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Method of estimating territory of motor units
with multi-channel surface electromyograms model*
Jun Akazawa
Abstract

In the voluntary motion, a ventral horn cell (¢ motor neuron) controls muscle activity.
Electromyogram (EMG) is summation of the action potential generated by the motor units
(MUs). MU is defined as a single motoneuron and its fibers, therefore in the field of sports
medicine, in order to know the muscle activity, there has been studied about the measurement
and analysis of EMG. While measurement tool has been invasive needle electrodes, and there
has been interest in exchanging needle electrodes to the surface electrodes. It is difficult for
surface EMG (SEMG) to detect the territory of MU and to identify the single MU, because
SEMG is summation of MU’s action potential. In addition, amplitude of SEMG is affected by
territory and location of MU. In spite of this, previous studies have not developed the analyzing
method considering this fact.

In this thesis, a novel method mainly composed of the simulation model was proposed for
firstly estimating both territory and location of MU. Focusing on the peak amplitude of a
surface motor unit action potential (SMUAP) which is measured by bipolar electrodes, the
proposing method was estimating territory and location of MU by comparing the observed
SMUAP with that obtained from the model. On the first dorsal interosseous muscle (FDI) of
isometric contraction, most of SMUAP profiles were flat-topped, which was different from that
of short head of biceps brachii muscle. In order to explain this profile, the estimating method
was applied with the square shaped territory model and the usefulness of the proposed method
was showed to explain MU location.

The present study also proposed a novel method for identifying SEMG by using SMUAP
profile at low force level of isometric contraction. Decomposition of SEMG was effectively
done with the proposed algorithm and firing rates of MU agreed with the result previously
reported for isometric contraction. Moreover, a method of decomposing overlapped SMUAP
was proposed, where a digital weighted low-pass differential (WLPD) filter, independent
component analysis (ICA), and classification were utilized.

Keywords: Multi-channel surface EMG, Isometric contraction, Motor unit, Simulation,

Decomposition
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MUAP 2.4 [2

Schematic drawing of one motor unit in a muscle. Of the motor
unit only 6 muscle fibers are drawn. The muscle fiber potentials
which are travelling to the right direction can be measured in

an unipolar or bipolar way.
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Quter surface

Dorsal margin Ventral margin

MU 34 Unit 2 83 fibres
Type FF

Left medial gastrocnemius

Longitudinal
"Plan view section

197 ﬁ!::res

385 fibres

1'64 fibres

25 fibres

Estimated total—approx. 750 fibres

Inner surface

2.8 PAS

15



[2.2]

Surface Electromyograms SEMG Decomposition
Xu [2 11] Maximum
Voluntaru Contraction MVC 5%
Bonato [2 12]
Decomposition Maekawa [2 13] Nakamura [2 7] Gonzalo
[2 14] (Indepemndent Component Analysis ICA )
SEMG Okuno [2 8]
SEMG
SEMG 1
(FDI) Decomposition
[2.3] 2.9
MUAP

16



)

[2 10]

()

[2 15-18]

[2 18]

3

/8

2.9

17



3.1
(o
(MU)
MUAP
MUAP
MUAP
[3 1]
3.2
[3 2] Rosenfalck [3 3] Plonsey [3
4,3 5] Griep [3 6] SMUAP
¢ 3.1C )
1
P(X,y,2) P'(X.,y",2") (
3.1(a)) 2 r o, o,
z
A aA A
Pz P(PT) [3 7]

18



cD(p)— . 3-1)
3.1(b)
r r, I, I, z
i =z rLor,
[3 4, 3 5]
OV _ ri
072 i'm (3-2)
(3.2) (3.1) 3.3)
d(p') = —dz
(p")= 4%00-[ (3.3)
Griep [3 6]
3.4)
D(p') = j 1 (2) dz (3.4)
4ro, \/K2p2+(Z—Zi)2
p () ( ) (3.5)
p=(x=x)* +(y- )’ (3.5)
K(K:O-Z/Gr O-z Gr
) [3 4, 3 7] FDI K
k=1
3.4) P(P7) 1,
3.2) Vi
(2)
[3 2] Griep [3 6]

