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Analysis and Processing of the Heart signals

Domain of "Expertise" - Research driven by the physio/clinical needs

Applications :
@ EMG (exercise, fatigue, WBY, ...)
@ Brain (EEG, ERP, Cilia)
@ ECG (Cardio-respiratory coupling, Intervals analysis, HRV, Arrhythmias, ...)

Methods :
@ Modeling
@ Time-Frequency Analysis
@ Time delay estimation

@ Functional data analysis

Publications : IEEE TBME, IEEE TSP, MBEC, NATURE Neuro, JEK, AJP, ...



Introduction-The Cell

Cardiac cells : cardiomyocytes and nodal tissues

Tsystem

Terminal
cistern

\

N i

Intercalated disk
SARCOMERE

The cell type depends on the location
in the heart

Cardiac muscle and nodal tissue

The cells are interconnected to a
large extent (myocytes)

The cells contract (myocytes) and
spread electrical wavefront from one
cell to another in any direction

Different than skeletal myocytes
(spindle)
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Introduction-The Cell

Focus on the electrical behavior of the cardiac cells

INTRACELLULAR MEDIUM
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EXTRACELLULAR MEDIUM
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The transmembrane voltage (Vi - Vo) changes with
time : inflow (sodium) and ouflow (potassium) of ions

Depolarize and repolarize : Action Potential (AP)
Contract and propagate information to adjacent cells

Different AP profiles for cardiomyocytes (left) and
nodal tissue (right)

Possible automaticity (nodal) — depolarizes
interconnected cells

"Blind" (refractory) during the repolarization
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Introduction-The Cell

Dynamic of the AP & Restitution Curve

v
@ The APD mostly represents the repolarization

phase
@ DI=diastole
@ The BCL=APD+DI=ECG RR interval

@ APD(n+1) is function of previous DI(n) :
restitution curve for fast adaptation

n n n+1 @ APD dynamically adapts

650

0 The restitution curve (fast adaptation)

@ RR changes : straight line moves
550

n+l
500

APD @ Instability may occur!

@ Could explain the T-wave alternans

450 phenomenon [MBEC16]

400
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Action potential
Superior vena cava —__ g SRR T >

Sinoatrial node

Internodal
pathways

Atrioventricular
node

Bundle of His

Right bundle branch

U
LI IQRS L
0.2 0.4 0.6
Time (s)

Purkinje system

Left posterior fascicle

@ ECG is recorded on the surface of the Body (Easy)

ECG is not at all simply explained by the Action Potentials

@ ECG reflects the sequence of Depolarization/Repolarization (R-R, P-R, Q-T), the Electrical
pathway geometry, the volume conductor (Forward problem). (Difficult)



Signal Processing and modeling

From cell to the organ

Aim of this talk : Illustrate how the electrophysiological knowledge improves
the modeling and the processing of the ECG signals :

o Cellular level : control vs diabetic mice Action Potential & ECG analysis
o Influence of ANS over the nodal cells (HRV)

@ Cellular level — Organ level : QT (ventricular repolarization) and RR
(ventricular depolarization) relationship ... next time
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Ventricular Cardiomyocites : AP

I-Focus on the Ventricular Cardiomyocytes (Mice)-Harvard Med. Sch.

The Cardiac Conduction System Compare the control (40) and dia-
betic (40) cells (part of a more glo-
Superior vena cava bal study [JAHA]) .

@ Explain what is observed at
the organ level by cellular
behavior

Left atrium

Right atrium

Bundlie @ Only repolarization periods

branches @ Sequentially stimulated
(2Hz)

@ Automatic analysis

Sinoatrial node
(pacemaker)

Atrioventricular

node @ Analyse the dynamics
throughout the stimulations
= Based on specific model
ousniiarey of Repol. Phase

= Needs the computation
of inverse functions
(relevant information is in

Purkinje the time variable)
fibers
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Ventricular Cardiomyocites : AP

What is observed at the organ level (surface ECG) ?

A

Ctrl STZ

N B

40 ms 40 ms

A_l? LJF

0.3mV

Jar —_ar
B Heart Rate (~2 wks) PR (~2 wks) QRS (~2 wks) QT (~2 wks) QTc (~2 wks)
700- 1007 25 110, * 300- *
600 80{ 20 1001 250]
904
e o = - £
400- 404 10- 70 % i
300 20 5: 60
Ctrl 8§12 Ctrl s§1Z Ctrl s1Z Ctrl sT1Z Ctrl s1Z
[

Heart Rate (~1 month) PR (~1 month) QRS (~1 month) QT (~1 month) QTc (~1 month)
700- 100, 25 110, - 300 ¥
600 80y 20 100 250.

