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MOTIVATION

Motor Unit (MU) identification offers valuable
insight into neural codes & behaviour:

* |n non-fatiguing voluntary
contractions MUs fire surface EMG
asynchronously

* Pathologies change the MU firing &

synchronization patterns y K , mo ‘o
surface c=s<<==3
* In elicited contractions, MU firings ~ electrodes  "g =222
are highly (but not completely) A v K
SynChrOnlsed NN A I CSREE0S af{\e(e e
G eed®
* MU firing patter in always sparse. R
motor unit action ¥ neuromuscular
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Surface EMG mixing models: signal-based agproach

Holobor & Farina, Physiol Measur 2014
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lIsometric HDEMG model: Convolutive

hya[l]
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ha.[1]
hy[l]
: hwa[1] (+) = x,v,[n].—»@—v)’m[n]
A R T
haoll + > Xo[N —Y,(N)
pall] @Q I (DT Vi)
] . eulnl
Sy [N]
N h I[I] o [ﬁ)]Z[n]
han[l] '
MU spike trains MUAPs noise

SR Funded by UK Researc h
LI the European Union and Innovation

GA No. 101079392 GA No. 10052152



Intramuscular vs. surface EMG

0.75 surface

2 : .. electromyogram
* Surface EMG: 0-500 Hz, S moe )
several tens of MUs £
E
* Intramuscular EMG:
0-5000 Hz, low number
array of
of MUs electrodes
skin
e Surface MUAPs: smooth adiposel T
(low-frequency) &
contributions of
Ionger (15 ms) individual motor units
e Intramuscular MUAPs: muscle
sharper & shorter (5 ms)
decomposition
::huenlcilﬁfok:;an Union grir(dRI?\sne:\;:'gon intramUSCUIareIeCtromVOgram
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Processing .
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Know-how & details matter

HDEMG channel
selection
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HYBRID
NEURO

Isometric voluntary
contractions — surface HDEMG

Asynchronous MU firings, stationary MUAPS
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Processing pipeline
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Processing pipeline: Segment A
__ A B C

HDEMG HDEMG channel

acquisition selection

filter weights

BSS-based MU
filter estimation

MU filter
optimization &
firing
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HYBRID
NEURO

Physiological
assessment

Electrode
preparation

preparation

Funded by UK Research
the European Union and Innovation

GA No. 101079392 GA No. 10052152

Electrode
fixation

\ _.“.‘.““.‘. I \ \

Cable fixation
& many little
tricks

[ Repeat some |

of the
previous
steps if
needed



@) HYBRID
HDEMG acquisition — electrode fixation NEURO

GA N . 101079392 GA No. 10052152



Processing pipeline
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Processing pipeline: Segment B
A B C

MU filter

filter weights

HDEMG HDEMG channel BSS-based MU
selection filter estimation

acquisition

EMG

Band-pass : Pl channel/
Y interference
filtering component
removal .
selection
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Nonlinear transformations of EMG
are forbidden

* Nonlinear transformations are forbidden!
« They destroy the linear superimposition of MUAPS (i.e. linear mixing model)
* Nonlinear transformations are forbidden!

* They introduce additional crossterms (i.e., cross spike trains between any pair
of active MUSs)

* (a+ b)* # a’+ b?
e a - spike train 1
* b - spike train 2
« 2ab-crossterm between spike train 1 and 2
* Nonlinear transformations are really bad idea!

« And they are forbidden!
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- Line interference: zero-phase filtering or...

MUAP shapes innervation pulse train
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— EMG channels (VL muscle) NEDRO

1 e — 22 43
2 23 44
3 24 45
5 26 47
6 27 48
7 e O ——— — D e 49
T R 29 50
Q[ ————— 30 51
O 31 52
19 e Do 32 53
1D NN - 33 54
13 e AR -~ 34 55
T4 A 35 56
L e 36 57
16 oo e 37 58
17 38 59
18 39 60
19 40 61
20 41 62
21 42 63

time(s)

JEl Funded by UK Research
the European Union and Innovation

GA No. 101079392 GA No. 10052152




— ICA components (VL muscle) @NEoro
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— Noisy component removal
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52 = Noilsy component removal NEURO
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— Artefact removal: Multivariate Time HYBRID
Series Anomaly Detection Using Graph NEURO
Neural Network (MATLAB)

Graph Structure
Learning

Node
Embedding

Graph
{ Attention-Based
Forecasting

Number of Channels

Observations Predictions

Graph Deviation
Scoring

SRl Funded by UK Research https://www.mathworks.com/help/deeplearning/ug/multivariate-time-
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https://www.mathworks.com/help/deeplearning/ug/multivariate-time-series-anomaly-detection-using-graph-neural-network.html

