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Introduction 

Cardiovascular variables are regulated according to multiple  

control mechanisms  

 

 

Cardiovascular control mechanisms contain important non  

linearities, thus suggesting that accounting for non linear 

dynamics might provide additional information 

 

 

However, spectral analysis considering only linear features 

is found to be sufficient to detect changes of the state of the 

autonomic nervous system and distinguish pathological 

conditions  



Aims 

To demonstrate the value of non linear tools “per se” to detect  

changes of the state of the autonomic nervous system and  

typify pathological patients 

 

 

To quantify the additional information of non linear analysis   

to the linear one  



Short-term cardiovascular regulation 

H.P. Koepchen, in “Mechanisms of blood pressure waves”, Springer-Verlag, 3-23, 1984  



G. Baselli et al, Med Biol Eng Comput, 32:143-152, 1994  

Cardiovascular variability 
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VLF band: 0-0.04 Hz 

LF band:    0.04-0.15 Hz 

HF band:   0.15-0.5 Hz 

Task Force of the European Society of Cardiology, Circulation, 93:1043-1065, 1996  

Spectral analysis of cardiovascular variability 



Markers of cardiovascular regulation based on the  

spectral analysis of heart period variability 

LFnu = the power in the LF band (0.04-0.15 Hz) 

HFnu = the power in the HF band (0.15-0.5 Hz) 

M.Pagani et al, Circ Res, 59:178-193, 1986   

S. Akselrod et al, Science, 213:220-223, 1981   

LFass = the power in the LF band  (0.04-0.15 Hz) 

HFass = the power in the HF band  (0.15-0.5 Hz) 



The physiological meaning of markers derived from 

the spectral analysis of heart period variability 

Maneuver of passive orthostatism 



Maneuver of passive orthostatism 



Supine 

90° head-up tilt 

N. Montano et al, Circulation, 90:1826-1831, 1994  

LFnu HFass 

The physiological meaning of markers derived from 

the analysis of heart period variability 

PSD RR 

PSD Resp 



Experimental protocol 

17 healthy young humans (age from 21 to 54, median=28) 

We recorded ECG (lead II) and respiration (thoracic belt) at 1 kHz 

during head-up tilt (T)  

 

 

 

 

 

 

 

 

Each T session (10 min) was always preceded by a session (7 min)  

at rest (R) and followed by a recovery period (3 min) 

Table angles were randomly chosen  

within the set {15,30,45,60,75,90}  

http://www.healthyhearts.com/10f1.gif


A. Porta et al, Am J Physiol, 293:H702-H708, 2007  

N. Montano et al, Circulation, 90:1826-1831, 1994  

The physiological meaning of markers derived from 

the spectral analysis of heart period variability 

A. Porta et al, J Electrophysiol, 44:662-668, 2011  



A. Porta et al, Am J Physiol, 293:H702-H708, 2007  

N. Montano et al, Circulation, 90:1826-1831, 1994  

The physiological meaning of markers derived from 

the spectral analysis of heart period variability 



The spectral analysis of heart period variability is helpful  

to describe physiological conditions but what about  

pathological situations? 

 

 

Does spectral analysis provide non redundant information 

with respect to descriptors traditionally utilized in clinics? 

 



Spectral analysis of heart period variability and 

heart failure 



Baseline clinical and functional characteristics of study 

population (330 patients) 

Clinical Age (years) 54 (47 - 59) 

 Male (%) 87 

 BMI (Kg/m
2
) 25.2 (23.1-27.9) 

 SBP (mmHg) 110 (100-120) 

 Diabetes (%) 16 

 Smoking history: Current smoker (%) 25 

                               Previous smoker (%) 49 

                               Never smoker (%) 26 

 NYHA Class:        I (%) 11 

                               II (%) 53 

                               III (%) 36 

 Etiology: Ischemic (%) 49 

                 Idiopathic (%) 45 

                 Valvular (%) 4 

                 Other (%) 2 

Echocardiographic LVEF (%) 24 (19- 28) 

 LVESD (mm) 61 (54 – 68) 

