOvTMHqjYAm/g=">AAACBHicbZC7TsMwFIYdriXcAoxdLFqkslRJhYCxgoWxSPQiNVHluE5r1XYi20EqUQcWXoWFAYRYeQg23ga3zQAtv2Tp03/O0fH5w4RRpV3321pZXVvf2Cxs2ds7u3v7zsFhS8WpxKSJYxbLTogUYVSQpqaakU4iCeIhI+1wdD2tt++JVDQWd3qckICjgaARxUgbq+cUfRVBu6LoA4Fl3qv5mnKioKHyac8puVV3JrgMXg4lkKvRc778foxTToTGDCnV9dxEBxmSmmJGJrafKpIgPEID0jUokFkVZLMjJvDEOH0YxdI8oeHM/T2RIa7UmIemkyM9VIu1qflfrZvq6DLIqEhSTQSeL4pSBnUMp4nAPpUEazY2gLCk5q8QD5FEWJvcbBOCt3jyMrRqVe+8enZbK9Wv8jgKoAiOQQV44ALUwQ1ogCbA4BE8g1fwZj1ZL9a79TFvXbHymSPwR9bnD6Msli0=</latexit>

(size m2 ⇥m2)

<latexit sha1_base64="Ndr2VpJNi9jBdZ7wKytBJUva0Zg=">AAAB+XicbVDLSsNAFL2prxpfUZduBovgqiRSqsuimy4r2Ae0oUymk3boZBJmJoUS+iduXCji1j9x5984abPQ1gMDh3Pu5Z45QcKZ0q77bZW2tnd298r79sHh0fGJc3rWUXEqCW2TmMeyF2BFORO0rZnmtJdIiqOA024wfcj97oxKxWLxpOcJ9SM8FixkBGsjDR3HtrNBhPWEYI6aC9seOhW36i6BNolXkAoUaA2dr8EoJmlEhSYcK9X33ET7GZaaEU4X9iBVNMFkise0b6jAEVV+tky+QFdGGaEwluYJjZbq740MR0rNo8BM5iHVupeL/3n9VId3fsZEkmoqyOpQmHKkY5TXgEZMUqL53BBMJDNZEZlgiYk2ZeUleOtf3iSdm6pXr9Yea5XGfVFHGS7gEq7Bg1toQBNa0AYCM3iGV3izMuvFerc+VqMlq9g5hz+wPn8AKsiSEg==</latexit>

H

<latexit sha1_base64="Ndr2VpJNi9jBdZ7wKytBJUva0Zg=">AAAB+XicbVDLSsNAFL2prxpfUZduBovgqiRSqsuimy4r2Ae0oUymk3boZBJmJoUS+iduXCji1j9x5984abPQ1gMDh3Pu5Z45QcKZ0q77bZW2tnd298r79sHh0fGJc3rWUXEqCW2TmMeyF2BFORO0rZnmtJdIiqOA024wfcj97oxKxWLxpOcJ9SM8FixkBGsjDR3HtrNBhPWEYI6aC9seOhW36i6BNolXkAoUaA2dr8EoJmlEhSYcK9X33ET7GZaaEU4X9iBVNMFkise0b6jAEVV+tky+QFdGGaEwluYJjZbq740MR0rNo8BM5iHVupeL/3n9VId3fsZEkmoqyOpQmHKkY5TXgEZMUqL53BBMJDNZEZlgiYk2ZeUleOtf3iSdm6pXr9Yea5XGfVFHGS7gEq7Bg1toQBNa0AYCM3iGV3izMuvFerc+VqMlq9g5hz+wPn8AKsiSEg==</latexit>

H

VNN performance is transferable across different covariance matrices derived from same covariance function



<latexit sha1_base64="Y4bCfEat9cNUZ0HXvtjQO1hF5Mw="></latexit>

Representation of discrete
VNN output on interval [0, 1]

<latexit sha1_base64="cngSRBIg6ylJu2kahHSGTkQVI4c="></latexit>

Transferability of
1 parameters H

0 1

0 1

<latexit sha1_base64="GbW6eigMBomwFXAErbt3bZbzp/4=">AAACC3icbVC7TsMwFHXKq4RXgJHFaovEVCUVAsYKFsYi0YfURJHjOK1Vx4lsB6mKurPwKywMIMTKD7DxNzhtBmi5kqWjc8491j1ByqhUtv1tVNbWNza3qtvmzu7e/oF1eNSTSSYw6eKEJWIQIEkY5aSrqGJkkAqC4oCRfjC5KfT+AxGSJvxeTVPixWjEaUQxUpryrZorI2iaLk8oDwlXptmIfacBUyR0mrZI07fqdtOeD1wFTgnqoJyOb325YYKzWMdhhqQcOnaqvLxIxIzMTDeTJEV4gkZkqCFHMZFePr9lBk81E8IoEfpxBefs740cxVJO40A7Y6TGclkryP+0YaaiKy+nPM0U4XjxUZQxqBJYFANDKghWbKoBwkLfjiEeI4Gw0vUVJTjLJ6+CXqvpXDTP71r19nVZRxWcgBo4Aw64BG1wCzqgCzB4BM/gFbwZT8aL8W58LKwVo9w5Bn/G+PwBu5yY+g==</latexit>