19



Disselhorst-klug

[3 8]

2 I

1+ 1+ 1:=0 (

1, L=l Ly

Zy Ly,
O(x',y',2') =
3-4)
3.1(a)
o
® X
o X z
74
Yn
3

q)n(xn’ yn’zni at) =

3.1(d)

(3.6) 2

=0

3 I :

272'00 ;\/(Xl_xi)Z+(y1_yi)2+(2|_zi)2

[3 2]

=0
z,; (1=1,2,3)

270, T x4y} + (2 + V)

20

SMUAP

3.1(c))

(3-6)

xyz

3.7

I(I)MU (t)



N
I(DMU (t) = Zq)n(xna ynazniat)
n=1

(3-8)
%
z
2 (3-8)
2
N
ZCDMU(t)zzq)m(Xm’ym’zmi’t) (3-9)
m=1
Vire (D) SMUAP (3.10)
Vdif (t)zlq)MU (t)_chMu (t) (3.10)
. ¥ i i(z+ A
P , 10(2}_} ]G(Z—} Z)
— W
X r r.;.ﬁz rﬂﬂz
\. P i {Z]_} 0t in2)Az ﬂz:ﬁz}
A — W .
muscle fiber LAZ LAZ
(a) (b)
~electrode
i..‘ q}ﬂ[xrr‘yn‘zm"r}
skin + fat tissue
. _
( I Lo muscle tissue
Z, Z, Z,
—_— o muscle fiber of MU1
- , = muscle fiber of MU2
plx,.v,.z,, +vt) & muscle fiber of other MUs
(c)
(d)
3.1 SMUAP

21



(a) P

(b)

(c) 3

(d)

3.3

r| rO
Il iO ’ITI
L L L 4L L 4 z
Dy
3.7 (3.8)
MU,
<DMUO 3.2(a)
Dy y X
( MU;)
@,y (3.11)
( 3.2(b)) 3.2(b)

22



FPotential[mv]

(@
Potential[ mv]
0.15
045 .  esErooes 0.1
51l 0.05
0.05 - ]
o -005
-0.05 -
s T -0
s | -0.15
10
y[ ]
x[rmm]
()
3.2 SMUAP
(a) MU, 300 5 mm 4 mm

23



(b) (DMUj (X, ¥)— CDMUO (X, )

MU; 400 S
MU; X N[number] y Z[mn]
R[] (3-11) 7
(3.11)
0 X -5 5mm y

_[ I(‘D wo, 06 Y) =@y, (X, y))* dxdy

I Iq> WU, 2 (x, y)dxdyy

—00—00

3.3 0 10%

R =100

3.3

24

3.3
3.2(b) @,
0O 5mm

(3.11)

“oHEEEBaBE



3.4

3.2(b)

MUAP

3.5
Griep 3

Disselhorst-klug

25

19.3%

MUAP



4.1

(Surface Motor

Unit Action Potential, SMUAP

1 First Dorsal Interosseous Muscle: FDI
[4 1,4 2]

SMUAP

( 6 )
SEMG SMUAP
SEMG Decomposition

SMUAP

SMUAP
SMUAP

FDI 0 20% MvC

4.2
4.2.1 1

4.1(a) 4.1(b) FDI
Brody G[4 3]

26

FDI
FDI

SMUAP
FDI

S/N

SMUAP
SMUAP

SEMG



23 31

FDI
3
70 dB FDI
Contraction

MVC 0% MVC 2
1

1 mm

4 KkHz

MVC

5% MVC 2
10 15

SMUAP
FDI
FDI
20% MVC 5
4.2(a)
CH SEMG

27

1
4.1(c)
2.54 mm
430 2 kHz
A/D

Maximal Voluntary

(0 20%

15
CH8
SMUAP

Informed Consent

1



monitor

force sensor

AD < amplifier
converter
+ amplifier
personal
computer .
electrodes
(a)
first dorsal
interosseous
(b)
distal
A A 25mm

direction of muscle fiber

proximal

(c)

