
A Predictive Model of Spontaneous Blood 
Pressure Fluctuations Using Sympathetic 

Nerve Traffic

Dr. med. André Diedrich
Research Associate Professor of Medicine and 
Biomedical Engineering

Autonomic Dysfunction Center

Vanderbilt University 

School of Medicine

School of Biomedical Engineering

Nashville, TN, USA



 Autonomic Dysfunction and Baroreflex

 Muscle Sympathetic Activity

 Heart Rate Variability and Sympathetic Activity

 Simplified Model of Blood Pressure Variability

Outline

 Blood Pressure Variability and Sympathetic Activity



Autonomic Dysfunction
Low Blood Pressure
during Standing
No Heart Rate Change

1 min

Tilt
to 75 degr

123/67 72/39 59/42

84 85 86HR

BP

ZTU

ZTL

ZTH

ZCA

72/39

84 85



Orthostatic Intolerance

Orthostatic Intolerance is defined as 
the development of symptoms during 
upright position due to a failure to 
adjust adequate blood flow, blood 
pressure, or heart rate and which 
make it impossible to maintain 
upright body function and which can 
be relieved by returning to supine. 



Orthostatic Hypotension

72/39

Orthostatic hypotension is defined as a persistent, 
consistent, orthostatic fall in systolic blood pressure 
of 20 mmHg or diastolic pressure of 10 mmHg 
by 3 minutes of standing up. 

Acute, unexpected, episodic falls in blood pressure 
while standing, as in neurocardiogenic syncope,
do not satisfy criteria for OH.

Goldstein DS et al. 2009
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Factors of Blood Pressure 
Regulation



Pure Autonomic Failure
“…extensive and peculiar disturbance in the 

functional activity of the vegetative 
nervous system…”

“…idiopathic hypotension…” Bradbury and Egglestron 1925

• gradually progression of the disease (10-15 years, in older age)
• orthostatic hypotension
• impotence 
• bowel & bladder dysfunction 
• disorder of sweating and thermoregulation
• low resting NE level  & insufficient increase during standing
• Lewy bodies



Dysfunction in Pure Autonomic Failure
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Multiple System Atrophy

Shy and Drager 1960

“… a sporadic, progressive, 
neurodegenerative disease of undetermined 
etiology, characterized by extrapyramidal, 
pyramidal, cerebellar, and autonomic 
dysfunction in any combinations….”

• Fast progression of the disease (6.2-9.5 years, age range 52-55 years)
• Orthostatic hypotension
• Urinal and rectal incontinence, partial bladder emptying
• Erectile dysfunction
• Loss of sweating
• Subnormal supine resting NE level & insufficient increase during standing
• Stridor 
• Rigidity, Tremor, Loss of associated movements
• Poor response to levodopa Gilman S et al. Clin Auton Res 1998 8(6): 359-62

Diedrich A et al. Encyclopedia of the Neurological Science 2003:264-270



Multiple System Atrophy

Shy and Drager 1960

“… a sporadic, progressive, 
neurodegenerative disease of undetermined 
etiology, characterized by extrapyramidal, 
pyramidal, cerebellar, and autonomic 
dysfunction in any combinations….”

• Glial Cytoplasmatic Inclusions
• Fast progression of the disease

 (6.2-9.5 years, age range 52-55 years)
• Orthostatic hypotension
• Urinal & rectal incontinence

partial bladder emptying
• Erectile dysfunction
• Loss of sweating
• Subnormal supine resting NE level 

& insufficient increase during standing
• Stridor 
• Rigidity, Tremor, Loss of associated movements
• Poor response to levodopa

Diedrich A et al. Encyclopedia of the Neurological Science 2003:264-270

http://mayoresearch.mayo.edu/mayo/research/mcj/PDPlus.cfm



Dysfunction in Multiple System Atrophy
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Carotid Body Tumor

Netterville JL et al.
Arch Otolaryngol Head Neck Surg. 1998;124:1133-1140

Netterville JL et al.
Chapter 25 Vascular and Neurogenic Tumors
Close LG  Larson DL, Shah JP, Essentials of Head and 
Neck Oncology, Thieme, 1998 

Paraganlioma arising from the carotid body were referred 
as chemodetcomas or by more generic term carotid body 
tumor (CBT). 
CBT, which can occur sporadically or as part of familiar 
paranganglioma syndrome, are releatively rare.