 LVEDD (mm) 71 (66 – 78) 

 DT (ms) 125 (95 – 160) 

 Mitral Regurgitation grade 3-4 (%) 41 

Hemodynamic PWP (mmHg) 18 (10 – 27) 

 RAP (mmHg) 4 (2 – 7) 

 CI (l/min/m
2
) 2.2 (1.9 – 2.6) 

Holter VPCs/h (N) 18 (4 – 59) 

Cardiopulmonary Exercise VO2 peak (ml/kg/min) 14.3 (11.9 – 17.4) 
Blood chemistry Cholesterol total (mg/dL) 211 (176-239) 
 Triglycerides (mg/dL) 137 (99-197) 
 BUN (mg/dl) 47 (39 – 59) 

 Creatinine (mg/dl) 1.19 (1.03 -1.34) 

 Na (mEq/l) 139 (137 – 141) 

 K (mEq/l) 4.36 (4.1 – 4.6) 

 Bilirubin (mEq/l) 0.99 (0.68 – 1.32) 

 

Clinical parameters in a population of heart failure  

patients (n=330) 

S. Guzzetti et al, Eur Heart J,  26:357-362,  2005  



Baseline clinical and functional characteristics of study 

population (330 patients) 

HRV RR 24-hour (ms) 813 (730 – 902) 

 RR night (ms) 907 (786 – 1017) 

 SDNN 24-hour (ms)  89 (68 – 121) 

 SDNN night (ms) 71 (54 – 94) 

 VLF 24-hour (ms
2
) 894 (422 – 1734) 

 VLF night (ms
2
) 1147 (509 – 2530) 

 LF 24-hour (ms
2
) 63 (25 – 189) 

 LF night (ms
2
) 70 (20 – 235) 

 HF 24-hour (ms
2
) 127 (58 – 269) 

 HF night (ms
2
) 140 (60 – 360) 

 LF 24-hour (nu) 21 (12-32) % 

 LF night (nu) 23 (12-33) % 

 HF 24-hour (nu) 58 (48-66) % 

 HF night (nu) 65 (53-74) % 

 LF/HF 24-hour  0.82 (0.37 – 1.57) 

 

S. Guzzetti et al, Eur Heart J,  26:357-362,  2005  

24 Holter recordings, frame length: 300 beats; overlap: 50% 

Spectral analysis in a population of heart failure  

patients (n=330) 



Endpoints of the survival analysis 

 

1) Progressive pump failure death or urgent transplantation   

 

2) Sudden cardiac death  

 

 

During a 3 year follow-up  

 

- 79 patients out of 330 died because pump failure (n=62) or  

     underwent urgent transplantation (n=17) 

-   29 patients out of 330 died because sudden cardiac death 



 

 

Table 2. Significant univariate predictors of progressive pump failure death + 
urgent transplantation  

 Variable (cutoff value) χ
2
 p RR (95% CI) 

Clinical     

 NYHA class (= 3) 15.8 < 0.0001 2.5 (1.6 – 3.8) 

 SBP ( 110 mmHg) 9.1 0.0026 2.2 (1.3 – 3.6) 

Echocardiographic     

 LVEF ( 24%) 15.3 < 0.0001 2.7 (1.6 – 4.4) 

 LVESD ( 68 mm) 9.4 0.0022 2.1 (1.3 – 3.2) 

 LVEDD ( 78 mm) 6.8 0.009 1.8 (1.2 – 2.9) 

 Mitral Regurgitation ( 3) 5.2 0.02 1.7 (1.1 – 2.7) 

Hemodynamic     

 PWP ( 18 mmHg) 13.9 0.0002 2.8 (1.6 – 4.7) 

 RAP ( 7 mmHg) 11.6 0.0007 2.4 (1.5 – 4.1) 

 CI ( 1.9 l/min/m
2
) 10.6 0.0012 2.3 (1.4 – 3.8) 

HRV     

 RR 24-hour ( 730 ms) 7.3 0.0068 1.9 (1.2 – 3.0) 

 RR night ( 786 ms) 12.7 0.0004 2.3 (1.5 – 3.7) 