28



(d)

4.1
(a) (b) FDI GRANT = S Atlas of Anatomy by
J. E. Anderson. (c) 8

(d) 8

29



Force

Raw-EMG

WEMG

CH2

CH

CHY

CH&

CHS

CH4

CH3

CH2

CH1

10 % MVC
)

W\n-*—w 4.0 pv
2.5 2.6 2.7 23 29 3.0

Time [s]

4.2

30



4.2.2 SMUAP
SMUAP CH
SMUAP 4.3(a)
CH 4 ( 4.3 b))
3 SMUAP ( 4.3

c)

(1) tgH pCH QCPH S pCH

2 tCPH +5 ms Moy Moy <63,

(3 te  +10ms Pex

4.2
05, =0.ImvV 8%, =-0.ImV €)) 2)
SMUAP
o) 2
3 SMUAP to, +5 ms
SMUAP
4.3(c))

CHS

RN P gy e i AP N c
% /\ <0y Peul A W&

CH 4 ‘\7& LY A L » Time - ‘.
e : \/ e -EE}'" £ ==
e~ me, kN i~ CH I :H 8

CH 1 v O Sms . 5 ms '

(a) L.Tm'u: (b) (©)
4.3 SMUAP




4.2.3

SEMG
2
1. SMUAP
2.
2 SEMG
Step 1 SEMG  S/N
4.1
[4 4] SEMG
[4 5]
N
yln]= > wli] (o + ] xfn - i)
i=1
X 4 kHz
w
wli]=sin(iz/N) 0<i<N
N
N=4
4.2(b)
Step 2 SMUAP

SMUAP
SMUAP
SMUAP [4 1]
FDI
4.4
SMUAP
WLPD
(4.1)
y
4.2
Gonzalo [4 5]
y WEMG
SMUAP SMUAP

32



[4 1] SMUAP WEMG

+5ms
Vop 4.5(a)
SMUAP 1 v
Step 3 SMUAP Vop SMUAP
4.5(a) 7 7
Step 4 SMUAP
4.5(b) SMUAP
SMUAP 1/10
MATLAB ver7.2
Step 5 Step 4
SMUAP 70%
70% SMUAP
3 SMUAP
3 4.5(c)
Step 6 SMUAP
SMUAP 10
Step 7 SMUAP 4.6(b)
2 5 SMUAP
SMUAP
Step 8 SMUAP SMUAP SMUAP
en
M L
> 2 (Temp,, (i) — SMUAP,(i))*
e, = [ x100 (%) (4.3)
> > (Temp,, (1))’
i=1 ch=]
CH J L i
M M=8
2 ms Tempy, (i) SMUAPR, (i) SMUAP

33



SMUAP e
SMUAP

e, S%

34



Step 1

Step 2

Step 3

Step 4

Step 5

Step 6

Step 7

Step #

—_— T
R —

START - Raw EMG

|

Preprocessing -
WLPD Filter

|

Detection of SMUAF

|

SMUAP Profile Creation

|

Clustering of
SMUAP Profile Creation

IJ
+

Selection of Channels

|

Clustering of Waveform

by Euclid Distance

|

Creation Tmnplatc?{

|

Identification of SMUAP by
Good of Fittnes beteween

X and Target SMUAP

|

Decide Whether
There Are more MUs

4.4

35



4.3

FDI 4.2
2 MP (Metacarpophalangeal Joint)
10% MVC
4.2.3
4.3.1 SMUAP
4.2(b) WLPD WEMG WEMG
SMUAP
Step 4 4.5(b)
34
SMUAP 4.5(c)
CH 4,5,6 (Step 5)
SMUAP
CH6,7
4.6(b) Step 6

