Is Complexity of Heart
Rate Decreased or
Increased in Congestive
Heart Failure

Zbigniew R. Struzik
Graduate School of Education
Tokyo University



Sinoatrial
(SA) node/

pacemaker

Atrioventricular
(AV) node

Atrioventricular
_bundlc (bundlc of HIS)




Standing Up
Quickly

Bl ood Pressure Falls
inUpper Body

/
wecns (228 |

Medulla
Oblongata

Nucl eus
NEVRAL
INTEGRATION Tractus iitari us

Yaso- Cardiac Cardiac
Constrictor StinT ulako Inhi Iiitor\

EFFECTOR S

Yeins &
Arterioles

Increas ed

I d
ncreas e HR

Constricti on

SY
of Arteriol es \

& Yeins
\ Increased

Increas ed
Peripheral CO=HRX 3¥

Resistance \ /

Blood Pressure
Increases
BF=COXR

Y
R
' '

T
.
.
'
"

giele

T
\

oy
«

X

'
3
-

T
!
3

RN

!

*
-k
'

)
<
2

1iy

T
\

i
|
|

ey til

Lacrimal giand

Mucous mem,
nose and palate

Submaxillary gland
Sublingual gland

Mucons mem, mow!
Parotid gland

Heart

Bronch{

Esophagus
Stomach
Bloodves. of abd,

LAver and ducts

Tancreas

Adrenal

Small intestine

Large intesting

Bladder

Sexual organs

External genitalia




Electrocardiography (ECQ)
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Behavioral-independent from a few tenths to a few thousands of heartbeats
[Aoyagi, et al., Am. J. Physiol. 285: R171, 2003]



Characteristics of Healthy Human Heart Rate
1/f* scaling of power spectrum (long-range temporal auto-correlations)
[M. Kobhayashi and T. Musha, IEEE Trans Biomed Eng 29, 4356 (1932)]

Multifractal scaling properties
[P. Ch. lvanov ef ai, Nature 399, 461 {1999))

Non-Gaussian probability density function in the increments
[C-K.Peng et al, Phys. Rev. Lett. 70, 1343 (1993)]

Scale-invariant properties of non-Gaussian increment probability density
function

[K. Kiyono &f ai., Phys. Rev. Lett. 93 (2004) 173103]
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Figure 3 Muhiiractality s healthy gynamics. 8, Multifractal spectrum »(Q) of the
group averages 1or daytme and night-time records for 18 healthy subjeces and 12
patients with congestive heart fature. The results show muitdractal behaviour for
the healthy group and different behaviour for the hearn-failure group. b, Fracta
dimensions O¢h) obtained through a Legendre transform from the group
averaged #(Q) spectra of 8. The shape of Dih) for the individual records and for
the group average is broad, indicating multifractal behaviour. D(h) for the hean-
failure Qroup S very Narnow, indicating monofraciality. The diflerent form of D)
for the heart-adure group may reflect pernurtation of the Cardac NeurcautonNcmic
Pamteal fpy P Ariermg Jeessiared etk thie nathology




H. Seidel, H. Herzel / Physica D 115 (1998) 145-160
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“|ya Normal

By(n) [sec]

il

3 : 6 FIG. 1. The interbeat interval By (n) after low-pass filter-
Beat Number [x10') ing for (a) a healthy subject and (b) a patient with severe
cardiac disease (dilated cardiomyopathy). The healthy heart-
beat time series shows more complex fluctuations compared

L - to the diseased heart rate fluctuation pattern that is close to
\\/\ JL W 1 random walk { “Brownian”) noise. (c¢) Log-log plot of F'(n) vs

e

e
©

b Heart disease

e
=

n. The circles represent F(n) calculated from data in (a) and
the triangles from data in (b). The two best-fit lines have
slope « = 0.07 and o = 0.49 (fit from 200 to 4000 beats).
: . . _ The two lines with slopes @ = 0 and a = 0.5 correspond to
2 3 a 5 “l/f noise” and “Brownian noise,” respectively. We observe
Beal Number [x10) that F(n) saturates for large n (of the order of 5000 beats),
because the heartbeat intervals are subjected to physiologi~
cal constraints that cannot be arbitrarily large or small. The
low-pass filter removes all Fourier components for f > f..
The results shown here correspond to f, = 0.005 beat™ ", but
e dff;m similar findings are obtained for other choices of f. < 0.005.
This cutoff frequency f. is selected to remove components of
1;)3 heart rate variability associated with physiologic respiration
n [beat] or pathologic Cheyne-Stokes breathing as well as oscillations
associated with baroreflex activation (Mayer waves).
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10t 10 FIG. 3. The power spectrum S;{f)} for the interbeat inter-

f [beat™] val increment sequences over ~ 24 h for the same subjects in

Fig. 1. (a) Data from a healthy adult. The best-fit line for
107° the low-frequency region has a slope 3 = 0.93. The heart rate

b Heart disease . . .
spectrum is plotted as a function of “inverse beat number”

