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Heart rate interbeat intervals



Autonomic regulation of heart rate



1/f scaling of heartbeat fluctuations, Kobayashi and Musha, IEEE-TBE, 1982

1/ f β  scaling
β ≈ 1

“Crossover” at
~10-3.5 Hz (~1 h)

[Aoyagi, et al., Am. J. Physiol. 285: R171, 2003]

Behavioral-independent from a few tenths to a few thousands of heartbeats

RR intervals

Power Spectrum
Electrocardiography (ECG)

Comparison between quiescent and usual daily activity conditions (↑) 



Human heart rate as a benchmark of biological complexity



       All complex characteristics confirmed in the heart control model: Kotani et al PRE 2005
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Yet, the focus of attention of the past research on HRV complexity in CHF 
has been limited to CHF diagnosis from HRV.

Reduced variability and complexity of human heart rate in severe heart 
disease, including congestive heart failure (CHF), has become one of the 

key yardsticks by which new complexity measures are validated.

Consideration of reduced variability in severe heart disease has become one 
of the recommendations for the interpretation of HRV by the influential 

standardizing work [TaskForce, 1996], now registering 1,500 citations. 

Indeed, there is an emergent belief that the lower variability and lower 
complexity of heart rate observed in CHF are associated with a higher risk 

of mortality.

The Problem:



Minimal algorithmic complexity

Maximal algorithmic complexity

Why analyse fluctuations? Lowest physical complexity

Lowest physical complexity

Physical complexity reflects the amount 
of mathematical work required to produce 

a fluctuation, J.P. Crutchfield, PRL 63, 1989.



Multiscale Probability Density Function

Multiscaling (multifractal) analysisStructure function analysis:

Extension of Random Walk Method

Integrated series: 
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Scale-dependence of PDF of B(i+s) - B(i)

After subtracting the local trend, we obtain the increment:



All the time series below have the same statistics of sign change (Hurst exp)

from Kiyono et al, IEEE-Trans. Biomed. Eng. 53, 2006



PDF based on Castaing’s equation (log-normal cascade)
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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) 



From discrete to continuous cascades

Chabaud et al PRL 73, 1994.

Bacry-Muzy construction



Is multiscale PDF sufficient to characterise complexity?

Central Limit Theorem (IID)
      s^(0.5) convergence speed - 

                Berry-Esseen theorem
                      W.Feller book Vol. 2.

 More complex?

cascade ~ log(s)

CLT violation?



Multiscale PDFs of healthy human HRV in daily activity and constant routine

(n = 50) (n = 7)

(n = 7) (n = 50)

※ The dashed line is a Gaussian PDF for comparison



Scale-independence in the probability density function of healthy heart rate
                                                                       - K. Kiyono et al, PRL 93, 2004.

Collapse of the PDFsScale-dependence of PDF

※ “λ2 → 0” means convergence to a Gaussian

※ Random cascade process: λ2 ~ log s

Scale s [beat]



NOT SOC! 
  - driving rate >> 0

Kiyono et al, ICNF Proceedings, Salamanca, 2005

Phase transitions and critical phenomena



NOT SOC! 
  - driving rate >> 0

Kiyono et al, ICNF Proceedings, Salamanca, 2005

Phase transitions and critical phenomena



Phase transition in healthy human HRV – K. Kiyono et al, PRL 95, 2005.

also confirmed in a model
K. Kotani et al, PRE, 2005

heartbeat intervals measured for 24 hours (13:00--)   

seven healthy subjects (mean age 25.3)                     

three physiological states:                                           

normal daily activity

experimental exercise

controlled sleep



and its magnitude:

Let's define local scalewise energy:

The magnitude correlation function:

Two point magnitude correlation function (Arneodo et al, PRL 1998)
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“one-scale” magnitude correlation:     
“two-scale” magnitude correlation: 

s1 = s2

s1 > s2

= 〈(ω̄s1(i) − 〈ω̄s1〉)(ω̄s2(i + τ) − 〈ω̄s2〉)〉
C(τ, s1, s2) =

C is invariant for multiplicative cascade



Phase transition scenario in healthy human HRV confirmed with two-point 
magnitude correlation function – K. Kiyono et al, PRL 95, 2005.

not scale
invariant!



Heart rate variability of patients with congestive heart failure (CHF) ￼

(108 CHF patients)



“Increased Intermittency of Heart Rate in Fatal Heart Failure”
      Struzik, Kiyono et al. Europhysics Letters (2008)￼



“Increased Intermittency of Heart Rate in Fatal Heart Failure”
      Struzik, Kiyono et al. Europhysics Letters (2008)￼

survivors
non-survivors

Physionet CHF

healthy matched
to survivors

healthy matched
to non-survivors

increased two-point correlations at ~40 bpm



          Non-Gaussian parameter λ as an independent risk predictor

CHF patients with a larger value of λ have higher 
mortality compared to the patients with a smaller λ.

(108 CHF patients)
“Non-Gaussian Heart Rate as an Independent Predictor of Mortality in                   

   Chronic Heart Failure 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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