EE-511 Sensors in medical instrumentation
Section 4.2 - Biopotentials

4.2.1 From action potentials to biopotentials

4.2.2 Electrocardiogram (ECG or EKG)

4.2.3 Einthoven and Mason-Likar 12-lead ECG system
4.2.4 Electrocardiographic imaging (ECGi)

4.2.5 Electroencephalogram (EEG)
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Objectives

understand:

body surface potential, ExG (e.g., ECG, EEG, EMG, EOG, EGG, EHG, etc.)

ECG, EKG, P-QRS-T, systole, diastole, 12-lead, fibrillation (AF/VF), ischemia

ECGi
EEG
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4.2.1 From action potentials to biopotentials

dielectric
Electrical lines insulator

e.g., coaxial cables

plastic jacket

dielectric insulator

«—— metallic shield
uo I i - i = = Jlu
—-I-—»-I-—»—-—
‘\

centre core

-

metallic shield

centre core

+—=

close to speed of light
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4.2.1 From action potentials to biopotentials (continued)

Cells
e.g., heuron
R P ,

from a few to a few tens of meters per second

electl:d_cie

u

—

biopotential

NN ... _._._._._._._._. _eam— . -skin

Gafs
210

extracellular

4

P cell membrane

L — intracellular
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4.2.1 From action potentials to biopotentials (continued)

Thevenin equivalent
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4.2.2 Electrocardiogram (ECG or EKG)

Thevenin equivalent
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4.2.2 Electrocardiogram (ECG or EKG), continued

Vix,y)|
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4.2.2 Electrocardiogram (ECG or EKG), continued

P. QRS, T waves

e (V)

t (s) /
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4.2.2 Electrocardiogram (ECG or EKG), continued

Cardiovascular system

right atrium  left atrium

Capillaries
- _
; L Left atrium
Pulmonary arteries — oft Ventricle
. . Aorta to
a _ Right a_l:rlurn systarmic
s Right ventricle arteries
Sy_sternic
left ventricule vans
right ventricule
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4.2.2 Electrocardiogram (ECG or EKG), continued

Systole and diastole

diastole |~ systole

1

R

diastole

N

L\

P-wave: atrial depolarization =~ QRS-complex: ventricular depolarization

100 -

\

systole

- aortic pressure

L left-atrium pressure
left-ventricule pressure

ECG (electrocardiogram)

I

3rd
PHG (phonocardiogram)

T-wave: ventricular repolarization
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4.2.3 (Einthoven and) Mason-Likar 12-lead ECG system

Bipolar leads (Einthoven)

Central terminal (Wilson)

[=L—(R
[T =F[-|R
[l =F|- L

Augmented leads
(Goldberger)

aVR = >(R]- CT)
aVL = 3(L — CT)
aVF = 3(F]- CT)

CT =

R

+ L+

I

3
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4.2.3 (Einthoven and) Mason-Likar 12-lead ECG system, cont.

Bipolar leads (Einthoven) Central terminal (Wilson)

[=L-[R CT_R+L+F

Il =[F-[R 3

[II =[F}- L Unipolar leads (Wilson)

V1 =Cl—CT
Augmented leads w2 =[] e
(Goldberger) V3 = C3— CT
_ 3

aVR = E(IE_ CT) V4 = :czl__:_ CT

aVL = 3(L — CT) V5 =1C5— CT

aVF = 3(F]- CT) V6 = C6 — CT
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4.2.3 Einthoven and Mason-Likar 12-lead ECG system, cont.

Electrocardiogram
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4.2.3 Einthoven and Mason-Likar 12-lead ECG system, cont.

Typical information from ECG
e heartrate (HR): bradycardia, tachycardia, rest and effort heartrates (sports)

e heartrate variability (HRV): linked to autonomic nervous system

l—— 5 mm —— IT
T

0.2sec 5 mm

e parasympathetic (rest and digest) R
a | 13
[ 1mm 0.04 sec } tmm 0.1 my

K25 mmisec) (o mmlm\}j

e sympathetic (fly or fight)

® respiration

EY
¥
(=4

'l
mI
287
EL
T
=3

e ST-segment elevation: ischemia pmi

e atrial fibrillation: indirect cause of strokes o

e ventricular fibrillation: heart attack i 1]
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4.2.3 Einthoven and Mason-Likar 12-lead ECG system, cont.