4.6(c) Step 7

36

4.2(a) CH 8

4.2(a)

SMUAP 114
30

SMUAP
70%

4.6(a)
10

SMUAP



v =
A Z A
.................. 7=}
2
N e,  E-
> S ¢ "o,
U l Time [s] = —a,
7] ~.
........................ : ’
(a) step 3 CH
o] -
(]
=
g - °
7]
5 2 -
E — =
5
H]
{b) step 4
o 0.3
5
0
E oo o02p P By 100%
e s 0
= N ol 70%
2 7 o N
" \’
% d
0.0 . : :
2 4 6
CH
(c)step 5
4.5 SMUAP

37



normalized error

between two SMUAP waveforms

CH7

CH6

CH5

CHA4

CH3

CH 2

CH 1

[AU]

Time [ms]

(a)

4.6 SMUAP

50 00 50

|||||||

|||||||

e
| T T T -

LI [ N N B
| T T I T T}
|||||||

|||||||

|||||||

|||||||

40 pvV

Time [ms]

(¢)



4.6(c) SMUAP
e, 5% SMUAP
Step 8 4.7 CHG6, 7
SMUAP CH 6, 7
SMUAP
l Q 4] o s} i Q
CH 7 ;—JH-u*—iﬂ-qn-_+—---r o ) - ;:
CH 6 bbb e
CHS fret—m—r . .
CH 4 peemmpoee
CH 3 St -
CH 2 s -
CH | oot b 140 uv
2.0 2.1 2.2 2.3 2.4 2.5
Time [s]
4.7 SMUAP
4.3.2
ISI Inter Spike Interval
5% MVC 2 21
SMUAP 20
4.8(a) 12.6 Hz 3.6Hz
Clamann[4 6]
4.8(a) 3 5 Hz
5 Hz SMUAP

39



20% MVC

9.5 Hz

14

5s

4 _8Hz

SMUAP

2.05s

SMUAP

12.5 Hz

20% MVC SMUAP

SMUAP

40

2.4 s
4.8(b)
15 Hz
2 7.5 Hz

SMUAP

33

4.7

SMUAP



200

number of ocurrences (total:

33)

munber of ocwrences (total;

0 10 20

MU firing rate {firings's)

(a)

10 +

1] 10

MU firing rate (firings/s)

(b)

4.8

41

20



4.4

FDI  SEMG
FDI SMUAP
[4 1]
SMUAP
SMUAP
SMUAP
SMUAP
SEMG
SMUAP
S/N
70
70%
SMUAP
SMUAP
3 20% MVC
SMUAP
SMUAP

42



4.5

SEMG SMUAP
SMUAP FDI  SEMG
SMUAP
SMUAP
1. 3 FDI 0 20%MVC
8 SEMG
2. SMUAP
SMUAP
3. SMUAP
SMUAP
SMUAP
4.
5.

43

2

step

CH



5.1
(MUAP)
4 SMUAP
MUAP
ICA[5 1,5 2]
ICA Decomposition
[5 3,5 4] ICA
FDI
6
CH
ICA
ICA
ICA
ICA
FDI

1CA

MUAP



FDI MUAP

ICA

1CA
MUAP

5.2
ICA [5 1,5 2]
SEMG  ICA
[5 3,5 4] ICA
v; (t)

V() = (v, (), Y, (), Vi (1)

n s(t) = (5,(t),5,(1)-5, (1)) '

v(t) = As(t)

s(t) = A7 v(t)

I1CA

45

ICA
ICA
MUAP
Decomposition
5 (1)
v, (t) m
A
SEMG

FastICA[5 2]

5.1



1CA
B

ICA (5.2)
(5.2)

Xx=As=AB-B"'-s=AB-s'
I1CA

&)
B! @‘ AB e

RN

s’=Bls ¢ x=ABs'

m=n
A: mixing matrix
B: operator (regular matrix )