37 patients with CBT have been seen at Vanderbilt over 
the last 10 years,
20 were part of the kindreds with inherited 
paragangliomas; 
of these 17 presented with or subsequently developed 
other paragangliomas

Davidovic LB et al.
World Journal of Surgical Oncology 2005, 3:10 
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Arteria

Dysfunction in Baroreflex Failure
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Signals in Neuro-Cardiovascular 
Research
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Measures of Baroreflex Function
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Direct Recording of Muscle 
Sympathetic Nerve Activity

• Sympathetic activity measured from neurons innervating a vascular bed 
supplying skeletal muscle is termed Muscle Sympathetic Nerve Activity 
(MSNA).

• Most MSNA is multiunit – activity from several sympathetic axons is 
recorded simultaneously.
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Rectification and Thresholding

Raw MSNA

Bandpass Filter 0.7-2kHz

Filtered MSNA

Discriminated MSNA

R-C Integrator 0.1 sec

Integrated MSNA

Integrated Processing Method For 
Human Sympathetic Nerve Activity
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Sympathetic Activity during Valsalva 
Maneuver

Intrathoracic Pressure

Stroke Volume

BP

Sympathetic Nerve Activity

High Intrathoracic Pressure

Venous Return

BP

Sympathetic Nerve Activity

Release

Further Drop in BP

High Sympathetic Nerve Activity

BP Overshoot

Abolished Sympathetic Nerve Activity

PHASE I

PHASE II

PHASE 
III

PHASE 
IV

I II III IV

15 sec

II IVI

Pressure

Respiration

Blood Pressure

Heart Rate

MSNA

IMSNA



Valsava Response in Autonomic 
Dysfunction
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Arteria

Dysfunction in Baroreflex Failure
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Paradoxical Bradycardiaand Sympathetic 
Withdraw during ValsalvaManeuver
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Volatile Blood Pressure in Baroreflex 
Failure

MSNA

FBP

HR

Diedrich et al 2008
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Respiratory Sinus Arhythmia
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Respiratory sinus arrhythmia is characterized by: 
• an increase of heart rate (shortening of RRI) during inspiration, and
• a decrease of heart rate (prolongation of RRI) during expiration



HRV and Cardiovascular Control 

How do we quantify the visible differences 
in Heart Rate Variability?

Heart Rate



Classification of Heart Rate Variability 
Measures

• Time domain measures

Treat the RR interval sequence as an unordered set of intervals
(or pairs of intervals) and employ different techniques to express
the variance or ranges of such data.

Statistical Methods (SD, RMSSD, PNN50)
Geometric Methods 

Probability

Amplitude

Joseph E. Mietus; Source HRV Course 2006
Task Force. Circulation 1996;93:1043-1065

Goldberger et al. PNAS 2002 99 Suppl. 1: 2466-2472.



Classification of Heart Rate Variability 
Measures

• Time domain measures

Treat the RR interval sequence as an unordered set of intervals
(or pairs of intervals) and employ different techniques to express
the variance or ranges of such data
Statistical Methods (SD, RMSSD, PNN50), Geometric Methods 

• Frequency domain measures

Power spectral density analysis provides information on how the
power (variance) of the time dependent ordered RR intervals 
distributes as a function of frequency.