Fibrillation
atrial fibrillation:

ventricular fibrillation:
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4.2.4 Electrocardiographic imaging (ECGi)

forward model

inverse model >

BSPM: body surface potential map EPM: epicardial potential map
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4.2.4 Electrocardiographic imaging (ECGi), continued

forward model
u | v

BSPM: body surface potential map EPM: epicardial potential map

Q: domain (, i.e., body (except heart)

dQ: (inner) border of domain (),

Kirchhofflaws i.e., epicardium

+ V-J=0

node (i = 0)

V(x,y,z): potential (V)

o(x,y,z): conductivity (S/m)
J(x,y,z): current density (A/m?)
E(x,y, z): electric field (V/m)

Ay E=VWVXE=0
LN

loop (X u = 0)
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4.2.4 Electrocardiographic imaging (ECGi), continued

CT or MRI Scan CT or MRI Images Heart-Torso
Geometry

electrode positions
domain ) and its
borders 01}

(torso and epicardium)

Epicardial Surface

ECGi
Software

body surface potential map /1 ,

0 200 400
Electrograms (mV)

| " | .F;S';I
LL ||1 /

Body Surface
Electrodes Strips Electrocardiograms Potentials
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4.2.4 Electrocardiographic imaging (ECGi), continued

forward model

u | v
BSPM: body surface potential map EPM: epicardial potential map
u=Av
inverse model
u | > v
singular
v = min{||4v — u||?} (ATAv = ATu
v

Regularization (Tikhonov) v = min{||Av — uIIZ + /12||v||2} V= (ATA + )lz)_lATu
v
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4.2.4 Electrocardiographic imaging (ECGi), continued

v(0Q)

o0

00,

sv(ATA + 2121
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e epilepsy
e sleep disorders

e stroke

e C(Creutzfeldt-Jakob disease

Awake with - \ n A " Beta
14-30 Hz

mental activity

e brain death ——— Alpha
resting WMW\,V\/\’W 8-13 Hz

e level of anesthesia seepng T NAANAS AN WA, Thets
4-7 Hz
® etc. Deep sleep m/\/—/\/ g.es't:z

1 sec
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EE-511 Sensors in medical instrumentation
Section 4.3 - Bioimpedances

4.3.1 Simple model and Cole-Cole diagram
4.3.2 Bioimpedance spectroscopy (BIS)

4.3.3 Bioimpedance analysis (BIA)

4.3.4 Bioimpedance plethysmography

4.3.5 Electrical impedance tomography (EIT)
4.3.6 Pulmonary artery blood pressure (PAP)
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Objectives

understand:

impedance model, Cole-Cole diagram

impedance plethysmography

bioimpedance spectroscopy/analysis, least squares, Bland-Altman plot

EIT (electrical impedance tomography)

PAP (pulmonary artery pressure)
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4.3.1 Simple model and Cole-Cole diagram

cell membrane
< > @4 intracellular fluid
@@ e extracellular fluid
: W j -

R,
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4.3.1 Simple model and Cole-Cole diagram (continued)

im Z re(logZ)
' Cole-Cole 1 Bode
| >
> 50 kHz log w
re
im(log Z)
50 kHz
|

\—/ log w
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4.3.1 Simple model and Cole-Cole diagram (continued)

Tissue Resistivity ({2 cm)
Blood 150
Lungs, inspiration 2400
Lungs, expiration 700
Heart muscle, longitudinal 125
Heart muscle, transversal 1800
Skeletal muscle, longitudinal 160-575
Skeletal muscle, transversal 420-5200
Fat 2000-2700
Bone 16 600
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4.3.2 Bioimpedance spectroscopy (BIS)

