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HybridNeurofocuses on development of Hybrid Neural-

machine Interfaces, which record cerebral and muscular 

signals, and aims to improve the objectivity, precision and 

personalisation of monitoring and rehabilitation of 

neuromuscular disorders, such as stroke. 
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Hybrid neuroscience based on cerebral and muscular information 
for motor rehabilitation and neuromuscular disorders

Visit us at:
https://www.hybridneuro.feri.um.si
https://twitter.com/hybridneuro

Our mission:
1 Exploratory research project for development of Hybrid Neural-

machine Interfaces
2 Summer schools  
4 Workshops
8 Webinars
1 Biomedical Signals Data Repository
1 Massive open online course (MOOC) on Hybrid Neuroscience
1 International HybridNeuro Hub
12 National/international events
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ŦǊƻƳ ǘƘŜ ¦Y wŜǎŜŀǊŎƘ ŀƴŘ LƴƴƻǾŀǘƛƻƴ ό¦YwLύ ƎƻǾŜǊƴƳŜƴǘΩǎ IƻǊƛȊƻƴ 9ǳǊƻǇŜ ŦǳƴŘƛƴƎ ƎǳŀǊŀƴǘŜŜ ǎŎƘŜƳŜ ǳƴŘŜǊ ƎǊŀƴǘ ŀƎǊŜŜƳŜƴǘ ƴƻΦ млл52152.

https://www.hybridneuro.feri.um.si/
https://twitter.com/hybridneuro


GA No. 101079392 GA No. 10052152

WP4, BCN24 workshop
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Summer school on

Hybrid Neural Interfaces
July 8th-12th 2024, Maribor, Slovenia

GA No. 101079392

GA No. 10052152

ÅSurface & intramuscular HDEMG
ÅIdentification of neural codes 
ÅEEG & functional brain connectivity 
ÅCorticomuscularcoupling
ÅMovement augmentation
ÅHybrid Neural Interfaces in practice

ÅKeynote lectures
ÅPractical examples
ÅStudent 2 student 

explanations
ÅPresent your project
ÅAsk top experts
ÅActive consultations

REGISTER NOW!

FREE REGISTRATION  
Travel & accommodation costs 

to be covered by participants
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Files on the HybridNeuro website
ÅMATLAB:

ÅMATLAB_code_SyntheticEMG.m : Generation of synthetic data and preliminary statistical analysis

ÅMATLAB_code_ExperimentalEMG.m : Analysis of experimental data

ÅDATA:
ÅDATA_SyntheticEMG.cvs : synthetic data (15 subjects, 3 contraction repetititons, 15 MUs per 

subject, no missed MUs ïbalanced testsé

ÅLARGE_DATA_SyntheticEMG .cvs : synthetic data (20 subjects, 3 Contraction repetititons, 20 MUs 
per subject, no missed MUs ïbalanced testsé

ÅDATA_ExperimentalEMG .cvs : experimental data (19 subjects, 3 contraction repetititons, MUs 
tracked across contraction repetitions

ÅRSTUDIO:
ÅR_code_SyntheticEMG.R : Analysis of synthetic data

ÅR_code_ExperimentalEMG .R : Analysis of experimental data
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A. Holobar,  D. Zazula:  Convolution Kernel 
Compensation, IEEE Trans. Signal Proc.,2007

Identification of MU spike trains: MU filter
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MU discharge rates



GA No. 101079392 GA No. 10052152

MU discharge ratesIn Wilkinson notation:
MaxDR~ 1 + RecThr+RecDR+  (-1 + RecThr|SubID) + (-1 + RecThr|ContRep) + (-1 + RecThr|SubID:MUid)
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MU discharge
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Pulse-to-Noise Ratio (PNR):
Åapplied to EVERY identified motor unit
Åno additional experimental costs
Åreliable indicator of accuracy of motor unit identification 

Holobar, Minetto & Farina. Journal of Neural Engineering, 2014.