HYBRID

— Artefact removal NEURO

Anomalous Node Count

50T I I

C
40 Y 47

20

frequency

Y9 X 26
©

. N |

| | me e

0 10 20 30
component

SR Funded by UK Research
LN the European Union and Innovation

GA No. 101079392 GA No. 10052152

40 50 60

Time Series Data: Component 7

5[ ™ Highest anomaly point |

vaviue

0.5 1 ) 15 2 2.5
time step




Processing pipeline

Segment

HDEMG
acquisition

Funded by

GA No. 101079392

Segment

Segment

C

the European Union

HDEMG channel
selection

UK Research
and Innovation

GA No. 10052152

MU filter

e
filter weights

BSS-based MU
filter estimation

5 steps

Segment
D

Cmut )= scpber=

MU filter

optimization &

firings

segmentation

\

HYBRID
NEURO

Segment

- pulse
noise

Physiological
assessment



Processing pipeline: Segment C
A B C

......

......

muscle

HDEMG quality
control

HDEMG channel
selection

Dimension
reduction

Extension D
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- M U fi Ite r Monopolar spike trains

a spatiotemporal filter . Monopolar
Laplacian
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o
MU filter 2
o)
% MU filter 3 . Al— —\| N VAT" V" " i
100
Laplacian MU filter 1 MU filter 2 MU filter 3 ms
4 1 1 1 o
* ” " ” Skarabot et al. The Journal
10 . 3 10 0.6 10 . 0.6 10 . 05 0 .
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lIsometric HDEMG model: Convolutive
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Data model: matrix form

« Mixing matrix of convolution kernels (MUAPS):

-“\/; ]- Measurement 1
_..\N_ :l- Measurement 2
H = ,

&) HYBRID
< NEURO

y(n) = HEm) + w(n)

\

noise

-~/

]- Measurement M

|\ J |\ J
Y Y
MU 1 MU 2
» Extended vector of pulse sources:
t(n) = .
g A J
Y e
MU 1 MU 2

Funded by UK Research
the European Union and Innovation

GA No. 101079392 GA No. 10052152



Convolution Kernel Compensation
(CKC)

hdEMG model: y(n) = Ht(n) + w(n)

6 HYBRID
' NEURO

MU spike trains: tj(n) = >, 6 (n — r]-(k)) ,i=1...N

(hy(0) ... hygy(L)]

MUAPs: H = [H; ... Hy] H; =

g (0) .. Tow(L)

CKC: §j(n) = c'tijC;ly(n) = catHTH‘TC{lHH‘lt(n) ~ ctTtht‘lt(n)

MU filter cEyC;l needs to be estimated for every motor unit
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MU filter: MUAP viewpoint ]

o

Large MU filter c;rij;l :

filter weights

N E
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.‘-..\/¥ ]- Measurement M

Funded by UK Research
the European Union and Innovation

GA No. 101079392 GA No. 10052152



MU filter: MUAP viewpoint
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filter weights
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MU filter: MUAP viewpoint
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— MU filter estimation

CKC
HDEMG
recording at extension &
selected [> spatial
contraction whitening
level
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MU sparsity
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>

for every identified MU

Skarabot et al. The Journal

of Physiology, 2023



— Accuracy assessment: PNR

lteration =1, PNR =6.9 dB

1 -
0.5 Pulse-to-Noise Ratio (PN R)j |<— MU discharge
0

lteration =21, PNR=17 dB

______ discharge
no discharge
6 6.1 6.2 6.3 6.4 6.5 6.6 6.7 6.8 6.9 7
time (s)
Pulse-to-Noise Ratio (PNR):

e applied to EVERY identified motor unit

* no additional experimental costs

* indicator of the accuracy of motor unit identification

Funded by | UK Research A. Holobar, D. Zazula: IEEE Trans. on Signal Processing, 2007, vol. 55, pp. 4487-4496.

s 1012‘:95;‘;”“" Unien - NO;’;:;’;"Z“'°" Holobar, Minetto & Farina. Journal of Neural Engineering, 2014.