o———o—— brain gray matter

tissue OHz  10Hz 50Hz 10kHz S50kHz 100kHz 500kHz 1MHz 10MHz 1GHz RGN
N g oo o fat
; N s o o —o cardiac muscl
brain ) - R
N . o — - o= - —o |iver
gray g 135 133 10 7.7 6.9 6.7 4.8 2.9 11 w —eemen : S
matter N S le ° ° kidney
) 35 = P P o spleen
A ETE A 189 15 128 103 103 7.1 4.8 17 R : o e -edyskn
matter é 30 = ;vet skin
< ° ° © bone
fat 50 40 40 40 40 40 40 40 40 20 2 I blooe
muscle 2 LA N
cardiac 10 10 5 22 21 21 2 18 17 11 S = = o i i
N == N e— :
10 [ S S Y S ) N
skeletal 2.5 4.4 3 29 29 13 22 1.1 11 11 ) ! o |
— T T e T e T T Y 1 == D o === R I .::.\"‘.‘T:*:],—::.‘ ———t
liver 143 83 83 7.7 6.3 56 4 33 21 12 of : : J : + XY & : g
lung 7.1 333 25 10 10 10 6.7 6.7 33 2.2 ° ° ° ° equency () ° ° ° °
kidney 10 10 6.7 4 35 29 25 22 13 0.7
spleen 10 20 143 42 3.2 16 16 16 12 0.8
skin f
dry 5x104 3x104 1x104 5x103 50 20 2 1.4 12 ,it,
] 7
wet 02 0.2 0.2 0.2 0.2 0.2 0.2 0.2 1 fat muscle
—
bone 167 143 125 125 125 12 115 11 11 6.9 Lz Lz muscle
blood 1.6 15 14 14 14 16 13 14 0.9 0.7 71
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4.3.3 Bioimpedance analysis (BIA)

W: weight (kg)

H: height (cm)

FFM: fat free mass (kg)
FM: fat mass (kg)

TBW: total body water (kg)
I Left Arm
’ ) ECF: extra cellular fluids (kg)

Tl unk

Y = 1,423 +0.973 * x, r=0.986,
SEE=1.72kg, TE 1.74 kg

FFM bia (kg)

Right Arm

30 40 50 60 70 80 20
FFM dxa (kg)

™ example of empirical equation:

—

‘ Left Leg ﬁ
N 30 40 50 60 70 80 90
FFM ((dxa + bia)/2) (kg)

—_— kg —4.1 kg (woman)
Eody Call Max n
-7%“,““%1 iy FFM = 0.24 W + 0. 51 2 R(5 g T3y X(5 kHz) + { 0.1 kg (man)

F [ X) i
= PFL 2 CSem doi:10.3390/s140610895 Olivier Chételat | Page 27

, Bland-Altman plot

difference FFM (dxa-bia) (kg)
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4.3.4 Bioimpedance plethysmography

NB: normal breathing, AP: apnea

air blood

ECG (mV) C(AU.
=N o - NN
T T T T
@ L I O N
w
| 1 1 1 1
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4.3.5 Electrical impedance tomography (EIT)

forward model

|
inverse model >

body surface potential for <
several current channels

conductivity map

Respiration

Ao (AU

max.

Ao (AU)

Dorsal
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4.3.5 Electrical impedance tomography (EIT), continued

forward model

1 o(Q)
conductivity map

v
body surface potential for <
several current channels f:0(Q),Jj(0Q) » v

fi:o(Q) > v

Q: domain (, i.e., body

oVn = J,

0Q: border of domain (),
i.e., body skin

V(x,y,z): potential (V)
o(x,y,z): conductivity (S/m)
J(x,y,z): current density (A/m?)
E(x,y, z): electric field (V/m)

n: unit vector normal to 0Q
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4.3.5 Electrical impedance tomography (EIT), continued

forward model

: v < | o(Q)

body surface potential for ductivit
several current channels af; conQuetivity map

frix=0(Q) »v Af]za(xo)-Ax

inverse model
v | > o ()
singular
. 2
Ax = rrAnn{||AAx+Af] —v|| } (AT A)Ax =AT(v—Af])
X

Regularization (Tikhonov) Ax = min {“AAx + Af) — v||2 + A2 ||Ax||2} Ax = (ATA + 227147 (v — Af])
Ax

(Time) difference EIT Ao(Q) = (ATA+ 21*)"1ATAv
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4.3.6 Pulmonary artery blood pressure (PAP)

Pulmonary Pulse Transit Time (PTT)

