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Background: Physiological interactions are abundant within, and between, body

systems. These interactions may evolve into discrete states during pathophysiological

processes resulting from common mechanisms. An association between arterial

stenosis, identified by low ankle-brachial pressure index (ABPI) and cardiovascular

disease (CVD) as been reported. Whether an association between vascular

calcification—characterized by high ABPI and a different pathophysiology—is similarly

associated with CVD, has not been established. The current study aims to investigate

the association between ABPI, and cardiac rhythm, as an indicator of cardiovascular

health and functionality, utilizing heart rate variability (HRV).

MethodsandResults:Twohundred and thirty six patients underwent ABPI assessment.

Standard time and frequency domain, and non-linear HRV measures were determined

from5-min electrocardiogram. ABPI datawere divided into normal (n = 101), low (n = 67)

and high (n = 66) and compared toHRVmeasures.(DFAα1 andSampEnwere significantly

different between the low ABPI, high ABPI and control groups (p < 0.05).

Conclusion: Apossible coupling between arterial stenosis and vascular calcificationwith

decreased and increased HRV respectively was observed. Our results suggest a model

for interpreting the relationship between vascular pathophysiology and cardiac rhythm.

The cardiovascular system may be viewed as a complex system comprising a number

of interacting subsystems. These cardiac and vascular subsystems/networks may be

coupled and undergo transitions in response to internal or external perturbations. From

a clinical perspective, the significantly increased sample entropy compared to the normal

ABPI group and the decreased and increased complex correlation properties measured

byDFA for the low and high ABPI groups respectively,may be useful indicators that amore

holistic treatment approach in line with this more complex clinical picture is required.

Keywords: network physiology, complex systems, ankle brachial pressure index (ABPI), peripheral vascular

disease (PVD), heart rate variability (HRV), calcification, atherosclerosis
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Introduction

The evolution of complex systems may be characterized by
nonequilibrium phase transitions that lead to a divergence of
structure and function in biological systems (Haken, 1983).
Pathophysiological processes are multifactorial and character-
ized by chaotic dynamics where nonequilibrium phase transi-
tions may lead to new multiple stable states including diabetes,
chronic kidney disease or coronary artery disease, as well as
peripheral vascular disease (Glass, 2001). Physiological or patho-
physiological stable states may also include transient processes
occurring in neuronal, metabolic or vascular function such as
can be observed during the stages of sleep (Bashan et al., 2012).
Peripheral vascular disease (PVD) is characterized by changes
in structural and metabolic function in peripheral arteries and
arterioles, and is generally considered to be a predictor of car-
diovascular disease (CVD) and stroke (Thom et al., 2006). The
ankle-brachial pressure index (ABPI) provides a tool for identifi-
cation of patients at higher risk of adverse cardiovascular events
(Hirsch et al., 2005). ABPI values range from 0.5 to above 1.4 indi-
cating either arterial stenosis or vascular calcification (Jelinek and
Austin, 2006). This divergent pathophysiology hinges on changes
in metabolic processes such as oxidative stress (Loffredo et al.,
2007), where increased reactive oxygen species (ROS) have been
shown to have a causative role in atherosclerosis and vessel nar-
rowing, thus leading to a lower ABPI (Dröge, 2002; Madamanchi
et al., 2005). Different but overlapping metabolic processes are
involved in vessel calcification (Demer and Tintut, 2008; Rogers
and Aikawa, 2014). These subtle differences in metabolic pro-
cesses affecting blood constituents and the vessel walls can lead
to divergent stable states manifesting as arterial stenosis, which
is due to a narrowing of the arterial lumen, or vascular calcifica-
tion, which is characterized by arterial sclerosis. The autonomic
nervous system, which, regulates heart rate and vessel diameter,
is also affected by ROS through central or peripheral mecha-
nisms (Feldman, 2003; Ye et al., 2006). These neural processes
may then be coupled to different pathological stable states such
as arterial stenosis and vascular calcification (Figure 1). Figure 1
explores the effect of pathophysiological changes to a common
metabolic pathway regulating vascular and neural function such
as oxidative stress through increases in reactive oxygen species
(Feldman, 2003). When the physiological systems and metabolic
processes are in equilibrium, the interaction of diverse physiolog-
ical subsystems provide a stable functioning environment includ-
ing interactions between the peripheral vasculature and cardiac
rhythm (Madamanchi et al., 2005). This is depicted in the top
part of the figure. Oxidative stress is a manifestation of a changed
metabolic milieu, which in turn leads to divergent pathophysio-
logical functions as depicted in the lower half of the diagram illus-
trated as arterial stenosis, vessel calcification and arrhythmogenic
propensity. The physiological coupling between vascular and car-
diac function has changed and can be seen in a similar way that a
phase transition leads to new subsystems (Haken, 1983). Arterial
stenosis and vascular calcification can be viewed as two new sub-
systems, which are now differently coupled to cardiac rhythm.
That is arterial stenosis and low ABPI is now associated with a
reduced heart rate variability (HRV) and vessel calcification is