m1 partitions

<latexit sha1_base64="TmuOAHeSrXM87zF7P9b0CcZjnYs=">AAACC3icbVC7TsMwFHXKq4RXgJHFaovEVCUVAsYKFsYi0YfURJHjOK1Vx4lsB6mKurPwKywMIMTKD7DxNzhtBmi5kqWjc8491j1ByqhUtv1tVNbWNza3qtvmzu7e/oF1eNSTSSYw6eKEJWIQIEkY5aSrqGJkkAqC4oCRfjC5KfT+AxGSJvxeTVPixWjEaUQxUpryrZorI2iaLk8oDwlXptmI/VYDpkjoNG2Rpm/V7aY9H7gKnBLUQTkd3/pywwRnsY7DDEk5dOxUeXmRiBmZmW4mSYrwBI3IUEOOYiK9fH7LDJ5qJoRRIvTjCs7Z3xs5iqWcxoF2xkiN5bJWkP9pw0xFV15OeZopwvHioyhjUCWwKAaGVBCs2FQDhIW+HUM8RgJhpesrSnCWT14FvVbTuWie37Xq7euyjio4ATVwBhxwCdrgFnRAF2DwCJ7BK3gznowX4934WFgrRrlzDP6M8fkDvS2Y+w==</latexit>

m2 partitions

<latexit sha1_base64="GpdKuYYRvmicw+j3v6limtgehRE=">AAACJHicbVDLSgMxFM3UVx1fVZdugkWomzJTRQU3RTcuK/QF7VAy6Z02NJMMSUYopR/jxl9x48IHLtz4LaaPhbYeCBzOuZeTe8KEM20878vJrKyurW9kN92t7Z3dvdz+QV3LVFGoUcmlaoZEA2cCaoYZDs1EAYlDDo1wcDvxGw+gNJOiaoYJBDHpCRYxSoyVOrnrto6w67aFZKILwrjVPkgFxg5w3EuJIsIAaFyY6TE+w0zgFg1OXbeTy3tFbwq8TPw5yaM5Kp3ce7sraRrbHMqJ1i3fS0wwIsrGcRi77VRDQuiA9KBlqSAx6GA0PXKMT6zSxZFU9gmDp+rvjRGJtR7GoZ2MienrRW8i/ue1UhNdBSMmktSAoLOgKOXYSDxpDHeZAmr40BJCFbN/xbRvi6HG9jopwV88eZnUS0X/onh+X8qXb+Z1ZNEROkYF5KNLVEZ3qIJqiKJH9Ixe0Zvz5Lw4H87nbDTjzHcO0R843z93gqLP</latexit>

Theoretical guarantees (Theorem 3 in [c])

<latexit sha1_base64="tX9QMBTVYi4uE7vsPpz6V5bNifk=">AAACBXicbVBNS8NAEN3Urxq/oh71sFgETyUpoh6LvXisYD+gDWWy3bRLN5uwuymU0osX/4oXD4p49T9489+4aXPQ1gcDj/dmmJkXJJwp7brfVmFtfWNzq7ht7+zu7R84h0dNFaeS0AaJeSzbASjKmaANzTSn7URSiAJOW8GolvmtMZWKxeJBTxLqRzAQLGQEtJF6zmlXhdi2a/EYJANBKA5TQTLPqD2n5JbdOfAq8XJSQjnqPeer249JGlGhCQelOp6baH8KUjPC6czupoomQEYwoB1DBURU+dP5FzN8bpQ+DmNpSmg8V39PTCFSahIFpjMCPVTLXib+53VSHd74UyaSVFNBFovClGMd4ywS3GeSEs0nhgCRzNyKyRAkEG2Cy0Lwll9eJc1K2bsqX95XStXbPI4iOkFn6AJ56BpV0R2qowYi6BE9o1f0Zj1ZL9a79bFoLVj5zDH6A+vzB+Jjlug=</latexit>

Covariance function

[d] Sihag et al. ” Transferability of coVariance Neural Networks and Application to Interpretable Brain Age Prediction using Anatomical Features ”, arxiv:2305.01807

VNN performance is transferable across different covariance matrices derived from same covariance function

<latexit sha1_base64="Mpdb7y5WrAUIUCneZFpXkG/Kf9w=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9hsN+3S3U3Y3Qgh9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5YcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfog15UzSjmGG036iKBYhp71wejf3e09UaRbLR5Ml1Bd4LFnECDZW6mVBLgJvFlRrbt1dAK0TryA1KNAOql/DUUxSQaUhHGs98NzE+DlWhhFOZ5VhqmmCyRSP6cBSiQXVfr44d4YurDJCUaxsSYMW6u+JHAutMxHaToHNRK96c/E/b5Ca6MbPmUxSQyVZLopSjkyM5r+jEVOUGJ5Zgoli9lZEJlhhYmxCFRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAwhWd4hTcncV6cd+dj2VpyiplT+APn8wdYj4+W</latexit>ym1

<latexit sha1_base64="B3TabGQOvoP/DaFafwWrxlzgo8Y=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY9FLx4r2A9oQ9hsN+3S3U3Y3Qgh9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5YcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfog15UzSjmGG036iKBYhp71wejf3e09UaRbLR5Ml1Bd4LFnECDZW6mVBLoLGLKjW3Lq7AFonXkFqUKAdVL+Go5ikgkpDONZ64LmJ8XOsDCOczirDVNMEkyke04GlEguq/Xxx7gxdWGWEoljZkgYt1N8TORZaZyK0nQKbiV715uJ/3iA10Y2fM5mkhkqyXBSlHJkYzX9HI6YoMTyzBBPF7K2ITLDCxNiEKjYEb/XlddJt1L2revOhWWvdFnGU4QzO4RI8uIYW3EMbOkBgCs/wCm9O4rw4787HsrXkFDOn8AfO5w9aFI+X</latexit>ym2

<latexit sha1_base64="mkQ92+oc+hMAtlT3RFO3pTI/l3E="></latexit>

kym1 � ym2k / O

⇣ 1

m3⇣/2�1
1

+
1

m3⇣/2�1
2

⌘
, for ⇣ 2 (2/3, 1]