500- o 60{ L o 15 '3 2|
S g = Emé-l-w%ém_%é
300 20] 5 ™ 150
Ctrl 8TZ Ctrl 8TZ Ctrl sTZ Ctrl §1Z Ctrl STZ
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Ventricular Cardiomyocites : AP

What is observed at the cellular level (AP) : Models and methods

It is observed APmagnitude(t) but we would like t(APmagnitude) — compute the inverse function J

For the following computations, each stimulated repolarization phase i from one cell is considered strictly
monotonic decreasing, if not use the model :

xi(n) =f(n;0;)+ei(n) n=1,....N (1)
f(n;0;) is a piecewise linear parametric function (v;(n) are triangle shape functions) :

L
f(n:6:) =Y 6;vi(n) ()
=1

It is demonstrated [IEEE-TBME] that imposing f(n; 8;) to be monotonic < Vi€ [1 : L—1],6;; > 6,41 >0
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Example

@ A ssingle AP (repolarization) and the
transformed version (also smoothed)

@ Monotonicity allows the computation
of the inverse functions (70 APs)
X axis — magnitude ; y axis — time

() 200 400 600 800 1000 1200 1400
Sample index

Mean and Std Repolarization duration :
Diab. > Cont. (80%-0%)

sample index

‘What about the dynamic throughout the stimulation ?

0
95 90 80

70 60 50 40 30 20 10 O
% of the repolarization amplitude
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Ventricular Cardiomyocites : AP

Model and methods

Simple dynamic- One global parameter [CinC15]
Each individual repolarization phase is modeled as (¢ shortens or prolongates the AP) :

t—d;

1

() = rep(S) @)

Imposing monotonicity allows the derivation of the corresponding inverse function :
ti = ogrep”™ " (xi(t:)) +d; = curep™ " (y) +d; 4
Combining all the possible values of #; we get a vector formulation of relation (4) :
ti=oit+d;1 (5)
Estimation of the ¢;s, d;s and t — SVD of matrix T = [t; - - - t;] combining all the repolarizations.

Linear regression is computed over the ¢;s = slope value (global dynamic shortening or prolongation) J
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Example and Results

Upper line : first stimulation

Lower line : last stimulation

&

The normalized &; = o/ (used for regression)

sample index

0
9590 80 70 60 50 3 20 10 O
% of the repolarization amplitude

Diabetic group significantly shortens
only the late (95% - 60%) repolarization phase

No significant differences between Cont. and Diab.

normalized o

The variability is very large (Cont. and Diab.) :
random behavior

10 20 30 40 50 60 70 80 90 100
index i

0.5 . . . .

Single parameter describes each cell = more ?
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Ventricular Cardiomyocites : AP

Model and methods

Complex dynamic- Characterize the dynamic for each repolarization % (not yet published !)
M1 : A linear regression is computed for each repolarization % = local behavior, % independent
M2 : Use SVD-like approach : % = local behavior, % are not independent, latent variables
Let’s define the order 1 model for i = 1,. ..,/ stimulations and n the % index :
(i) = pu()v(i) + en(i) (6)

The functions p, (i) are assumed to be decomposed over a set of K basis function by (i) (e.g. polynomial)
such that :

K—1
pa(i) =Y bi(i)6ux ©)
k=0
In vector form, the expressions are :

Xy =ppov+e, =Bo(vI")0, +e, = M,0, +e, # a ,eigvec, +e, ®)
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Ventricular Cardiomyocites : AP

Model and methods

Considering a LMS criterion (similar to SVD), the stationary conditions give :
6; = MI'm,)"'MTx; )
I

1
9= (Y diag(p))*) "' (¥ (xiop;)) (10)

i=1 =1

Minimization is solved by using an alternated least square.