FFT based Power Spectral Density
Lomb Periodogram
ARMA Model based (parametric)
Wavelet based spectral analysis 

Joseph E. Mietus; Source HRV Course 2006
Task Force. Circulation 1996;93:1043-1065

Goldberger et al. PNAS 2002 99 Suppl. 1: 2466-2472.
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Classification of Heart Rate Variability 
Measures

• Time domain measures

Treat the RR interval sequence as an unordered set of intervals
(or pairs of intervals) and employ different techniques to express
the variance or ranges of such data
Statistical Methods (SD, RMSSD, PNN50), Geometric Methods 

• Frequency domain measures

Power spectral density analysis provides information on how the
power (variance) of the time dependent ordered RR intervals distributes 
as a function of frequency.
FFT based Power Spectral Density, Lomb Periodogram, ARMA Model based 
(parametric), Wavelet based spectral analysis 

• Nonlinear measures

Complexity analysis also based on the time dependent ordering 
of the RR interval sequence

Point Caré Plot
Power Law Slope (1/f noise)
Detrended Fluctuation Analysis (FDA),
Lyapunov Exponents for stability
Fractal Dimension
Aproximate Entropy (ApEn)
Symbolic Analysis

 

Frequency

PSD

Probability

Amplitude

Joseph E. Mietus; Source HRV Course 2006
Task Force. Circulation 1996;93:1043-1065

Goldberger et al. PNAS 2002 99 Suppl. 1: 2466-2472.



Heart Rate Variability Measures
• Time Domain Measures

Statistical Methods (SD, RMSSD, PNN50)
Geometric Methods

 

• Frequency Domain Measures

FFT based Power Spectral Density
Lomb Periodogram
ARMA Model based (parametric)
Wavelet based spectral analysis

• Nonlinear/Complexity Measures

Point Caré Plot
Power Law Slope (1/f noise)
Detrended Fluctuation Analysis (FDA),
Lyapunov Exponents for stability
Fractal Dimension
Aproximate Entropy (ApEn)
Symbolic Analysis

Joseph E. Mietus; Source HRV Course 2006

Task Force. Circulation 1996;93:1043-
1065
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Goldberger et al. PNAS 2002 99 Suppl. 1: 24662472.



Processing ECG for HRV Analysis
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Summary Spectral Analysis

• Power Spectral Density Function (PSD) 
displays the distribution of power (squared 
amplitude) of oscillations in dependency of 
their frequency 
(unit of spectra: ms2/Hz) 
 

• Power is the Area of PSD over a definite 
frequency range (unit of calculated power: ms2)

• Total Power calculated from PSD is equal 
Variance calculated in time domain
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Mean RRI CardiovascularTrends RSA

What Contributes to Heart Rate Variability?
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HRV and Orthostatic Stress
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Cardiac Autonomic Blockade

Pomeranz B. et al. Am J Physiol 1985 248 (1 Pt 2):H151-3
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Summary Cardiac Autonomic 
Blockade

• Parasympathetic (muscarinic) receptor 
blockade with atropine reduces LF and 
HF spectral power of heart rate.

• Sympathetic (ß1-adrenergic receptor) 
blockade with propanolol causes an 
decrease in LF spectral power of heart 
rate if sympathetic system is activated.

• Sympathetic ß1-adrenergic receptor 
blockade does not affect HF spectral 
power of heart rate.

Atropine

LF HF

Propanolol

LF



HRV and Normalized Units

S. Mukai and J. Hayano 
J Appl Physiol, Jan 1995; 78: 212 - 216. Circulation, 1994, 90:1826-1831

N. Montano, T. G. Ruscone, A.  Porta; F. Lombardi; M. Pagani, A. Malliani

LF absolute HF absolute

LF normalized HF normalized

nLF = LF/(Total Power – VLF) nHF = HF/(Total Power – VLF)



Ganglionic Blockade 
using Trimethaphan Camsylate (Afronad®)

 
Trimethaphan

NN-Nicotinic Antagonist

Blockade 
of 

nicotinic receptors 
in autonomic ganglia

Reduction
of

sympathetic &
parasympathethic

tone

ACh

N
N

NE
http://pharma1.med.osaka-u.ac.jp/textbook/Ganglion/Ganglion.html

0 2 4 6 81

0

5

10

15

20

PAF

MSA

HTN
NORM

Trimethaphan (mg/min)

B
R

S
(m

se
c/

m
m

H
g

)



Effects of Ganglionic Blockade on HRV
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Ganglionic blockade abolish LF &  HFRRI

Diedrich A. et al. Circulation 2002, 106, 2238-2243



Blockade and Normalized Units of HRV
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Summary Ganglionic Blockade

• Ganglionic Blockade reduces absolute 
values of LF and HF of Heart Rate 
Variability which indicated that thesed 
parameters reflect neural control.