<latexit sha1_base64="BB+zuH+Wb5qvvGNNTqi5oqKxNec=">AAACFHicbZDLSsNAFIYnXmu8RV26GWwFQShJEXVZ7MZlBXuBJoTJdNIOnUzCzKRYQh/Cja/ixoUibl24822ctFlo6w8DH/85hznnDxJGpbLtb2NldW19Y7O0ZW7v7O7tWweHbRmnApMWjlksugGShFFOWooqRrqJICgKGOkEo0Ze74yJkDTm92qSEC9CA05DipHSlm+dm64ModmIx0hQxDGBEVKCPsBK5moaBiFsTP0s8p1pxbfKdtWeCS6DU0AZFGr61pfbj3EaEa4wQ1L2HDtRXoaEopiRqemmkiQIj9CA9DRyFBHpZbOjpvBUO30YxkI/ruDM/T2RoUjKSRToznxRuVjLzf9qvVSF115GeZIqwvH8ozBlUMUwTwj2qSBYsYkGhAXVu0I8RAJhpXM0dQjO4snL0K5VncvqxV2tXL8p4iiBY3ACzoADrkAd3IImaAEMHsEzeAVvxpPxYrwbH/PWFaOYOQJ/ZHz+AK9cnV4=</latexit>

Covariance matrix Cm1

<latexit sha1_base64="nlfp2EM1lsXgOSKGOI/mHjj8NgA=">AAACFHicbZDLSsNAFIYnXmu8RV26GWwFQShJEXVZ7MZlBXuBJoTJdNIOnUzCzKRYQh/Cja/ixoUibl24822ctFlo6w8DH/85hznnDxJGpbLtb2NldW19Y7O0ZW7v7O7tWweHbRmnApMWjlksugGShFFOWooqRrqJICgKGOkEo0Ze74yJkDTm92qSEC9CA05DipHSlm+dm64ModmIx0hQxDGBEVKCPsBK5moaBiFsTP0s8mvTim+V7ao9E1wGp4AyKNT0rS+3H+M0IlxhhqTsOXaivAwJRTEjU9NNJUkQHqEB6WnkKCLSy2ZHTeGpdvowjIV+XMGZ+3siQ5GUkyjQnfmicrGWm//VeqkKr72M8iRVhOP5R2HKoIphnhDsU0GwYhMNCAuqd4V4iATCSudo6hCcxZOXoV2rOpfVi7tauX5TxFECx+AEnAEHXIE6uAVN0AIYPIJn8ArejCfjxXg3PuatK0YxcwT+yPj8AbDinV8=</latexit>

Covariance matrix Cm2

VNN

VNN

<latexit sha1_base64="A+bM3tFQH6wVVKGRKA/4150t/Ik="></latexit>

�(xm1 ;Cm1 ,H)

<latexit sha1_base64="8lqwsuGUSa07bktLXpD5pnd9Y2Q=">AAACJXicbZDLSsNAFIYn9VbjLerSzWArVJCSFFFBF8VuuqxgL9CUMJlO2qGTCzMTsYS8jBtfxY0LiwiufBWnbRBt/WHg5zvnMOf8bsSokKb5qeVWVtfWN/Kb+tb2zu6esX/QEmHMMWnikIW84yJBGA1IU1LJSCfiBPkuI213VJvW2w+ECxoG93IckZ6PBgH1KEZSIce4sYUHdb1oN4a0lNg+kkPXg4+pk/hOJb2GP6iWoTOFMGKwnp4WHaNgls2Z4LKxMlMAmRqOMbH7IY59EkjMkBBdy4xkL0FcUsxIqtuxIBHCIzQgXWUD5BPRS2ZXpvBEkT70Qq5eIOGM/p5IkC/E2HdV53RnsVibwv9q3Vh6V72EBlEsSYDnH3kxgzKE08hgn3KCJRsrgzCnaleIh4gjLFWwugrBWjx52bQqZeuifH5XKVRvszjy4AgcgxKwwCWogjpogCbA4Am8gDcw0Z61V+1d+5i35rRs5hD8kfb1DUiBo00=</latexit>

�(xm2 ;Cm2 ,H)

<latexit sha1_base64="PqoZwz9ujnI2oSeyK5WnDOtQr5Y=">AAACFHicbVDJSgNBEO1xd9yiHr00JoIihJkg6lHUg8cIRoUkDDWdGm3sWeiuEcOQj/Dir3jxoIhXD978GzvLwe1BUY/3quiuF2ZKGvK8T2dsfGJyanpm1p2bX1hcKi2vnJs01wIbIlWpvgzBoJIJNkiSwstMI8Shwovw5qjvX9yiNjJNzqibYTuGq0RGUgBZKShtt0zEXfcYCHilaIURv+sFRRz4vQrfrNhe4REC5RrNVlAqe1VvAP6X+CNSZiPUg9JHq5OKPMaEhAJjmr6XUbsATVIo7Lmt3GAG4gausGlpAjGadjE4qsc3rNLhUaptJcQH6veNAmJjunFoJ2Oga/Pb64v/ec2cov12IZMsJ0zE8KEoV5xS3k+Id6RGQaprCQgt7V+5uAYNgmyOrg3B/33yX3Jeq/q71Z3TWvngcBTHDFtj62yT+WyPHbATVmcNJtg9e2TP7MV5cJ6cV+dtODrmjHZW2Q84719ZHJvo</latexit>

Data xm1 (m1 features)