5.1 ICA

46



5.3

5.3.1
4.2.1
1 FDI
1 FDI 8
2
7 8 SEMG A/D

4 kHz FDI

MVC 1 10 15 0 20%
MVC
5.3.2

¢ 5.2)
1) (a) A B C C
2) (b) ICA
C 2
3) (c) 2
4)
(c) 3A (a) SEMG
4B

5) 4)

SEMG B
6) A+B C B+C

47



C B+C

A+B

@ col N—mp— NS LU\

cH3 N N A N

cis N Nt A

(b)

(c)

IC 1

IC 2

IC 3

IC 4

IC 1

IC 2

IC3

IC 4

2C 2C
— - A A
3A 3A 3C ic 3A
N — /A S S A
Jjeﬂl I?-.-‘\
I4B

5.2 MUAP

48

——— Time[s]



MUAP

A) Step 1
4.2.2

Step |

Step 2

Step 3

Step 4

Step 5

WLPD

|

Preprocessing -

WLPD Filter

|

ICA

!

Clustering

}

Check the not
Overlapped SMUAP

|

Check the Overlapped
SMUAP

|

5.3 MUAP

49

WEMG



10% MVC WEMG 5.4

CH 7 bbb mststbrbontomsiiped
CTLG bt ittstsmes
CH 5 tornmpiemiafsioiohsefmmiesderiteon o
v Ayt it
CH 1 jrbemelyessfersvemrtempom st L0 3\

3.5 3.6 3.7 3.8 3.9 4.0

Time [s]
5.4 WLPD
B) Step 2 ICA ICA
MUAP
e FastiICA WEMG FastICA
1CAEMG
5.5
e MUAP 1CAEMG MUAP
eICP
eICM
tICA

50



*+=5ms MUAP I CAMUAP

IC6F :
IC5}
IC4¢ . . . .
IC 3 iyt i
IC 2 Mttt ——tbhy—
IC 1 _'6""‘ | p . 1"

3.5 3.6 3.7 38 3.9 4.0

Time [s]
5.5 ICA
C) Step 3 MUAP ICAMUAP MUAP
Step 2
10 5.1

51



number 5, time 3.08 MUAP IC 1

52



5.1

I CAMUAP

10
number time IC1 IC2 IC 3
1 3.00625 - - 1
2 3.02775 - 2 -
3 3.0685 3 -
4 3.0745 - - 4
5 3.08 1 - 5
6 3.11375 - 3 -
7 3.13425 1 - 7
8 3.1395 1 8 5
9 3.16475 - 2 -
10 3.187 1 3 10
11 3.193 2 - -
12 3.2025 3 3 -
13 3.21275 4 5 2
14 3.258 - 3 4
15 3.2635 - - 5
16 3.2955 5 3 -
17 3.313 - 3 -
18 3.3185 6 6 1
19 3.3265 2 - 7
20 3.37225 - 3 4
21 3.3785 2 - 3
22 3.38375 7 7 2
23 3.395 - 3 2
24 3.4035 1 - -
25 3.40925 - 2 -
26 3.42425 - -
27 3.42975 - - 1
28 3.47575 - 2 2
29 3.485 - 9 2
30 3.49525 5 3 7
31 3.50175 8 - 6
32 3.5195 1 2 7
33 3.526 1 2 8
34 3.564 - - 7
35 3.57 - 2 -
36 3.5765 - - 5
37 3.61425 - 10 -
38 3.62025 9 7 2
39 3.6255 10 1 1
40 3.6795 - 2 -
41 3.706 - 7
42 3.71175 - - 6
43 3.7305 - 2 2
44 3.747 - 3 -
45 3.76325 5 3 2
46 3.7695 8 5 5
47 3.81075 - 3 2
48 3.84175 - - 7
49 3.88775 - 3 -
50 3.90525 - 2 -
51 3.92475 - 3 7
52 3.93075 1 8 -
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