 SDNN 24-hour ( 68 ms) 13.6 0.0002 2.4 (1.5 – 3.7) 

 SDNN night ( 71 ms) 11.8 0.0006 2.3 (1.4 – 3.6) 

 VLF 24-hour ( 894 ms
2
) 17.0 < 0.0001 2.7 (1.7 – 4.4) 

 VLF night ( 509 ms
2
) 22.6 < 0.0001 3.0 (1.9 – 4.7) 

 LF 24-hour  ( 63 ms
2
) 13.8 0.0002 2.4 (1.5 – 3.9) 

 LF night ( 70 ms
2
) 11.5 0.0007 2.3 (1.4 – 3.7) 

 HF 24-hour ( 58 ms
2
) 6.0 0.0146 1.8 (1.1 – 2.8 

 HF night ( 60 ms
2
) 8.0 0.0047 1.9 (1.2 – 3.1) 

 LF/HF 24-hour ( 0.37) 6.5 0.011 1.8 (1.1 – 2.9) 

 1/f slope ( -1.33) 15.2 < 0.0001 2.4 (1.6 – 3.8) 

Cardiopulmonary 
Exercise     
 VO2 ( 11.9 ml/kg/min) 4.9 0.026 1.7 (1.1 – 2.8) 

Blood chemistry     

 Cholesterol total ( 176) 10.2 0.0014 2.1 (1.3 - 3.4) 

 Sodium ( 137 mEq/l) 5.3 0.021 1.7 (1.1 – 2.7) 

 Bilirubin ( 0.99 mEq/l) 7.8 0.0053 1.9 (1.2 – 3.1) 

Baseline therapy     

 Beta-blockers 4.6 0.03 0.11 (0.02-0.82) 

 

S. Guzzetti et al, Eur Heart J,  26:357-362,  2005  

Predictors of pump failure death  (univariate analysis)  



 

 

 

Table 3. Significant multivariable predictors of progressive pump failure death 
+ urgent transplantation  

Variable (cutoff value) χ
2
 p RR (95% CI) 

VLF night ( 509 ms
2
) 9.7 0.0018 2.3 (1.4 – 3.8) 

PWP ( 18 mmHg) 6.0 0.0145 2.0 (1.1 – 3.5) 

LVEF ( 24%) 5.0 0.0252 1.9 (1.1 – 3.3) 

 

S. Guzzetti et al, Eur Heart J,  26:357-362,  2005  

Predictors of pump failure death  (multivariate analysis)  



 

 

Table 4. Significant univariate predictors of sudden (presumably arrhythmic) 
death  

Variable (cutoff value) χ
2
 p RR (95% CI) 

LF night ( 20 ms
2
) 7.0 0.0079 2.7 (1.3 – 5.6) 

HF night ( 60 ms
2
) 4.3 0.0385 2.2 (1.0 – 4.6) 

LVESD ( 61 mm) 5.1 0.0239 2.6 (1.1 – 5.9) 

S. Guzzetti et al, Eur Heart J,  26:357-362,  2005  

Predictors of sudden cardiac death (univariate analysis)  



 

 

Table 4. Significant univariate predictors of sudden (presumably arrhythmic) 
death  

Variable (cutoff value) χ
2
 p RR (95% CI) 

LF night ( 20 ms
2
) 7.0 0.0079 2.7 (1.3 – 5.6) 

HF night ( 60 ms
2
) 4.3 0.0385 2.2 (1.0 – 4.6) 

LVESD ( 61 mm) 5.1 0.0239 2.6 (1.1 – 5.9) 

S. Guzzetti et al, Eur Heart J,  26:357-362,  2005  

Predictors of sudden cardiac death (multivariate analysis)  



Linear analysis of heart period variability is helpful  

to describe physiological conditions and provides  

indexes useful in clinics but what about non  

linear indexes? 