<latexit sha1_base64="VFQoMYLj1P5UlHlpz52TNXwXYDY=">AAACFHicbVDJSgNBEO1xd9yiHr00JoIihJkg6lHUg8cIRoUkDDWdGm3sWeiuEcOQj/Dir3jxoIhXD978GzvLwe1BUY/3quiuF2ZKGvK8T2dsfGJyanpm1p2bX1hcKi2vnJs01wIbIlWpvgzBoJIJNkiSwstMI8Shwovw5qjvX9yiNjJNzqibYTuGq0RGUgBZKShtt0zEXfcYCHilaIURv+sFRRzUehW+WbG9wiMEyjWaraBU9qreAPwv8UekzEaoB6WPVicVeYwJCQXGNH0vo3YBmqRQ2HNbucEMxA1cYdPSBGI07WJwVI9vWKXDo1TbSogP1O8bBcTGdOPQTsZA1+a31xf/85o5RfvtQiZZTpiI4UNRrjilvJ8Q70iNglTXEhBa2r9ycQ0aBNkcXRuC//vkv+S8VvV3qzuntfLB4SiOGbbG1tkm89keO2AnrM4aTLB79sie2Yvz4Dw5r87bcHTMGe2ssh9w3r8AXEKb6g==</latexit>

Data xm2 (m2 features)

<latexit sha1_base64="L4SiOGXZ7aqAAcLhvUhxyDIC3Is=">AAACBHicbZC7TsMwFIYdriXcAoxdLFqkslRJhYCxgoWxSPQiNVHluE5r1XYi20EqUQcWXoWFAYRYeQg23ga3zQAtv2Tp03/O0fH5w4RRpV3321pZXVvf2Cxs2ds7u3v7zsFhS8WpxKSJYxbLTogUYVSQpqaakU4iCeIhI+1wdD2tt++JVDQWd3qckICjgaARxUgbq+cUfRVBu6LoA4Fl3vN8TTlR0FD5tOeU3Ko7E1wGL4cSyNXoOV9+P8YpJ0JjhpTqem6igwxJTTEjE9tPFUkQHqEB6RoUyKwKstkRE3hinD6MYmme0HDm/p7IEFdqzEPTyZEeqsXa1Pyv1k11dBlkVCSpJgLPF0UpgzqG00Rgn0qCNRsbQFhS81eIh0girE1utgnBWzx5GVq1qndePbutlepXeRwFUATHoAI8cAHq4AY0QBNg8AiewSt4s56sF+vd+pi3rlj5zBH4I+vzB6AWlis=</latexit>

(size m1 ⇥m1)

<latexit sha1_base64="K3UOvH8/jansHgmOvTMHqjYAm/g=">AAACBHicbZC7TsMwFIYdriXcAoxdLFqkslRJhYCxgoWxSPQiNVHluE5r1XYi20EqUQcWXoWFAYRYeQg23ga3zQAtv2Tp03/O0fH5w4RRpV3321pZXVvf2Cxs2ds7u3v7zsFhS8WpxKSJYxbLTogUYVSQpqaakU4iCeIhI+1wdD2tt++JVDQWd3qckICjgaARxUgbq+cUfRVBu6LoA4Fl3qv5mnKioKHyac8puVV3JrgMXg4lkKvRc778foxTToTGDCnV9dxEBxmSmmJGJrafKpIgPEID0jUokFkVZLMjJvDEOH0YxdI8oeHM/T2RIa7UmIemkyM9VIu1qflfrZvq6DLIqEhSTQSeL4pSBnUMp4nAPpUEazY2gLCk5q8QD5FEWJvcbBOCt3jyMrRqVe+8enZbK9Wv8jgKoAiOQQV44ALUwQ1ogCbA4BE8g1fwZj1ZL9a79TFvXbHymSPwR9bnD6Msli0=</latexit>

(size m2 ⇥m2)

<latexit sha1_base64="Ndr2VpJNi9jBdZ7wKytBJUva0Zg=">AAAB+XicbVDLSsNAFL2prxpfUZduBovgqiRSqsuimy4r2Ae0oUymk3boZBJmJoUS+iduXCji1j9x5984abPQ1gMDh3Pu5Z45QcKZ0q77bZW2tnd298r79sHh0fGJc3rWUXEqCW2TmMeyF2BFORO0rZnmtJdIiqOA024wfcj97oxKxWLxpOcJ9SM8FixkBGsjDR3HtrNBhPWEYI6aC9seOhW36i6BNolXkAoUaA2dr8EoJmlEhSYcK9X33ET7GZaaEU4X9iBVNMFkise0b6jAEVV+tky+QFdGGaEwluYJjZbq740MR0rNo8BM5iHVupeL/3n9VId3fsZEkmoqyOpQmHKkY5TXgEZMUqL53BBMJDNZEZlgiYk2ZeUleOtf3iSdm6pXr9Yea5XGfVFHGS7gEq7Bg1toQBNa0AYCM3iGV3izMuvFerc+VqMlq9g5hz+wPn8AKsiSEg==</latexit>

H

<latexit sha1_base64="Ndr2VpJNi9jBdZ7wKytBJUva0Zg=">AAAB+XicbVDLSsNAFL2prxpfUZduBovgqiRSqsuimy4r2Ae0oUymk3boZBJmJoUS+iduXCji1j9x5984abPQ1gMDh3Pu5Z45QcKZ0q77bZW2tnd298r79sHh0fGJc3rWUXEqCW2TmMeyF2BFORO0rZnmtJdIiqOA024wfcj97oxKxWLxpOcJ9SM8FixkBGsjDR3HtrNBhPWEYI6aC9seOhW36i6BNolXkAoUaA2dr8EoJmlEhSYcK9X33ET7GZaaEU4X9iBVNMFkise0b6jAEVV+tky+QFdGGaEwluYJjZbq740MR0rNo8BM5iHVupeL/3n9VId3fsZEkmoqyOpQmHKkY5TXgEZMUqL53BBMJDNZEZlgiYk2ZeUleOtf3iSdm6pXr9Yea5XGfVFHGS7gEq7Bg1toQBNa0AYCM3iGV3izMuvFerc+VqMlq9g5hz+wPn8AKsiSEg==</latexit>