HYBRID

— Accuracy assessment: PNR NEURO

Simultaneous surface & intramuscular EMG acquistion
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- EMG channel selection & extension @H}Bﬁ@

MU 4
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- Dimensionality reduction NEORO

Abductor Pollicis Brevis muscle
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- Dimensionality reduction DNELRG

First dorsal interosseous muscle
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- Dimensionality reduction

Gastrocnemius Medialis Muscle
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- Dimensionality reduction

Gastrocnhemius Lateralis Muscle

HYBRID
NEURO
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Bad MU removal NETSe
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Processing pipeline
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Processing pipeline: Segment D
A B C

HDEMG
acquisition
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- Region of Interest (ROI) selection @ BN
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MU spike outliers removal
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Iterative spike-based MU

optimization
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- MU pulse train substraction
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PNR
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e Selected MU spikes in identified
spike train act as witnesses of
decomposition accuracy.
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Processing pipeline
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EXAM PLE 1 No. of tracked MUs HYBRID

_ First Dorsal Interosseous (FDI) NEURO
MU tracklng application MVC %
10 20 30 40 50 70

across different
contraction levels 10 [ e et

Francic & Holobar, [EEE Access 2021 0.7£28 136221 12%21 04%28 5936

20 _ o
(20, 50, 70) (40, 50, 70) (40, 50, 70) (50, 70) )
X
g 30 79237 129%33 167229 147235 104%49
= (20, 30, 40) (30) (40, 50, 70) (50, 70) (70)
c
ke,
'540 47%39 9.3£35 131%45 159%45 146142
£ (20, 30, 40, 50) (40, 50) (40) (70) (70)
[
50 36243 71249 1044 12245 159%31 123137
(20, 30, 40, 50, 70) (40, 50, 70) (50, 70) (50) (70)

191236 27144 43143 611258 9756 15656

70
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EXAMPLE 2:

MU tracking
across different
contraction levels

Franci¢ & Holobar, IEEE Access 2021
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No. of tracked MUs

Tibialis Anterior (TA)
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11.7£52 6%438
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20 64%+45 138%54
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oS
L>> W 48%46 94154
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© 2%3 43%57
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-0(7)0
()}
1+1.7 21%2.2
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20 02207 0.2%0.7
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30

31%45
(70)

7.6%6.3
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8.8%59
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57 %31
(50, 60)

1.6£1.7
(50, 60, 70)

application MVC %

90

181238
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3 +34
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(60, 70)
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. No. of tracked MUs HYBRID
EXAM P LE 4 - Biceps Brachi (BB) NEURO
MU tracki Nng application MVC %

10 20 30 50 60 70

across different
contraction levels 10 P e

Franci¢ & Holobar, IEEE Access 2021 20 2+24 47%3 22+26
(30, 50, 60, 70)
=
Q 0.8%2 25%4 63
= 30 1. ]
S (30, 50, 70) (30, 60) (50, 60, 70)
c
O
'550 0.5%1.2 12 28132 6.8x29
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W
@
60 05+1.2 02204 . ; 42143
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70 00 00 5 ) 1.711.2
Funded b esearc (20, 50, 70) (50, 70)
thuenEﬁrop);an Union grir(dennova':;on

GA No. 101079392 GA No. 10052152



HYBRID
NEURO

Segment E - Physiological
assessment: Isometric
voluntary contractions

Physiological Assessment & Applications

0000000000000



Voluntary contractions: identified MUs NELNG
Gastrocnemius medialis, 30% MVC

motor units

GA No. 101079392
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Smoothed MU discharge rates DNEDRG

Gastrocnemius medialis, 30% MVC

20
18 [~
16 [~
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12 [~

10 [~

smoothed discharge rate (spikes/s)
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Experimental HDEMG: CST

GM — 43 identified MUSs,

GL — 35 identifled MUs

1.0
0.9 7
0.8
0.7
0.6

0.5

coherence

0.4

0.3

0.2

0.1

0.0
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frequency (Hz)

m— ] -1 MUs
— 2 - 2 MUs
m— 3 - 3 MUs
— 4 - 4 MUSs
= 5 -5 MUs
m— 6 - 6 MUs
7 -7 MUs
m— 8 - 8 MUs
= Q - 9 MUs
s 10 - 10 MUs
=== 11 - 11 MUs

12 - 12 MUs
13-13 MUs
14 - 14 MUs
15 - 15 MUs
16 - 16 MUs
17 -17 MUs
18 - 18 MUs
19 - 19 MUs
20 - 20 MUs
21-21 MUs
22 - 22 MUs
23 -23 MUs
24 - 24 MUs
25-25MUs
26 - 26 MUs
27 - 27 MUs
28 - 28 MUs
29 - 29 MUs
30 - 30 MUs
31-31MUs
32 - 32 MUs
33 -33 MUs
34 - 34 MUs
35-35MUs
36 - 35 MUs
37 - 35 MUs
38 - 35 MUs
39 - 35 MUs
40 - 35 MUs
41 - 35 MUs

w42 - 35 MUs
=== 43 - 35 MUs




Activity index (Al)

hdEMG model: y(n) = Ht(n) + w(n)