associated with increased HRV. Both increased and decreased
HRV, which may be associated with a decrease or increase in the
time and frequency domain HRV features or indicated by lower
or higher entropy as well as changes in short and long-term cor-
relations between RR intervals measured by DFA. Increased and
decreased HRV have been shown to increase the risk of adverse
cardiac events (Stein et al., 2005).

Individual divergent states are coupled to produce cooperative
states with other physiological systems including the cardiovas-
cular and renal systems. Investigating both the ABPI—a mea-
sure of peripheral vasculature patency and vessel wall stiffness,
and heart rate variability (HRV)—analysis of cardiac rhythm,
(Goernig et al., 2008; Deguchi et al., 2009; Jelinek et al., 2013)
may provide insight into the relationship of vascular networks
and their coupling with the autonomic nervous system.

HRV analysis is a simple, sensitive and non-invasive method
for measuring cardiac rhythm and refers to the beat-to-beat
variation in heart rate. It is the result of complex interactions
between the autonomic nervous system, endocrine influences,
vasomotor and respiratory centers (Kautzner and Camm, 1997;
Chandra et al., 2003). An increase or decrease in HRV typically
provides an indication of compromised cardiovascular health
and increased risk of cardiac morbidity and mortality (Task
Force, 1996; Pumprla et al., 2002).

In clinical practice, peripheral vascular function is most often
determined using the ankle brachial pressure index (ABPI). ABPI
measures the patency of blood vessels in the lower limbs. A lower
ABPI usually indicates arterial stenosis due to the formation of
atheromatous plaques in the vessel walls, whereas an elevated
ABPI indicates arterial sclerosis due to a more pronounced calci-
fication of the vessel wall. Based on the literature, normal values
for ABPI, independent of age and gender, should be above 0.9 and
below 1.3 (Rose, 2000; Brooks et al., 2001; McDermott McGrae
et al., 2003b). Results below this threshold indicate varying levels
of peripheral arterial stenosis. An ABPI over 1.3 indicates vessel
wall calcification. However, consensus on cut-off values for low
or high ABPI associated with pathology has not been reached,
and the normal range of ABPI values used in clinical practice
may range between 0.8 and 1.4 (Hiatt et al., 1995; Moffatt and
O’Hare, 1995; Rose, 2000; Brooks et al., 2001; Vowden and Vow-
den, 2001; McDermott McGrae et al., 2003a; Resnick et al., 2004;
McDermott et al., 2005; Austin et al., 2006; Jelinek and Austin,
2006). The prevalence of low ABPI in clinical practice typically
varies with age and presence of cardiovascular risk factors, rang-
ing from 2 to 29%. Coronary artery disease is present in approxi-
mately half of the individuals presenting with a low ankle brachial
pressure index (ABPI), based on ECG findings (Hirsch et al.,
2006). Conversely, the prevalence of vascular calcification, which
is more commonly associated with increased ABPI values, has
been reported to be between 1.1 and 6.3% depending on age and
the ABPI cut-off value chosen (Wattanakit et al., 2007; Allison
et al., 2008). The pathophysiological relationship between CVD
and high ABPI remains unknown, although many studies have
addressed the correlation between low ABPI and CVD (Cui et al.,
2014; Zhan et al., 2015). This may be in part due to the two differ-
ent, complex dynamic processes associated with the development
of arterial stenosis and vascular calcification.
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FIGURE 1 | Progression and divergence of peripheral vascular disease and HRV.

It is well established that CVD risk increases with decreased
or increased ABPI. In addition, CVD or coronary heart disease
mortality has been shown to be associated with abnormal heart
rate variability (HRV) (Huikuri, 1995; Voss, 2007; Jelinek et al.,
2013; Papaioannou et al., 2013).