H



VNN

ROIs  contributing to 
elevated brain age gap
in neurodegeneration

Brain age 
estimation

<latexit sha1_base64="wAjtm45uhqaV0+m+bVRdQhXunLk="></latexit>

Anatomical covariance
matrix (size m1 ⇥m1)

<latexit sha1_base64="0FtkVmoDlT0HpPAIZ41bdHXosFk="></latexit>

whole brain cortical
thickness dataset
(m1 parcellations)

Regional analysis at
final layer of VNN

<latexit sha1_base64="EmToKBJDr20PMMgBGOdxmhQu7x0=">AAAB83icbVBNS8NAEJ3Urxq/qh69BIvgqSRF1GPRS48V7Ac0oWy2m3bpZhN2J0Io/RtePCji1T/jzX/jts1BWx8MPN6bYWZemAqu0XW/rdLG5tb2TnnX3ts/ODyqHJ90dJIpyto0EYnqhUQzwSVrI0fBeqliJA4F64aT+7nffWJK80Q+Yp6yICYjySNOCRrJ93Vk201GBI7zQaXq1twFnHXiFaQKBVqDypc/TGgWM4lUEK37nptiMCUKORVsZvuZZimhEzJifUMliZkOpoubZ86FUYZOlChTEp2F+ntiSmKt8zg0nTHBsV715uJ/Xj/D6DaYcplmyCRdLooy4WDizANwhlwxiiI3hFDFza0OHRNFKJqYbBOCt/ryOunUa9517eqhXm3cFXGU4QzO4RI8uIEGNKEFbaCQwjO8wpuVWS/Wu/WxbC1Zxcwp/IH1+QMSGJER</latexit>

Healthy

<latexit sha1_base64="0DJSgYEdj/cCI6pEigbFsYfzIpo=">AAACFHicbVBNS8MwGE79nPGr6tFLcAiCMNoh6nHMi8cJ7gPWMtI07cLStCSpMMp+hBf/ihcPinj14M1/Y7b1oJsPJDw8z/vmzfsEGWdKO863tbK6tr6xWdmC2zu7e/v2wWFHpbkktE1SnspegBXlTNC2ZprTXiYpTgJOu8HoZup3H6hULBX3epxRP8GxYBEjWBtpYJ97KoLQEykTIRUaesTcVDIRw6bETCAcU+R5EMY4G9hVp+bMgJaJW5IqKNEa2F9emJI8MU8SjpXqu06m/QJLzQinE+jlimaYjMyMvqECJ1T5xWypCTo1SoiiVJojNJqpvzsKnCg1TgJTmWA9VIveVPzP6+c6uvYLJrJcU0Hmg6KcI52iaUIoZJISzceGYCKZ+SsiQywxMbkoaEJwF1deJp16zb2sXdzVq41mGUcFHIMTcAZccAUa4Ba0QBsQ8AiewSt4s56sF+vd+piXrlhlzxH4A+vzBw/BnPA=</latexit>

Brain age
gap

<latexit sha1_base64="49CwP6sV4GEul11QNLsXodQpjbM=">AAAB/3icbVA9SwNBEN3zM55fUcHGZjEIVuEuiFoGbawkgvmA5Ah7e3PJkr3dY3dPCDGFf8XGQhFb/4ad/8ZNcoUmPhh4vDfDzLww5Uwbz/t2lpZXVtfWCxvu5tb2zm5xb7+hZaYo1KnkUrVCooEzAXXDDIdWqoAkIYdmOLie+M0HUJpJcW+GKQQJ6QkWM0qMlbrFw46OXfcWMiUj6IEAlRslr+xNgReJn5MSylHrFr86kaRZAsJQTrRu+15qghFRhlEOY7eTaUgJHZAetC0VJAEdjKb3j/GJVSIcS2VLGDxVf0+MSKL1MAltZ0JMX897E/E/r52Z+DIYMZFmBgSdLYozjo3EkzBwxBRQw4eWEKqYvRXTPlGEGhuZa0Pw519eJI1K2T8vn91VStWrPI4COkLH6BT56AJV0Q2qoTqi6BE9o1f05jw5L8678zFrXXLymQP0B87nD5CAldU=</latexit>

Neurodegeneration

<latexit sha1_base64="Ndr2VpJNi9jBdZ7wKytBJUva0Zg=">AAAB+XicbVDLSsNAFL2prxpfUZduBovgqiRSqsuimy4r2Ae0oUymk3boZBJmJoUS+iduXCji1j9x5984abPQ1gMDh3Pu5Z45QcKZ0q77bZW2tnd298r79sHh0fGJc3rWUXEqCW2TmMeyF2BFORO0rZnmtJdIiqOA024wfcj97oxKxWLxpOcJ9SM8FixkBGsjDR3HtrNBhPWEYI6aC9seOhW36i6BNolXkAoUaA2dr8EoJmlEhSYcK9X33ET7GZaaEU4X9iBVNMFkise0b6jAEVV+tky+QFdGGaEwluYJjZbq740MR0rNo8BM5iHVupeL/3n9VId3fsZEkmoqyOpQmHKkY5TXgEZMUqL53BBMJDNZEZlgiYk2ZeUleOtf3iSdm6pXr9Yea5XGfVFHGS7gEq7Bg1toQBNa0AYCM3iGV3izMuvFerc+VqMlq9g5hz+wPn8AKsiSEg==</latexit>

H

Brain age gap prediction using VNNs

Readout 
(unweighted mean)



VNN

ROIs  contributing to 
elevated brain age gap
in neurodegeneration

Readout 
(unweighted mean)