• The use of normalized values of HRV do 
not reflect the reduced vagal control to the 
heart during blockade.



Summary Heart Rate Variability
• Heart Rate Variability is mostly neural 

mediated.

• Activation of the sympathetic nervous 
system are reflected in changes in LF

• Cardiac autonomic blockade demonstrated 
that:

HF spectral power of RRI is modulated by 
the vagal nervous system only.

     LF spectral power of RRI is modulated by 
the sympathetic and vagal nervous 
system.

• The use of normalized values does not 
reflect autonomic control to the heart 
always.
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 Autonomic Dysfunction and Baroreflex

 Muscle Sympathetic Activity

 Heart Rate Variability and Sympathetic Activity

 Simplified Model of Blood Pressure Variability

Outline

 Blood Pressure Variability and Sympathetic Activity
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Blood Pressure Variability and 
Sympathetic Activity

1. Direct Assessment:         Raw Sympathetic Activity

Frequency (Hz)
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2. Indirect Assessment:      Blood Pressure Variability



Sympathetic nerve trafficMSNA
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Blood Pressure Variability & Sympathetic 
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Indirect Assessment of Autonomic 
Function
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BPV during Graded Tilt

S. Mukai and J. Hayano J Appl Physiol, Jan 1995; 78: 212 - 216. 

Orthostatic stress increases LFSBP
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Summary BPV and Sympathetic 
Activation

LF of Blood Pressure Variability 
reflects sympathetic activation 

during orthostatic stress 
and lower body negative suction



Hypertension and Blood Pressure 
Variability
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Ganglionic Blockade 
using Trimethaphan Camsylate (Afronad®)
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NN-Nicotinic Antagonist
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Effects of Ganglionic Blockade on LFSBP
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BPV and SBP during Ganglionic Blockade
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Effects of Ganglionic Blockade on HFSBP
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Response to Sinosoidal Neck Suction

Right and left cups  for Neck  Suction from 0 to –50 mmHg.

SINUSOIDAL NECK SUCTION

BLOOD PRESSURE

MSNA

Furlan R, Diedrich A. et al. Circulation 2003; 108; 717-723
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HRV & BPV Response to Neck Suction
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Summary Blood Pressure Variability

• Activation of the sympathetic nervous 
system are reflected in increase of LFBP

• Ganglionic blockade reduces LFBP but it 
does not reduce HFBP 

• Necksuction at high frequency range does 
not modulate HFBP 

HF spectral power of BP is not neural but 
mechanical modulated

     LF spectral power of BP is modulated by the 
sympathetic nervous system.
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Trends

Summary HRV and BPV
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 Autonomic Dysfunction and Baroreflex

 Muscle Sympathetic Activity

 Heart Rate Variability and Sympathetic Activity

 Simplified Model of Blood Pressure Variability

Outline

 Blood Pressure Variability and Sympathetic Activity



Model of Blood Pressure Fluctuations
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Model of Blood Pressure Fluctuations
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Evidence for Neural-Sympathetic 
Influence on BP Fluctuations

Original Time Series Feedback LF
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Evidence for Neural-Sympathetic 
Influence on BP Fluctuations

Original Time Series
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Evidence for Mechanical-Respiratory 
Influence on BP Fluctuations

Original Time Series HF Components
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Group Correlations Values

Feed Forward Feed Forward

Data from eight healthy subjects (age 23-47, 6 males) 
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Model of Blood Pressure Fluctuations
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Improving Model With Past Values