‘, HYBRID
<V NEURO

MU spike trains: t;(n) = >, 6 (n - rj(k)) ,ji=1...N
hy;(0) ... hlj(L)]

MUAPs: H = [H; ... Hy] H; =

hvj(0) .. hyy (L)
CKC: §(n) = c;ijC;ly(n) ~ c'trtht‘lt(n)
MU filter c'tijC;1 needs to be estimated for every motor unit

CST - sum of individual MU spike trains (Negro & Farina, J. of Physiology 2011)

Activity Index: AI(n) = y(m)TC, "y(n) ~ t(m)TC¢ "t(n)

superimposed spike trains from all MUs in the detection
volume

SRl Funded by UK Research
the European Union and Innovation
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Activity Index & coherence between HYBRID
GL and GM NEURO

— 10 MUs
— 25 MUs
0.8 | — Activity index

TA._ _GM  GL SO

MUs
GL-GM coherence

0 frequency (Hz)

Funded by UK Research Kutos et al. Activity index outperforms cumulative spike train and

S8l the European Union and Innovation amplitude envelopes in surface EMG coherence analysis, ISEK2024.
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Segment E - Physiological
assessment: Dynamic &
fatiguing contractions

MUAPS are not stationary — they can change intensively & fast
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Shortening of Biceps Brachii

number of MUs
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The Fatigue Plot @ NEURO

Root mean square value (RMS)

Average rectified value (ARV)

\

100
Force or torque

Conduction velocity (CV)

Mean spectral frequency (MNF)

normalized values
(with respect to initial value)

Median spectral frequency (MDF)

contraction duration

Global metrics (RMS, ARV, MNF, MDF) are easy to
calculate but tricky to interpret. Their values depend
on many internal factors.
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Fatigue

HYBRID
NEURO

Fm

\
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Fatigue

MU 9 HYBRID

Note: fatigue evident in the
last few ramps only
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HYBRID

Dynamic HDEMG model 5 NEURO

h“i ]
MUAPs are hia
. . s1(n) —/ hz11 I:u
functions of time N o T W
e 1P| hix |-
 Repeated hiy [H -
. 2 hork
dynamic = -
. 21 I W
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. _So— o | I AR 7w
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° N t d hu”. 123 1 hizk —I—\?C:Qid_} 72 4 | e
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. : A he 2 : .
fatiguing =X T wal)
contractions: e T u()
) T i
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s 1t hiyk |
4 hij
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MUAP shape prediction on each
HDEMG channel

6 HYBRID
< NEURO

Can we predict the change of
MUAP based on already
identified changes?

Can we integrate this
prediction into MU filter?

SR Funded by UK Researc h
LI the European Union and Innovation

GA No. 101079392 o 10052152 Kramberger & Holobar, IEEE Access 2021



MU tracking

Kramberger & Holobar, IEEE Access 2021

MU 5

Motor unit 1
2 3 4 5 6

6
7 ' 4
o Mm 5 0.9
8 10.8
9 w 10
o 10 ' 12 10.7
5 W o 14 Motor unit
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Processing pipeline
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acquisition

Funded by
the European Union

GA No. 101079392

Segment

Segment

C

HDEMG channel
selection

UK Research
and Innovation

GA No. 10052152

MU filter

B
filter weights

BSS-based MU
filter estimation

5 steps

Segment
D

Cmut )= scpber=

MU filter

optimization &

firings

segmentation

\

HYBRID
NEURO

Segment

- pulse
noise

Physiological
assessment



Processing pipeline

Segment

HDEMG
acquisition

5 steps
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Segment

the European Union

HDEMG channel
selection

5 steps

UK Research
and Innovation

GA No. 10052152

Segment

C

MU filter
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filter weights
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filter estimation
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HYBRID
NEURO

Segment E - Physiological
assessment: Elicited
contractions

Reflexes, Electrical or Magnetic Stimulations
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6o HYBRID

Voluntary vs. elicited contraction: B NEURO
MU firing patterns & EMG

voluntary elicited
A) e e e ST
140 [~
200 [ e T T | | ; ‘ |
s asynchronous ORI synchronous

80 [

MUs

20 “ h

9.2 9.4 9.6 9.8 10 10.2 10.4 10.6 10.8

B) time (s)

asynchronous MUAPs CMAPs

HDEMG channel

9 9.2 9.4 9.6 9.8 10 10.2 10.4 10.6 10.8 11

Funded by UK Research time (S)
the European Union and Innovation
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, HYBRID
&Y NEURO