Brain age 
estimation

<latexit sha1_base64="wAjtm45uhqaV0+m+bVRdQhXunLk="></latexit>

Anatomical covariance
matrix (size m1 ⇥m1)

<latexit sha1_base64="0FtkVmoDlT0HpPAIZ41bdHXosFk="></latexit>

whole brain cortical
thickness dataset
(m1 parcellations)

Regional analysis at 
final layer of VNN

<latexit sha1_base64="EmToKBJDr20PMMgBGOdxmhQu7x0=">AAAB83icbVBNS8NAEJ3Urxq/qh69BIvgqSRF1GPRS48V7Ac0oWy2m3bpZhN2J0Io/RtePCji1T/jzX/jts1BWx8MPN6bYWZemAqu0XW/rdLG5tb2TnnX3ts/ODyqHJ90dJIpyto0EYnqhUQzwSVrI0fBeqliJA4F64aT+7nffWJK80Q+Yp6yICYjySNOCRrJ93Vk201GBI7zQaXq1twFnHXiFaQKBVqDypc/TGgWM4lUEK37nptiMCUKORVsZvuZZimhEzJifUMliZkOpoubZ86FUYZOlChTEp2F+ntiSmKt8zg0nTHBsV715uJ/Xj/D6DaYcplmyCRdLooy4WDizANwhlwxiiI3hFDFza0OHRNFKJqYbBOCt/ryOunUa9517eqhXm3cFXGU4QzO4RI8uIEGNKEFbaCQwjO8wpuVWS/Wu/WxbC1Zxcwp/IH1+QMSGJER</latexit>

Healthy

<latexit sha1_base64="0DJSgYEdj/cCI6pEigbFsYfzIpo=">AAACFHicbVBNS8MwGE79nPGr6tFLcAiCMNoh6nHMi8cJ7gPWMtI07cLStCSpMMp+hBf/ihcPinj14M1/Y7b1oJsPJDw8z/vmzfsEGWdKO863tbK6tr6xWdmC2zu7e/v2wWFHpbkktE1SnspegBXlTNC2ZprTXiYpTgJOu8HoZup3H6hULBX3epxRP8GxYBEjWBtpYJ97KoLQEykTIRUaesTcVDIRw6bETCAcU+R5EMY4G9hVp+bMgJaJW5IqKNEa2F9emJI8MU8SjpXqu06m/QJLzQinE+jlimaYjMyMvqECJ1T5xWypCTo1SoiiVJojNJqpvzsKnCg1TgJTmWA9VIveVPzP6+c6uvYLJrJcU0Hmg6KcI52iaUIoZJISzceGYCKZ+SsiQywxMbkoaEJwF1deJp16zb2sXdzVq41mGUcFHIMTcAZccAUa4Ba0QBsQ8AiewSt4s56sF+vd+piXrlhlzxH4A+vzBw/BnPA=</latexit>

Brain age
gap

<latexit sha1_base64="49CwP6sV4GEul11QNLsXodQpjbM=">AAAB/3icbVA9SwNBEN3zM55fUcHGZjEIVuEuiFoGbawkgvmA5Ah7e3PJkr3dY3dPCDGFf8XGQhFb/4ad/8ZNcoUmPhh4vDfDzLww5Uwbz/t2lpZXVtfWCxvu5tb2zm5xb7+hZaYo1KnkUrVCooEzAXXDDIdWqoAkIYdmOLie+M0HUJpJcW+GKQQJ6QkWM0qMlbrFw46OXfcWMiUj6IEAlRslr+xNgReJn5MSylHrFr86kaRZAsJQTrRu+15qghFRhlEOY7eTaUgJHZAetC0VJAEdjKb3j/GJVSIcS2VLGDxVf0+MSKL1MAltZ0JMX897E/E/r52Z+DIYMZFmBgSdLYozjo3EkzBwxBRQw4eWEKqYvRXTPlGEGhuZa0Pw519eJI1K2T8vn91VStWrPI4COkLH6BT56AJV0Q2qoTqi6BE9o1f05jw5L8678zFrXXLymQP0B87nD5CAldU=</latexit>

Neurodegeneration

<latexit sha1_base64="Ndr2VpJNi9jBdZ7wKytBJUva0Zg=">AAAB+XicbVDLSsNAFL2prxpfUZduBovgqiRSqsuimy4r2Ae0oUymk3boZBJmJoUS+iduXCji1j9x5984abPQ1gMDh3Pu5Z45QcKZ0q77bZW2tnd298r79sHh0fGJc3rWUXEqCW2TmMeyF2BFORO0rZnmtJdIiqOA024wfcj97oxKxWLxpOcJ9SM8FixkBGsjDR3HtrNBhPWEYI6aC9seOhW36i6BNolXkAoUaA2dr8EoJmlEhSYcK9X33ET7GZaaEU4X9iBVNMFkise0b6jAEVV+tky+QFdGGaEwluYJjZbq740MR0rNo8BM5iHVupeL/3n9VId3fsZEkmoqyOpQmHKkY5TXgEZMUqL53BBMJDNZEZlgiYk2ZeUleOtf3iSdm6pXr9Yea5XGfVFHGS7gEq7Bg1toQBNa0AYCM3iGV3izMuvFerc+VqMlq9g5hz+wPn8AKsiSEg==</latexit>