If the property Zﬁ:’:l X, = V (similar to SVD), then apply :

™=
™=

Pu() = pa(i)/(} Pu(0);9(0) = (

1 n

pn(i))v(i) = x, =p, oV an

n 1

Each p,, brings the dynamic evolution of the shape changes = the derivative of p, function of i (the
stimulation index) is computed for each n (AP magnitude).
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Example

1000 4

400
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Results

@ Mean of all the repolarization phases

@ Derivatives of the mean of all the
repolarization phases

@ The median test (ranksum) for M2

ML fails to distinguish the two populations

M2 distinguishes the two populations at specific
% repolarization

What is the relationship with
a complex ionic current remodeling
D R R I T (Hyperglycemia reduces Kv currents) ?
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Introduction-The organ

Heart electrical pathway and depolarization sequence

NEURAL influences

Bachmann's Bundle
Sinoatrial (SA)
Node

Left Bundle Branch

Conduction
Posterior Pathways
Internodal
Tract

Right Bundle Branch
Atrioventricular (AV) Node

NON NEURAL influences

Hormones / Mechan. stretch

Olivier MESTE

/f\v/\\jf\\/\v/\ 6: )

Sympathetic A
stimulation

PAVAVANDAC

Vagal A
stimulation

Beating ignitiates at the SA node.
Nodes are subject to ANS influence
SA node affected by streching
ANS (X and PY) has a key role
Depolarizations follow a sequence

Use pathways and myocytes binding
geometry to propagate

Nice-16
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affects the ECG intervals

Stress test example

2
Synchronization
. —>1
R point R
=
£ 1
D
=]
=
g . P
< O
1
|
0 100 300 500 700 900
Time (ms)
2 Synchronization S
point iFl
— R R
=
E 1
=
=
= T P T P
£
< O
[ |
O 100 300 500 700 900

Time (ms)

During exercise :

@ Body demand changes
ANS adapts to the demand
(Symp.) £~ and (Vagal) PX\

But also subtle variability of the
intervals : RSA, MSA, ...

Olivier MESTE

RR, PR, RT (QT) “\, (Adaptation)
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ANS affects the ECG intervals

Respiratory Sinus Arrhythmia (RSA)

1500 |~ — 40
22-
1300 year-old
g normal =
£ male 450 &
T 1100 | 8
[}
-— =
= 79- 460 8
o p
000 |- year-old
normal
male | 75
- ! ! ! ! T
15 30 45 60
Time (sec)

@ Primarily due to the stretch receptors in the lungs connected to ANS
@ The ANS Vagal-(PX) slightly modulates the Heart rate to benefit from the full lungs (oxygen)
@ If the PX withdraws then the RSA is canceled
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Sinoatrial (SA) Node properties

II-Focus on the Modulation of the Heart Rhythm/Period- Zaragoza

The Cardiac Conduction System

Superior vena cava

Left atrium

Right atrium
Heart is a not blind pump :

Bundle

branches @ Neural and Non neural affect the SA

Sinoatrial node

node
(pacemaker)
@ N\, or /the PP (RR) and PR
Atrioventricular intervals

node

@ Adaptation to body demands

Atrioventricular
bundle

Purkinje
fibers
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HRYV frequency analysis (steady)

R R

B

1050

1000

Heart period (ms)
©

o 100 200 300 400 500 600

Heart beat #

Olivier MESTE

Spectral density (ms2x10%/Hz)

e\!LF LF HF

Frequency (Hz)

@ RRinstead of PP
@ X (slow) and pX (fast)
@ HF mostly respiration (RSA)

@ baroreflex mechanism evidence
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Sinoatrial (SA) Node properties

HRYV frequency analysis (two steady states : tilt table test)

1000

800

Heart period (ms)

During tilt test table :
70 @ Supine = Upright position

@ Blood pressure regulation

@ " heart rate or \ heart period
@ pX (vagal) N\,

@ quantification

1000 1200 1400

°
]
st
g
§_

=

Spectral density (ms2x10%/Hz)
©
3
Spectral density (msx10%Hz) &

Frequency (Hz) Frequency (Hz)
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Introduction

A more complex example

1100

1000 ] During stress test protocol (cycling) :
@ The mean heart rate
@ The variability (Low-High)
a0l i @ The RSA N\, (??)
*]

Mechanical influences ?
700 b

heart period (ms)

Observation model ?
600~ E (self sampled signal !)

@ Non-stationnary ?
500 1 (frequencies & amplitudes)

@ Qualitative/Quantitative analysis ?
400 - .
\ (local or global analysis)

. . . . .
0 500 1000 1500 2000 2500 3000 3500
time index
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Spectrogram for the non-stationarity

Olivier MESTE

4000

3000

2000

1000

trequency 0,

Defined by

S(t.f) = \/m(s)h*(s—z)e*ihﬂds‘z

@ Quadratic TFR (Cohen’s class)
@ Bad TF resolution

@ But well located cross-terms !

1000

@ Closely related to the STFT (linear)

Nice-16
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Time-frequency analysis

Spectrogram for the non-stationarity

Needs quantitative assessment : not so easy with real data (noisy, multicomponent, ...) !