Low PAP - High PTT High PAP - Low PTT

o e i 0 pTT it
PAP: pulmonary artery pressure
PTT: pulse transit time A

O,
||: *
Estimate PAP via pulmonary PTT - "
with EIT _ >
PAP
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4.3.6 Pulmonary artery blood pressure (PAP), continued

[Cardiosynchronous o J

-4

Image
Reconstruction
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EE-511 Sensors in medical instrumentation
Section 4.4 - Electrodes

4.4.1 Half-cell potential

4.4.2 Electron-ion transducer and electrode model
4.4.3 Ag/Ag+Cl- electrode

4.4.4 Skin

4.4.5 Dry electrodes

4.4.6 Potential and current electrodes

4.4.7 Motion artefact

4.4.8 Galvanic and capacitive electrodes
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Objectives

understand:

contact, electrode

electrode model, electrode potential, polarized, non-polarized electrode

motion artefacts
galvanic, capacitive electrode, noise
stratum corneum, dry electrode

potential electrode, current electrode
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4.4.1 Half-cell potential

electronic
A
current (e”)

— . — 1 ._

ionic
current
(e.g. Ag")

electrode
(pure silver)

/

disolved silver

i.e, Ag*ion \

"~ ]O O O
\

electrode wire

half-cell potential

Iv C tv

\ R
double layer of charges

(i.e., junction, depletion zone, capacitance)
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4.4.2 Electron-ion transducer and electrode model

electronic
A
current (e”)

— . — 1 ._

ionic
current
(e.g. Ag")

injected current drained current
electrode

(pure silver) free electron Ag atom

o

requires
free Ag* ion

—

free Ag* ion —_|
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L X ]
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4.4.3 Ag/Ag*Cl- electrode

electronic
A
current (e”)

ionic
current
(e.g. Ag")

PPV Tl )
A8 P10 ot
LN B0 et T B
to\ec'ae 1';?!0\?;5@’;.\: a\

silver chloride electrode

(low solubility) (pure silver) — electrode wire

dissolution/
precipitation
of Ag*Cl- —
g I \% Cr Tv
free Ag{ @ R
\oxidoreduction
process
Definition:
polarized electrode: R — o (e.g,Pt)

non-polarized electrode: R = 0 (e.g., Ag/Ag*Cl")
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4.4.4 SKkin

keratin

used to be removed
with sandpaper
before applying gel electrode

Stratum corneum

Stratum lucidum

Stratum granulosum | $57%

\

Epidermis

Hypodermis

layer

Subcutaneous [

\ \ Hair
. | - Kweat Pore
N -

Merve

Sweat Gland

Hair bulb
Vein
Artery

Adipose tissue

Olivier Chételat | Page 39



4.4.4 SKkin

Proton hopping in keratin

gel or water

~~

keratin

N\
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skin
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4.4.5 Dry electrodes

electrode

. electrode wire
(any electronic conductor)

é,//

electron ‘
displacement
ionic

H+*
current

(e.g., HY) proton hopping ‘
H+

electronic water molecules

current (e‘)‘

small gap (< 100 nm)

overlapped double layers
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4.4.5 Dry electrodes

Dry electrodes versus gel electrodes
e Dry electrodes
e have a lower effective contact area
e have a higher impedance (at least an order of magnitude)

e which is also more variable with changes of pressure

(gel /water makes a cushion)
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4.4.7 Motion artefact
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4.4.7 Motion artefact (continued)

—
up to +300 mV
C(t) tvo tv, L tv,
u
R(t)
changes with
contact pressure
i (uC) = bo—u charges are conserved: simplified model
dt i R q =v9Cy =vC (assuming C and R constant)
: Vo CO 1 AC
2>v= ~vy|(1——
C /\ 0 Co
Taylor expansion
TP "
u=v -
0 1+ RyCos ®) . up to 300 mV i

small R,|C, is good
(~ 1/A]4)