H

ROIs  contributing to 
elevated brain age gap
in neurodegeneration

<latexit sha1_base64="EmToKBJDr20PMMgBGOdxmhQu7x0=">AAAB83icbVBNS8NAEJ3Urxq/qh69BIvgqSRF1GPRS48V7Ac0oWy2m3bpZhN2J0Io/RtePCji1T/jzX/jts1BWx8MPN6bYWZemAqu0XW/rdLG5tb2TnnX3ts/ODyqHJ90dJIpyto0EYnqhUQzwSVrI0fBeqliJA4F64aT+7nffWJK80Q+Yp6yICYjySNOCRrJ93Vk201GBI7zQaXq1twFnHXiFaQKBVqDypc/TGgWM4lUEK37nptiMCUKORVsZvuZZimhEzJifUMliZkOpoubZ86FUYZOlChTEp2F+ntiSmKt8zg0nTHBsV715uJ/Xj/D6DaYcplmyCRdLooy4WDizANwhlwxiiI3hFDFza0OHRNFKJqYbBOCt/ryOunUa9517eqhXm3cFXGU4QzO4RI8uIEGNKEFbaCQwjO8wpuVWS/Wu/WxbC1Zxcwp/IH1+QMSGJER</latexit>

Healthy

<latexit sha1_base64="0DJSgYEdj/cCI6pEigbFsYfzIpo=">AAACFHicbVBNS8MwGE79nPGr6tFLcAiCMNoh6nHMi8cJ7gPWMtI07cLStCSpMMp+hBf/ihcPinj14M1/Y7b1oJsPJDw8z/vmzfsEGWdKO863tbK6tr6xWdmC2zu7e/v2wWFHpbkktE1SnspegBXlTNC2ZprTXiYpTgJOu8HoZup3H6hULBX3epxRP8GxYBEjWBtpYJ97KoLQEykTIRUaesTcVDIRw6bETCAcU+R5EMY4G9hVp+bMgJaJW5IqKNEa2F9emJI8MU8SjpXqu06m/QJLzQinE+jlimaYjMyMvqECJ1T5xWypCTo1SoiiVJojNJqpvzsKnCg1TgJTmWA9VIveVPzP6+c6uvYLJrJcU0Hmg6KcI52iaUIoZJISzceGYCKZ+SsiQywxMbkoaEJwF1deJp16zb2sXdzVq41mGUcFHIMTcAZccAUa4Ba0QBsQ8AiewSt4s56sF+vd+piXrlhlzxH4A+vzBw/BnPA=</latexit>

Brain age
gap

<latexit sha1_base64="49CwP6sV4GEul11QNLsXodQpjbM=">AAAB/3icbVA9SwNBEN3zM55fUcHGZjEIVuEuiFoGbawkgvmA5Ah7e3PJkr3dY3dPCDGFf8XGQhFb/4ad/8ZNcoUmPhh4vDfDzLww5Uwbz/t2lpZXVtfWCxvu5tb2zm5xb7+hZaYo1KnkUrVCooEzAXXDDIdWqoAkIYdmOLie+M0HUJpJcW+GKQQJ6QkWM0qMlbrFw46OXfcWMiUj6IEAlRslr+xNgReJn5MSylHrFr86kaRZAsJQTrRu+15qghFRhlEOY7eTaUgJHZAetC0VJAEdjKb3j/GJVSIcS2VLGDxVf0+MSKL1MAltZ0JMX897E/E/r52Z+DIYMZFmBgSdLYozjo3EkzBwxBRQw4eWEKqYvRXTPlGEGhuZa0Pw519eJI1K2T8vn91VStWrPI4COkLH6BT56AJV0Q2qoTqi6BE9o1f05jw5L8678zFrXXLymQP0B87nD5CAldU=</latexit>

Neurodegeneration

<latexit sha1_base64="WCoge6rT08TtWSgRJcdlnB3m75M="></latexit>

whole brain cortical
thickness dataset
(m2 parcellations)

VNN Readout 
(unweighted mean)

Brain age 
estimation<latexit sha1_base64="Ndr2VpJNi9jBdZ7wKytBJUva0Zg=">AAAB+XicbVDLSsNAFL2prxpfUZduBovgqiRSqsuimy4r2Ae0oUymk3boZBJmJoUS+iduXCji1j9x5984abPQ1gMDh3Pu5Z45QcKZ0q77bZW2tnd298r79sHh0fGJc3rWUXEqCW2TmMeyF2BFORO0rZnmtJdIiqOA024wfcj97oxKxWLxpOcJ9SM8FixkBGsjDR3HtrNBhPWEYI6aC9seOhW36i6BNolXkAoUaA2dr8EoJmlEhSYcK9X33ET7GZaaEU4X9iBVNMFkise0b6jAEVV+tky+QFdGGaEwluYJjZbq740MR0rNo8BM5iHVupeL/3n9VId3fsZEkmoqyOpQmHKkY5TXgEZMUqL53BBMJDNZEZlgiYk2ZeUleOtf3iSdm6pXr9Yea5XGfVFHGS7gEq7Bg1toQBNa0AYCM3iGV3izMuvFerc+VqMlq9g5hz+wPn8AKsiSEg==</latexit>

H

Regional analysis at 
final layer of VNN

Brain age gap prediction using VNNs

<latexit sha1_base64="DX3Hr7HTPJuhef+wtdJCUndCuNU="></latexit>

Anatomical covariance
matrix (size m2 ⇥m2)



VNN

ROIs  contributing to 
elevated brain age gap
in neurodegeneration

Brain age 
estimation

<latexit sha1_base64="wAjtm45uhqaV0+m+bVRdQhXunLk="></latexit>

Anatomical covariance
matrix (size m1 ⇥m1)

<latexit sha1_base64="0FtkVmoDlT0HpPAIZ41bdHXosFk="></latexit>

whole brain cortical
thickness dataset
(m1 parcellations)