I
o

0.45

04
. 035
Ké >

3

g 03 5
g
5 0.25 3
o N
< H
g 02 §
6
c

500 1000 1500 2000 2500 o 0 o0
k
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Quantitative Time-frequency a

Chirp signals : different modulation rates, same amplitudes

1000

Olivier MESTE

1000



Quantitative Time-frequency analysis

Magnitude extracted from the TF plane ?

900

700 q

600 q

For a given # (white line) :
@ Different widths

400 1 @ Different amplitudes

500~

il | @ Integrals are equal

200+ q

0 L h L L L L L
0 0.05 0.1 0.15 02 0.25 03 0.35 0.4 0.45 05

frequency

= OK for visual inspection but not for quantification !

Olivier MESTE Nice-16 28



Processing

TF processing (not developed here)

I) Magnitude of the modulation directly computed from the TF plane

1 fobs (k)+6

RU= | LY M
S=fovs(k)—8

with f,ps (k) the time-varying frequency of interest. M (k,f) is the STFT of the
R-R intervals variability.

Zm (u—k)e —i2 gu
with —K/2</( < K/2— linteger and f = ¢/K
The analysis window &(u) is energy normalized.

= Integrate over the given frequency range (the two black lines) ! )
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g

période cardiaque
& 8 8

Il Il Il
500 1000 1500 2000 2500 3000

tendance

o 500 1000 1500 2000 2500 3000 3500

1 Il - .
P o e poos prom 0 @ From the Heart periods series :

> the trend T(7)
> the variability (TF processed)

@ Clear vagal withdrawal

variabilite

@ Strong vagal return

@ Tool for the cardiorespiratory
. s s .
500 1000 1500 2000 2500 300 coupling assessment [AJP]
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Ventricular Cardiomyocites : QT adaptation

III-Focus on T waves duration-EPFL
— Impact of the Restitution Curve properties (oscillation) over the Ventricular Repolarization

The Cardiac Conduction System

Superior vena cava

Left atrium

Right atrium
pundl Explain the QT/RR adaptation based on the
undle

branches AP Testitution curve :
Sinoatrial node

(pacemaker) @ The macro level (organ) should

reflect the micro level (cell)

Atrioventricular
node

@ Assessment of repolarization
disturbances (Ischemia)

Atrioventricular
bundle

Purkinje
fibers
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Ventricular Cardiomyocites : QT adaptation

Approximation and modeling

v @ The sum of all the Ventricular Cells
AP almost explains the QT duration.

@ The APD is mostly composed by the
repolarization

@ The BCL is similar to the Heart
period (R-R)

@ For a given BCL, the curve can be
approximated by an affine function
(a = slope)

APD n DL n APD n+1

We get for the fast adaptation :
APDn+1
APD(n+1) = —aAPD(n) + aBCL(n) +b
12)

APRN=BCL"-DIn or

QTp(n+1) = —aQTr(n) +aRR(n) + b
13)
and for the slow (not explained by the Resti-
tution Curve)

APDn=BCL"-DIn

Din OTg(n+1) = cQTs(n) +RR(n)  (14)

Olivier MESTE Nice-16
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Ventricular Cardiomyocites : QT adaptation

QT(n) and (a,b,c) parameters Estimation

STEP1 STEP 2
Improved Woody’s method Alignment of the resulting

(diestimation + resulting reference waves @ We consider blocks of 10 waves for

reference waves W) (Kiestimation) shape adaptation
N @ The QT(n) are estimated by using an
) Maximum 2 N original and optimal method
di + Wi di (IEEE-SPL]

i1..10 E1..10 @ The observed QT (n) and RR(n) feed

1
\ the estimation process
i
‘ X
\ di+ W2 _ﬂ_ # diK2
B |0 = 11,20
K

diKn

i:N-10...N/

@ The (a,b,c) are estimated by using
alternated Least Square algo.
[IEEE-TBME]

@ The modeled QT (n) only uses
(a,b,¢) and RR(n)

@ Outperforms standard models with
only few parameters

M batches of 10 beats

juelsuod e dn sjeasalul 1 H & sAejap ayl IIv
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iomyocites : QT adaptation

Example : exercise test (variable R-R)

370 T T T

---------- observed QT
modeled QT

360 -

350

330 |-

QT interval (ms)

320 -

310 |

540 560 s80 600 a=0.062 ; c=0.99
100 200 300 400 500 600 700
Beat number

300
[e]

370 ; T !
a=0.041 ; c=0.982 a=0.290 ; c=0.989
360 RR =742 ms atrest . H RR = 529 ms
during exercise

350 L
340

330

QT interval (ms)

320

310

300 . \ . . . .
o 200 300 400 500 600 700
Beat number
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Conclusions

Still many things to present

This type of topic :

@ Needs strong collaborations with clinicians
@ Needs large background knowledge

@ Provides research topics for Computer Science (IBM very active in the
simulation field), Biology (Pharmacological Companies), Engineering
(Pacemakers, Defibrillators) etc ...