A. Holobar, D. Zazula: IEEE Trans. on Signal Processing,2007, vol. 55, pp. 4487-4496.

Χ Χ Χ

BSS-based identification of MU firings
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Holobar et al. J. Neural Eng. 2014

Synthetic EMG, experimental surface & intramuscular EMG
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Divjak et al. ICNR2020

MU merging
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MU merging, low CoVISI is not enough
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MU merging, high PNR is not enough
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Holobar & Farina: IEEE Sig. Proc. Magazine, 2021

MU filter reused ïpairwise comparisons
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No. of tracked MUs
Synthetic HDsEMG, SNR = 20 dB

CǊŀƴőƛő& Holobar, IEEE Access 2021

CǊŀƴőƛő& Holobar, IEEE Access 2021

EXAMPLE 1:     
MU tracking 
across different 
contraction levels
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CǊŀƴőƛő& Holobar, IEEE Access 2021

No. of tracked MUs
Tibialis Anterior (TA)

EXAMPLE 2:     
MU tracking 
across different 
contraction levels

Frequently, MUs 
cannot be tracked 
across conditions

Paired tests not 
possible
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Simulated data
Full control of simulation parameters & grand truth known

In Wilkinson notation:
MaxDR~ 1 + RecThr+RecDR+  (-1 + RecThr|SubID) + (-1 + RecThr|ContRep) + (-1 + RecThr|SubID:MUid)
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Simulated data: Model in MATLAB
NoSubjects = 15; % play with the number of Subjects (e.g. NoSubjects = 5...)

NoRepetitions = 3; % Number of contraction repetitions per subject

NoMUs = 15; % play with the number of MUs (e.g. NoMUs = 5, NoMUs = 15...)

portionOfMissedValues = 0.0 ; % portion of missed MUs (0 for 0%, 0.5 for 50 %)

% FIXED FACTORS

C = 30 ; % maximum contraction level & intercept

mean_recThSlope = - 0.3; % mean slope of recruitment threshold factor

mean_recDRSlope = - 1; % mean slope of discharge rate factor

recTh_recDR_interactionSlope = 0.0 ; % interaction between recruitment threshold 

and recruitment discharge rate

% RANDOM FACTORS ïUNIFORM DISTRIBUTION!!! (use randn for Normal distribution)

S = 0.2*( rand (1,NoSubjects) - 0.5); % random effect per subject

R = 0.025*( rand ( NoRepetitions,NoSubjects ) - 0.5); % random effect per repetition

M = 0.025*( rand ( NoRepetitions,NoSubjects,NoMUs ) - 0.5); % random effect per MU
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Simulated data: MATLAB script

% two factors

RecThr (end+1,1) = Mi/ NoMUs*0.7*C+0.1* rand ();

RecDR(end+1,1) = 7+rand();

% coefficients

DRintercept (end+1,1) = C; 

recThSlope (end+1,1) = mean_recThSlope + S(1,Si) + R( Ri,Si ) + M( Ri,Si,Mi ); 

recDRSlope (end+1,1) = mean_recDRSlope ; 

% MaxDR generation

MaxDR(end+1,1) = DRintercept (end,1) + recDRSlope (end,1)* RecDR( end) + 

recThSlope (end,1)* RecThr ( end ) + 

recTh_recDR_interactionSlope * RecDR( end)* RecThr ( end ) + 0.5* randn (1);

for Si = 1:NoSubjects

for Ri = 1:NoRepetitions

for Mi = 1:NoMUs 

end

end

end
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Simulated data: MATLAB script

% two factors

RecThr (end+1,1) = Mi/ NoMUs*0.7*C+0.1*rand();

RecDR(end+1,1) = 7+rand();

% coefficients

DRintercept (end+1,1) = C; 

recThSlope (end+1,1) = mean_recThSlope + S(1,Si) + R( Ri,Si ) + M( Ri,Si,Mi ); 

recDRSlope (end+1,1) = mean_recDRSlope ; 

% MaxDR generation 

MaxDR(end+1,1) = DRintercept (end,1) + recDRSlope (end,1)* RecDR(end) + 

recThSlope (end,1)* RecThr (end) + 

recTh_recDR_interactionSlope * RecDR(end)* RecThr (end) + 0.5* randn (1);

for Si = 1:NoSubjects

for Ri = 1:NoRepetitions

for Mi = 1:NoMUs 

end

end

end

In Wilkinson notation (with some simplifications):

MaxDR~ 1 + RecThr+RecDR+  (-1 + RecThr|SubID) + (-1 + RecThr|ContRep) + (-1 + RecThr|SubID:MUid)

residuals
Fixed effects/factors
Random effects/factors
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Use MATLAB code to generate the 
simulated data: MATLAB script

Play with:

Ånumber of subjects: NoSubjects = 15

Ånumber of contraction repetitions: NoRepetitions = 3

Ånumber of MUs: NoMUs = 15 ;

Åportion of missed Mus: portionOfMissedValues = 0.0

Ådistribution of random factors: S = 0.2 *( rand (1,NoSubjects) é

Åstandard deviation of residuals: é+ 0.5 * randn (1)
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Generated 
syntetic data
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Simulated data: MATLAB script