Regional analysis at 
final layer of VNN

<latexit sha1_base64="EmToKBJDr20PMMgBGOdxmhQu7x0=">AAAB83icbVBNS8NAEJ3Urxq/qh69BIvgqSRF1GPRS48V7Ac0oWy2m3bpZhN2J0Io/RtePCji1T/jzX/jts1BWx8MPN6bYWZemAqu0XW/rdLG5tb2TnnX3ts/ODyqHJ90dJIpyto0EYnqhUQzwSVrI0fBeqliJA4F64aT+7nffWJK80Q+Yp6yICYjySNOCRrJ93Vk201GBI7zQaXq1twFnHXiFaQKBVqDypc/TGgWM4lUEK37nptiMCUKORVsZvuZZimhEzJifUMliZkOpoubZ86FUYZOlChTEp2F+ntiSmKt8zg0nTHBsV715uJ/Xj/D6DaYcplmyCRdLooy4WDizANwhlwxiiI3hFDFza0OHRNFKJqYbBOCt/ryOunUa9517eqhXm3cFXGU4QzO4RI8uIEGNKEFbaCQwjO8wpuVWS/Wu/WxbC1Zxcwp/IH1+QMSGJER</latexit>

Healthy

<latexit sha1_base64="0DJSgYEdj/cCI6pEigbFsYfzIpo=">AAACFHicbVBNS8MwGE79nPGr6tFLcAiCMNoh6nHMi8cJ7gPWMtI07cLStCSpMMp+hBf/ihcPinj14M1/Y7b1oJsPJDw8z/vmzfsEGWdKO863tbK6tr6xWdmC2zu7e/v2wWFHpbkktE1SnspegBXlTNC2ZprTXiYpTgJOu8HoZup3H6hULBX3epxRP8GxYBEjWBtpYJ97KoLQEykTIRUaesTcVDIRw6bETCAcU+R5EMY4G9hVp+bMgJaJW5IqKNEa2F9emJI8MU8SjpXqu06m/QJLzQinE+jlimaYjMyMvqECJ1T5xWypCTo1SoiiVJojNJqpvzsKnCg1TgJTmWA9VIveVPzP6+c6uvYLJrJcU0Hmg6KcI52iaUIoZJISzceGYCKZ+SsiQywxMbkoaEJwF1deJp16zb2sXdzVq41mGUcFHIMTcAZccAUa4Ba0QBsQ8AiewSt4s56sF+vd+piXrlhlzxH4A+vzBw/BnPA=</latexit>

Brain age
gap

<latexit sha1_base64="49CwP6sV4GEul11QNLsXodQpjbM=">AAAB/3icbVA9SwNBEN3zM55fUcHGZjEIVuEuiFoGbawkgvmA5Ah7e3PJkr3dY3dPCDGFf8XGQhFb/4ad/8ZNcoUmPhh4vDfDzLww5Uwbz/t2lpZXVtfWCxvu5tb2zm5xb7+hZaYo1KnkUrVCooEzAXXDDIdWqoAkIYdmOLie+M0HUJpJcW+GKQQJ6QkWM0qMlbrFw46OXfcWMiUj6IEAlRslr+xNgReJn5MSylHrFr86kaRZAsJQTrRu+15qghFRhlEOY7eTaUgJHZAetC0VJAEdjKb3j/GJVSIcS2VLGDxVf0+MSKL1MAltZ0JMX897E/E/r52Z+DIYMZFmBgSdLYozjo3EkzBwxBRQw4eWEKqYvRXTPlGEGhuZa0Pw519eJI1K2T8vn91VStWrPI4COkLH6BT56AJV0Q2qoTqi6BE9o1f05jw5L8678zFrXXLymQP0B87nD5CAldU=</latexit>
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Regional analysis at 
final layer of VNN
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Transferability of
1 parameters H

Transferability of VNNs allows cross-validation of brain age gap on different resolutions
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Anatomical covariance
matrix (size m2 ⇥m2)
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(unweighted mean)

Readout 
(unweighted mean)



Results
• Whole brain cortical thickness datasets on two populations

1.  healthy controls (HC, n =105,  age = 62.6 ± 7.62 years, 57 females) 
2.  individuals with mild cognitive impairment or Alzheimer’s disease diagnosis 

(AD+, n = 67, age = 68.52 ± 9.29 years, 28 females) 

• Three multi-scale datasets (organized according to different versions of Schaefer’s atlas)
FTDC Datasets

- FTDC100 (number of features = 100)       - FTDC300 (number of features = 300) - FTDC500 (number of features = 500)
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Results

Objective: Regression of cortical thickness against chronological age for HC cohort

Mean absolute error

VNNs are transferable across 
datasets of dimensionalities 

100, 300, and 500

• Whole brain cortical thickness datasets on two populations
1.  healthy controls (HC, n =105,  age = 62.6 ± 7.62 years, 57 females) 
2.  individuals with mild cognitive impairment or Alzheimer’s disease diagnosis 

(AD+, n = 67, age = 68.52 ± 9.29 years, 28 females) 

• Three multi-scale datasets (organized according to different versions of Schaefer’s atlas)
FTDC Datasets

- FTDC100 (number of features = 100)       - FTDC300 (number of features = 300) - FTDC500 (number of features = 500)



Results
Objective: Brain age gap prediction in HC and AD+ cohorts from VNNs trained on FTDC100 dataset

• ROIs contributing to elevated 
brain age gap in AD+ across 
different resolutions

300 parcels 500 parcels100 parcels

FTDC300 FTDC500FTDC100*

a

b
• Brain age gap is elevated in 

AD+ w.r.t HC cohort in 100-
feature dataset

• Results on brain age gap 
retained after transferring 
VNN to 300 and 500-feature 
datasets
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Brain age gap (�-Age): HC vs AD+



Conclusions

• VNNs provide an anatomically interpretable perspective to brain age

• Transferability of VNNs help cross-validate interpretability across datasets of different
dimensionalities

• VNN-derived brain age is a potential biomarker for early detection of 
neurodegeneration and disease monitoring