@ Questions ?
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AtrioVentricular (AV) Node properties

V-Focus on the Effect of the ANS on the AV Velocity Conduction

The Cardiac Conduction System

Superior vena cava

Left atrium

Right atrium

bundie Str(?ng. \{agal return visible in the Heart Rate

branches  Variability (SA node)

@ Visible in the PR (includes AV node
conduction) ?

Sinoatrial node
(pacemaker)

@ Adapted to subject status
(elite/sedentary) ?

Atrioventricular
node

Atrioventricular
bundle

Purkinje
fibers
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AtrioVentricular (AV) Node properties

PR intervals analysis-Observations modeling

Amplitude (mV)

Synchronization
R point

1
1
0100 300 500 700 900
Time (ms)

Amplitude (mV)

o

-

Synchronization T
point In
R
TPll TP
1

0100 300 500 700 900
Time (ms)

@ ECG recorded during maximal exercise tests (cycling)

@ Segmentation of RR windows

@ P waves, delays, factors are unknown & T waves overlaps P waves
@ The model is x;(n) = osq,(n) +f(n;6;) +e;(n) buti=1...1
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AtrioVentricular (AV) Node properties

PR intervals analysis-T wave modeling

ecg
— 1
o y2
-==

Amplitude (mV)

3K
Time (ms)

o T waves are modeled with sum of piecewise affine functions
@ Monotonicity is imposed

@ MLE : iterative LS problem with linear inequality constraint (LSI
problem)
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AtrioVentricular (AV) Node properties

PR intervals analysis- Simulations

05 .
PR R
<—ineva )
° Overlapping increases
T with beat number
%025 T_1_€00 . @ Constant PR
< ‘ ,' . @ 400 overlapping T waves
(| IR —
0 50 100 150 200 250 300 350 400

Time (ms)

g s -~ - = _ _ \
5 ~ @ Small bias
o —_—M
E -5 P-3 .
g |---m, @ Bias almost removed
2 — .
57100 b 4 o Justified by weak PR
o without modeling L.
g |- wavelet - scale 2° variations (real)
- 50 50 100 150 200 250 300 350 400

Beat number
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ar (AV) Node properties

PR intervals analysis- Results slopes

PR interval (ms)
2 8 3
o o o

=
=)

©
oS

exercise
500 1000 1500
Time (s)
——————— T— =T
T o e
~.
N
\
o o o ,
o ° -
= + ———————

- +  Sedentary subjects
KL T O  Athletes

Slope of the evolution of the PR intervals

1 12 14 16 18 2 22 24 26

Slope of the evolution of the RR intervals (ms/s)

28

o Clear variation
@ Overshoot during recovery

@ focus on the slopes

o Athletes (professionals) &
sedentaries

@ Better clustering with PR
slope



AtrioVentricular (AV) Node properties

PR intervals analysis- Results hysteresis

PR intervals (ms)

140
130¢ i
0 @ Similar to overshoot
10y @ Original results
100+ +  exercise |
O recovery
%0 T ——
300 350 400 450 500 550 600
RR intervals (ms)
T-wave model SED ATH
Mp_3 7.84+2.52 | 13.49 +3.64
Ms 6.33+4.32 | 13.35£2.58
My 7.05+3.12 | 9.70+8.74

o Computed Hysteresis Area

@ Strong return of the vagal

Olivier MESTE
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tion and Flutter

Assess the complexity of the AF

Normal electrical pathways Abnormal electrical pathways

@ Similar to overshoot
@ Computed Hysteresis Area
@ Original results

@ Strong return of the vagal

Olivier MESTE Nice-16 42
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Pathological case

Transplanted hearts

(rest) (max) (rest)-(max)
stand R=0.25, p=048 | R=0.27, p=045 | R=0.11, p=0.76
mag R=043,p=0.22 | R=-021, p=0.56 | R=0.29, p=0.40
magty R=0.61, p=0.06 | R=-0.14, p=0.69 | R=0.67, p=0.03

MGty resp || R=0.74, p=0.01 | R=0.09, p=0.80 | R=0.82, p=0.003
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