Up to now no laboratory has investigated the changes in HRV
associated with both low ABPI (arterial stenosis) and high ABPI
(vascular calcification) and the effect on HRV. How pathologi-
cal changes to the metabolic network lead to different expres-
sions within the vascular networks, and how in turn these are
coupled with the cardiac network, requires further investigation.
Specifically, we address the metabolic/pathophysiological cou-
pling associated with arterial stenosis and vascular calcification
with respect to ABPI and HRV measures in our model.

Methods

Participant Recruitment
Participants were recruited as part of the Charles Sturt University
Allied Health Clinic diabetes complications screening program
(DiScRi). The study was approved by the local ethics committee.
No exclusion criteria were applied, with the exception of exclud-
ing records where the time series containedmore than 5% ectopic
beats.

Procedures and Instrumentation
Participants were rested for a minimum of 5min, in a supine
position on an examination plinth before measuring ABPI
and recording heart rate. Examination rooms were all of a
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comfortable temperature with minimal noise during the mea-
surements. Using a pressure cuff, sphygmomanometer and a
Doppler ultrasound unit (Hadeco ES-1000 SPII, Hayashi Denki
Co., Tokyo Japan) with an 8 MHz probe, systolic blood pressure
(SBP)measurements were obtained from each brachial artery and
each posterior tibial artery. The ABPI was calculated by dividing
the ankle blood pressure readings by the brachial blood pressure
readings to provide a normalized ratio. Mean ABPI scores for
each participant were calculated using the left and right foot ABPI
results (Brooks et al., 2001).

ECG recordings were made under standardized conditions
between 10 a.m. and 3 p.m. using a Powerlab recording system
(ADInstruments) and Chart™ software package (version 6). The
sampling frequency was set at 1000Hz, as recommended in the
literature (Task Force, 1996), and a 45Hz low-pass filter was used
to eliminate high frequency noise. Three disposable snap ECG
electrodes were placed onto the participant’s left hip bone, left
and right collar bones for a Lead II recoding configuration, as
this provided the best indication of the R peaks within the ECG.
All ECG signals went through a detailed manual editing process.
HRV analyses were performed on the 5-min ECG time series
using Kubios HRV analysis software (Tarvainen et al., 2014b).

Time domain analyses quantify the amount of variability in
heart rate time series derived from ECG recordings (Chandra
et al., 2003). The standard deviation of normal interbeat inter-
vals (SDNN), percentage of successive interbeat intervals dif-
fering more than 50ms (pNN50), the root mean square of the
standard deviation (RMSSD), and Poincaré Plot analysis, were
chosen as the time-domain indices. Frequency domain analysis
quantifies the underlying rhythms in an ECG signal. It parti-
tions the total variance of the heart rate into variance accounted
for by the underlying groups of frequencies: low frequency (LF
power: 0.04–0.15), which is representative of parasympathetic
and sympathetic influence, and high frequency (HF power: 0.15–
0.4Hz), representing parasympathetic influence. Total power as
well as the LF/HF ratio were also determined (Lombardi et al.,
1996). LFnu and HFnu are the LF power and HF power nor-
malized by total power (Task Force, 1996). The nonlinear mea-
sures included detrended fluctuation analysis (DFA), correlation
dimension (D2), and sample entropy (SampEn). Detrended fluc-
tuations analysis (DFA) quantifies the presence or absence of
complex correlation properties of the R–R intervals (Mäkikallio
et al., 2002). DFA α is the gradient of a spectrum of data and
can be divided into DFA α1, which is an index for short-term
(4–11 beats) correlations and DFA α2, which is an index for
longer (12–64 beats) correlations in an R-R interval time series
and outlined in detail at www.physionet.org (Peng et al., 1995).

Sample entropy (SampEn) quantifies the regularity and com-
plexity of time series data such as heart rate (Richman andMoor-
man, 2000). Large values of SampEn indicate high irregularity,
while smaller values of SampEn suggest a more regular signal.
Sample entropy (m, r, N) is an extension of the ApEn approach
developed by Grassberger and others (Grassberger, 1988) and is
defined similarly to ApEn. SampEn differs to ApEn in that in
SampEn self-comparisons of embedding vectors (RR sequences
of m = 2 or m = 3 beats) are excluded, whereas in ApEn every
embedding vector is compared also with itself. Second, SampEn

takes the logarithm of the sum of the probabilities rather than
the log of each probability. Third, SampEn is more robust for
smaller data sets (Richman and Moorman, 2000; Yentes et al.,
2013).