 

 



A. Porta, PhD Thesis in Biomedical Engineering, 1998 

Complexity analysis provides non linear indexes 

NCI NCI 



A. Porta et al, J Appl Physiol, 103:1143-1149, 2007 

Complexity indexes can follow the gradual changes  

of the sympatho-vagal balance 



A. Porta et al, J Appl Physiol, 103:1143-1149, 2007 

Non linear indexes can detect “per se” changes  

of the state of the autonomic nervous system 

Non linear indexes can detect “per se” modifications   

of the sympatho-vagal balance 



Limitation of linear and non linear indexes  

Linear and non linear indexes can not track separately 

sympathetic and vagal modulation 



Limitation of linear indexes in the frequency domain 

LFnu + HFnu = 100 

HFass = index of vagal modulation  

but LFass power is of mixed origin  

M. Pagani et al, Circ Res, 59:178-193, 1986   

S. Akselrod et al, Science, 213:220-223, 1981   

LFnu/HFnu (or LFass/HFass ) is an index of sympatho-vagal balance 

A. Malliani et al, Circulation, 84:482-492, 1991 



Limitation of the non linear indexes in the  

information domain 

CI and NCI are indexes of sympatho-vagal balance 

A. Porta et al, J Appl Physiol, 103:1143-1149, 2007 



Cartoon of the sympatho-vagal balance 

M. Pagani et al, Circ Res,  59, 178-193, 1986 



Can limitations of linear and non linear indexes  

in providing independent measures of vagal and  

sympathetic modulations be overcome? 

 

 



Symbolic analysis 

Symbolic analysis approach is based on:  

 

i)   the transformation of short heart period variability  

     series into a sequence of integers (i.e. the symbols)  

 

ii)  the construction of patterns (i.e. the “words”) 

 

iii) the reduction of the number of patterns by grouping  

     them into a small number of families 

 

iv) the evaluation of the rates of occurrence of these  

     families 



Symbolic analysis of heart period variability 

A. Porta et al, IEEE Trans Biomed Eng, 48:1282-1291, 2001  

uniform  

quantization 



A. Porta et al, IEEE Trans Biomed Eng, 48:1282-1291, 2001  

0V 

1V 

2LV 

2UV 

Symbolic analysis of heart period variability 



S. Guzzetti et al, Circulation, 112:465-470, 2005   

0V%   Index of sympathetic modulation 

2UV%   Index of vagal modulation  

A. Porta et al, Am J Physiol, 293:H702-H708, 2007  

Symbolic analysis of heart period variability 



A. Porta et al, Am J Physiol, 293:H702-H708, 2007  

Symbolic analysis of heart period variability 



A. Porta et al, Am J Physiol, 293:H702-H708, 2007  

Symbolic analysis of heart period variability 



Non linear indexes is helpful to describe physiological  

conditions and to overcome limitations of linear ones 

but what about pathological situations? 

 

 

Does non linear analysis provide non redundant  

information with respect to descriptors traditionally  

utilized in clinics? 

 



Nonlinear indexes of heart period variability and 

heart failure 



R. Maestri et al, J Cardiovasc Electrophysiol 18: 425-433, 2007 

Clinical parameters in a population of heart failure  

patients (n=200) 



Linear and non linear indexes derived from heart 

rate variability 

R. Maestri et al, J Cardiovasc Electrophysiol 18: 425-433, 2007 

- Linear indexes in the time and frequency domains 



Endpoint of the survival analysis 

 

Total cardiac death (both for pump failure and sudden death) 

or urgent transplantation   

 

 

During a 3 year follow-up  

 

- 75 patients out of 200 died because cardiac death (n=60) or  

     underwent urgent transplantation (n=15) 



Best multivariate clinical model for the prediction  

of the total cardiac death  

R. Maestri et al, J Cardiovasc Electrophysiol 18: 425-433, 2007 



Additive predictive value to the best multivariate  

clinical model  

R. Maestri et al, J Cardiovasc Electrophysiol 18: 425-433, 2007 

No linear indexes provided additive predicted value 



Conclusions 

Non linear indexes can track “per se” changes of the state  

of the autonomic nervous system  

 

 

Non linear analysis provides additional information to  

to the linear one  

 

 

The additional information is clinically relevant  