LF Model HF Model
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Baseline Results Using Past Values
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Model Performance During Tilt
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Model Performance During Tilt
Correlation between Measured and Predicted BPV Values
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Measured versus Predicted Power 
during Rest & Tilt
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Good Prediction of LFSBP and HFSBP

Data from eight healthy subjects (age 23-47, 6 males) 
during a graded tilt (15° increments each 5 min until 60°) 



Summary of BP Fluctuation Model
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• MSNA precedes and contributes to most of the 
variability in LFSBP

• HFSBP is mechanical, not autonomic



Summary of BP Fluctuation Model

• A simple two component model using neural 
sympathetic and mechanical respiratory inputs 
can explain the majority of BP fluctuation at 
rest and during orthostatic stress in healthy 
subjects. 

• It is a useful tool to describe neural-
cardiovascular interaction.



ΣLFSpikeRate

Total BP 
Fluctuation

LFBP
HFRESP

LF Model HF Model
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H2HFBP

Limitations

• Simple Open Loop Model
• Does not work for slow breathing
• Might not work in patients with Autonomic Dysfunction
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Closed Loop Model



Closed-Loop Identification of 
Baroreflex System

H1(f)

H2(f)

     BP(f)              SNA(f)
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V(f)

Hx(f)

RB(f)

BP(f) represents Fourier transform of blood pressure.
SNA(f) represents Fourier transform of muscle sympathetic nerve activity.
RB(f) represents Fourier transform of random breathing.
V(f) represents unknown internal noise in BP(f).
U(f) represents unknown internal noise in SNA(f).
H1(f) represents transfer function from BP(f) to SNA(f).
H2(f) represents transfer function from SNA(f) to BP(f).
Hx(f) represents transfer function from exogenous perturbation to BP(f).
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Randomized Pertubation

Yingthawornsuk T, Kawada T, Sato T, Inagaki M, Sunagawa K, Cox J, Shiavi R, Diedrich A
Computers in Cardiology 2002



Power Spectra of Blood Pressure 
and Coherence estimated by 

Randomized Pertubation
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of Central and Peripheral Arc
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y = 1.224x – 0.185 y = 1.535x – 5.924
R = 0.923 R = 0.938 
p < 0.001 p < 0.001 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0.1 0.3 0.5 0.7 0.9

-20

0

20

40

60

80

100

120

140

160

0 20 40 60 80 100 120

P
re

d
ic

te
d

 S
N

A
 (

a
.u

.2 )

Measured SNA (a.u.2) Measured BP (mmHg2)

P
re

d
ic

te
d

 B
P

 (
m

m
H

g
2 )

Measured versus Predicted 

Yingthawornsuk T, Kawada T, Sato T, Inagaki M, Sunagawa K, Cox J, Shiavi R, Diedrich A
Computers in Cardiology 2002



BP NA

H1 (Central Arc)

0.01

0.1

1

10

100

0.001 0.01 0.1 1

Frequency (Hz)

G
ai

n

H2 (Peripheral Arc)

0.01

0.1

1

10

0.001 0.01 0.1 1

Frequency (Hz)

G
ai

n

Patients

Controls



Future Research
BIONIC BAROREFLEX 

TO TREAT ORTHOSTATIC 
HYPOTENSION

André Diedrich* and  David S. Goldstein**

Picture from Science 2002 295:917-1180 & Medtronics

*Autonomic Dysfunction Center, Vanderbilt University, TN, USA

** NINDS Clinical Center, Bethesda, USA



Novel Therapeutic Strategy – Bionic 
Baroreflex

• Sato et al. 1999 proposed a bionic baroreflex device using 
electrical nerve stimulation

Sato et al. 1999



Bionic Baroreflex Device in Rats

Sato et al. 1999



Future Research
Bionic Baroreflex in Humans

• How to control blood pressure 
by epidural spinal stimulation?

http://www.newscientist.com

http://www.newscientist.com/
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