S T _______
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4.4.6 Potential and current electrodes

current electrode potential electrode
I lv
] e Tt I . _._. _
Suz0 Wu=0
} i#0 i=0

note: an electrode can be of a given type for a channel (e.g., frequency band or time slot) and
of another type for another channel
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4.4.8 Galvanic and capacitive electrodes

galvanic electrodes capacitive electrodes
e too much thermal noise e too much thermal noise
when R > 1 MQ when R <300 TQ

il I
== C u= = ¢ :

f;: high-pass cut-off frequency
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Atrial fibrillation may cause
Quiz [0 brain stroke
[0 heart attack
Electrodes N and RL are [0 heart failure
O averaged for Wilson CT potential O ischemia

[0 negative and right-lead electrodes
[0 white and purple electrodes

[0 two names for the same electrode

The stratum corneum is
[0 a good electrical conductor
O about 1 mm thick

1 made of keratin

[0 made of living cells and fat

Cells transmit signals with an
[0 electron current

[0 ion current

[0 action potential wave

[0 electromagnetic wave
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. A current electrode is
Quiz

The 12-lead ECG system is a set of

[0 not for potential measurement

0 for current measurement

O independent signals [0 ideally a polarized electrode

[0 standardized signals O for defibrillation

[0 12-electrode potentials

[0 signals displayed for 12 s

Ag/Ag*Cl™ electrodes

Systole is the period defined by high _
_ _ [J are made of three materials
[0 right ventricle pressure

: [0 are non-polariz lectr
O left ventricle pressure are non-polarized electrodes

O right atrium pressure [0 do not have half-cell potential

[0 are best for dry electrodes

[0 left atrium pressure

E PF L . Csem Olivier Chételat | Page 48



	EE-511 Sensors in medical instrumentation�Section 4.2 – Biopotentials��
	Objectives
	4.2.1	From action potentials to biopotentials
	4.2.1	From action potentials to biopotentials (continued)
	4.2.1	From action potentials to biopotentials (continued)
	4.2.2	Electrocardiogram (ECG or EKG)
	4.2.2	Electrocardiogram (ECG or EKG), continued
	4.2.2	Electrocardiogram (ECG or EKG), continued
	4.2.2	Electrocardiogram (ECG or EKG), continued
	4.2.2	Electrocardiogram (ECG or EKG), continued
	4.2.3	(Einthoven and) Mason-Likar 12-lead ECG system
	4.2.3	(Einthoven and) Mason-Likar 12-lead ECG system, cont.
	4.2.3	Einthoven and Mason-Likar 12-lead ECG system, cont.
	4.2.3	Einthoven and Mason-Likar 12-lead ECG system, cont.
	4.2.3	Einthoven and Mason-Likar 12-lead ECG system, cont.
	4.2.4	Electrocardiographic imaging (ECGi)
	4.2.4	Electrocardiographic imaging (ECGi), continued
	4.2.4	Electrocardiographic imaging (ECGi), continued
	4.2.4	Electrocardiographic imaging (ECGi), continued
	4.2.4	Electrocardiographic imaging (ECGi), continued
	4.2.5	Electroencephalogram (EEG)
	EE-511 Sensors in medical instrumentation�Section 4.3 – Bioimpedances��
	Objectives
	4.3.1	Simple model and Cole-Cole diagram
	4.3.1	Simple model and Cole-Cole diagram (continued)
	4.3.1	Simple model and Cole-Cole diagram (continued)
	4.3.2	Bioimpedance spectroscopy (BIS)
	4.3.3	Bioimpedance analysis (BIA)
	4.3.4	Bioimpedance plethysmography
	4.3.5	Electrical impedance tomography (EIT)
	4.3.5	Electrical impedance tomography (EIT), continued
	4.3.5	Electrical impedance tomography (EIT), continued
	4.3.6	Pulmonary artery blood pressure (PAP)
	4.3.6	Pulmonary artery blood pressure (PAP), continued
	EE-511 Sensors in medical instrumentation�Section 4.4 – Electrodes��
	Objectives
	4.4.1	Half-cell potential
	4.4.2	Electron-ion transducer and electrode model
	4.4.3	Ag/Ag+Cl− electrode
	4.4.4	Skin
	4.4.4	Skin
	4.4.5	Dry electrodes
	4.4.5	Dry electrodes
	4.4.7	Motion artefact
	4.4.7	Motion artefact (continued)
	4.4.6	Potential and current electrodes
	4.4.8	Galvanic and capacitive electrodes
	Quiz
	Quiz