(beat™!) rather than frequency (time™) to obviate the need
10 to interpolate data points. The spectral data are smoothed
by averaging over fifty values. (b) Data from a patient with
severe heart failure. The best-fit line has slope 0.14 for the
low-frequency region, f < f. = 0.005 beat™". The appear-
ance of a pathologic, characteristic time scale is associated
ot el with a spectral peak (arrow) at about 1072 beat™ (corre-

1074 197 | sponding to Cheyne-Stokes respiration).
f [beat™
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FIG. 2. Representative heartbeat intervals time series from
(a) healthy individual (sinus rhythm), (b) subject with congestive
heart failure (sinus rhythm), and (c) subject with the cardiac
arrhythmia, atrial fibrillation.
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FIG. 3. MSE analysis of interbeat interval time series derived
from healthy subjects, subjects with congestive heart failure
(CHF), and subjects with atrial fibrillation (AF), as shown in
Fig. 2. Values are given as means * standard error [16]. Time
series were filtered to remove outlier points due to artifacts and
ventricular ectopic beats. The values of entropy depend on the
scale factor. For scale one, AF time series are assigned the
highest value of entropy, and the values corresponding to healthy
and CHF groups completely overlap. For larger scales, e.g., 20,
the entropy value for the coarse-grained time series derived from
healthy subjects is significantly higher than those for AF and
CHFE. At this scale, AF and CHF groups become indistin-
guishable.




Unhealthy surprises

Jante R. Chialvo

Fluctuations in heart rate can signal disease and may prove fatal. A
measurement, based on entropy, of how ‘surprising’ the beat irregularity is,
distinguishes healthy hearts from those suffering common forms of illness.

Atrial fibrillation

Healthy heart

Congestive
heart failure

Timescale

Figure 1 Entropy and the healthy heart. By
analysing the entropy, or disorder, of the
intervals between heart beats on different
timescales, Costa et al.” show that the entropy
curve distinguishes the behaviour of a healthy
heart from that of an unhealthy heart, for
example one suffering from atrial fibrillation
or congestive heart failure.
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Why analyse fluctvations?

Lowest physical complexity

Al =02 V bt 10,0 khe
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Minimal algorl’rhm&'c: co'rn Iexﬂry

Physical complexity reflects the amount
of mathematical work required to produce
a fluctuation, J.P. Crutchfield, PRL 63, 1989.



Multiscale Probability Vensity Function
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S(s)=FE[{BE1s)=5()} Sq(8) =FE{B(t+s) — B(i)}7]

Scale-dependence of PDF of B(i+s) - B(i)
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“Multiscale Probability Density Function Analysis:

Non-Gaussian and Scale-Invariant Fluctuations of Healthy Human Heartrate”,
Kiyono et al, IEEE-TBME 53, (2006)

A;B(i) = & (i)e ",

where & and wg are random variables and independent

of each other.
Q- A B? (log a)’] da
L , P(A,By= — [ exp |- = |exp |-
Multiplication of two random variables ( ) 274 [ 2a ] [ 2_,/1_’ a
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More complex?

' TL noise

[ AR model |

10

| BT ™ TR ame
| cascade ~ log(s) |
CLT violation?

Central Limit Theorem (IID)
s"(0.5) convergence speed -
Berry-Esseen theorem

W.Feller book Vol. 2.
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Scale-dependence of PDF Collapse of the PDFs
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% “A2 = 0" means convergence to a Gaussian

% Random cascade process: A ~ log S



Phase transitions and eritical phenomena

Snapshots of time evolution

The colored sites represent moving grains. The same color means that the avalanche was triggered by the same ancestor.
The system size is N = 64.

critical (p = p.) supercritical (p > p.)

NOT SOC!
- driving rate >> O

Proceedings, Salamanca, 2005




Phase transitions and eritical phenomena

Snapshots of time evolution

The colored sites represent moving grains. The same color means that the avalanche was triggered by the same ancestor.
The system size is N = 64.
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* heartbeat intervals measured for 24 hours (13:00--)

scale-dependence of PDF

* seven healthy subjects (mean age 25.3) T T = oxercice
- AA T ] oDA1
.| asleep

* three physiological states:
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50000 100000 also confirmed in a model
Beat nu 7 K. Kotani et al, PRE, 2005



50000 . 100000
Beat number,

Oloear(ls )/ O(8)

C(T, S1, 82) —
= ((Ws, (1) = (Ws1)) (Ws, (1 + T) = (@s5)))

50000 100000
Beat number. 1

“one-scale” magnitude correlation: $1 = 52

“two-scale” magnitude correlation: S1 =~ S2



Magnitude correlation function
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“Increased Intermittency of Heart:Katein Fatalteart Failure:
Struzik, Kiyono et al. Europhysics Letters (Z2008)
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= 0.60,n=78(21)

L > 060 n=30(18)
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Log rank 12.5
p < 0.001
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“Non-Gaussian_Heart Rate as an Independent Predictor of Mortality in
Chronic’Heart Eailure Patients”
Kiyono et al. (Heart Rhythm, 2007)



Unsolved problems:

1) how to accommodate in extended cascade:

a) critical scale invariance

b) (increased) intermittency

2) how to accommodate the above in the S-H/K
model

3) Why is Complexity of Heart Rate Increased in
Congestive Heart Failure
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