) CKC 7 A

Segment C — MU filter estimation

Optimization
of MU filter
HDZMG HDEMG
recording at extension & Initialization of Calculation of Estimation of
selected spatial MU filter MU spike train MU sparsity

contraction whitenin
level & MU filter
optimization loop

for every identified MU

=4

Application of

| |) Concatenation HDEMG MU filters to Segmetnation of
of voluntary extension & concatenated spike trains into
and elicited [> spatial [> HDEMG & [> MU firing
HDEMGs whitening calculation of patterns
Funded by UK Research MU spike trains
the European Union and Innovation

GA , 101079392 GA No. 10052152 Skarabot et al. The Journal of Physiology 601, no. 10 (2023):



HYBRID

H reflexes — soleus -
<’ NEURO

e 12 healthy males (33.6 + 5.8 years,
79 + 4.8 kg, 1,81+ 0.05 m)

\ H reflex

* HD-EMG at 5120 Hz

M wave

 Voluntary contractions

* 10, 20, 30, 40, 50 and 70 %MVC 10 ms

Synchronous
response

4
;a

|

* Constant current high voltage

stimulator
* rectangular electrical impulses (1 ms)
to the tibial nerve

60 H-reflexes evoked at three

levels of muscle activity:
* rest (REST)
e plantar flexion at 10% (C10)
* plantar flexion at 20% of MVC (C20)

Funded by UK Research
the European Union and Innovation
GA No. 101079392 GA No. 10052152 Kalc et al. IEEE Trans. on Neural Sys. and Rehab. Eng. 31 (2022)



H reflexes —soleus

Kalc et al. IEEE Trans. on Neural Sys. and Rehab. Eng. 31 (2022)

reflex
Sum of MUAPs 47 —

Al

|

=5 QNP A o~
N

motor units
|

0.2 mV

\ \
| 0.0 0.05
Funded by UK Research :
the European Union and Innovation time (S)
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& HYBRID

H — REST S NEURO
stimulus 49 stimulus 50 stimulus 51 stimulus 52 stimulus 53
recorded
" H reflex

reconstructed H
reflex

H-10% MVC (C10)

stimulus 31 stimulus 32 stimulus 33 stimulus 34 stimulus 35

0.5 mV

Funded py UK Research
LU the Eurgpean Union and Innovation 10 ms
GA No. 101079392 GANo. 10052152 Kalc et al. IEEE Trans. on Neural Sys. and Rehab. Eng. 31 (2022)
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EMG & EEG:
pathological
tremor

Holobar & Farina: IEEE Sig. Proc.
Magazine, 2021
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EMG to EEG filter transfer: pathological tremor HYBRID
NEURO

A) o 10 ——CSsT
; — EEG motor component
w - | | | | O
15.5 16 16.5 17 17.5 18 18.5 19 19.5 20 5 10 15
o ; 1ir — CST
L — EEG motor component
T -
. . 5 10 15
—_ 0 \\
2C l l \ l l l | l l | 0 A/ LVMJNX
15.5 16 16.5 17 17.5 18 18.5 19 195 20 5 10 15
time (s) freq. (Hz)
B) < 3 EEG MOTOR COMPONENT coupled to FLEXORS ACTIVITY
L 7 :
. 6 :
g 3
’I&T 3 EMG (CST) WRIST FLEXORS R
s ¢ E — — =
g 5
e 2 - s s - - - : ;
e 2 4 6 8 10 12 14 16
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o S .
= 4 2 4 6 8 10 12 14 16
time (s)
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HYBRID

MU-based EEG filters & MU Activity Index ="V

A)

0.25
Q
e 02 — EEG filter
g 0.15 — Activity index
O .
O
0.05
frequency (Hz)
B) o , C) EEG — CST EEG - Al
Connectivity measurement of cortico-

S5_20_1.eeg EEG chs - CST: beta band

S5_20_1.eeg EEG chs - Al EMG: beta band

muscular coupling: Granger causality
EEG motor component

0.2

EEG Activity < as assessed _by MU- oit8
Index bgsed EEG filter
B 0.15
3 @
2 o
0.14 C C
o )
T S
01z © (]
S <
Ivi B 01 O
EMG Activity © 8 S

ndex ¢ MU Cumulative
ndex Spike Train (CST)
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CONCLUSIONS @)NECRO

* HDEMG processing pipelines are relatively complex & contain
main parameters

* Well defined quality measures support informative parameter
selection

* Different steps/segments of pipelines updated independently

* Pipelines need to be adapted to the signal acquisition
conditions (isometric, dynamic, elicited).

» ,Per aspera ad astra” in all the pipeline’'s segments
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