Statistics

A Kruskal-Wallis test followed by a post hoc Mann-Whitney
U-test were applied to the data following a test for homogeneity
(kurtosis > 2). Chi-square analysis was performed to determine
group differences for medication use. All data were analyzed
using SPSS Version 22 (IBM Pty). Statistical significance was
identified using p < 0.05.

Results

ABPI, HRV and demographic data, as well as additional clinical
data, was collected for 234 patients attending the diabetes com-
plications screening clinic at Charles Sturt University in Albury,
Australia. Using the ABPI range, the cut-off values for the lowest
and highest tertile were determined to be <1.07 and >1.23 and
were used to divide the participants into normal (n = 101), low
(n = 67) and high (n = 66) ABPI groups. Group demographics
are shown in Table 1.

There were no statistical significant differences between gen-
ders in any of the three groups. The group with lower ABPI were
slightly older, with a mean age of 63 years. However this differ-
ence was not significant. The low ABPI group also had a longer
history of DM, with an average duration of 4.5 years, and longer
duration of hypertension (p < 0.05). However the normal ABPI
group had the highest percentage of individuals with diabetes
type 2. Differences for systolic blood pressure (SBP) and ABPI
were significant between the three groups (p < 0.05).

TABLE 1 | Physiological differences in the cohort between those with

normal, low and high ABPI.

Normal ABPI Low ABPI High ABPI

n = 101 n = 67 n = 66

Gender (F/M) 57/44 39/28 33/33

Age (years) 61.4± 13.3 63± 12 59±11

Diabetes Type 2 (years) 4.7± 8 4.5± 6 2.26±5%

Diabetes Type 2 (%) 18.2 13.1 8.9

CVD (years) 0.6± 2.8 1.5± 4 0.4±2

HT (years) 3.4± 8.9 8.1± 12 3.2±8∗#

WC (cm) 93.53.4± 15.5 100.1± 18.4 96.1±12.7

BMI 28.7± 6.1 29.7± 6.6 28.3±5.5

SBP (mmHg) 133.8± 17.4 139.8± 18.6# 124.5±14∗%

DBP (mmHg) 79.6± 8.6 80± 10.1 76±9∗%

Average ABPI 1.16± 0.05 0.96± 0.1# 1.31±0.05∗%

∗p < 0.05 significant for low vs. high ABPI.
#p < 0.05 normal vs. low ABPI.
%p< 0.05 normal vs. high ABPI; CVD, cardiovascular disease reported; HT, hypertension

reported; WC,waist circumference; BMI, body-mass-index; SBP, systolic blood pressure;

DBP, diastolic blood pressure; ABPI, ankle-brachial-pressure-index. (Values in mean ±

standard deviation).
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TABLE 2 | Differences in measured blood chemistry between those with

normal, low and high ABPI.

Normal ABPI Low ABPI High ABPI

n = 101 n = 67 n = 66

BGL (mmol/L) 6.81±2.9 6.2± 1.9 6.1±2.9

HbA1c (%) 6.5±1.1 6.7± 1.2 6.1±0.8∗%

TC (mmol/L) 5.02±1 4.89± 1.05 5.1±1.4

Trigs (mmol/L) 1.41±0.9 1.46± 0.9 1.2±0.7

HDL (mmol/L) 1.49±0.5 1.51± 0.5 1.53±0.5

LDL (mmol/L) 2.89±0.9 2.7± 1 3±1.2

TC/HDL 3.6±1 3.5± 1.1 3.6±1.3

∗p < 0.05 is significant for low vs. high ABPI.
#p < 0.05 normal vs. low ABPI.
%p< 0.05 normal vs. high ABPI; BGL, blood glucose level; HbA1c, glycated hemoglobin;

TC, total cholesterol; Trigs, triglycerides; HDL, high density lipoprotein; LDL, low density

lipoprotein; TC/HDL, total cholesterol: high density lipoprotein ratio. (Values in mean ±

standard deviation).

Traditional biomarker results are presented in Table 2. These
indicate that only HbA1c was significantly higher in the low
ABPI group (Table 2). Cholesterol markers were within normal
limits but screening blood glucose levels were slightly elevated in
all three groups but not significantly different.

HRV results were divided into time domain, frequency
domain and non-linear parameters. The linear measures of
LF/HF ratio and LFnu were significantly decreased in the low
ABPI compared to the normal ABPI group. Normalized units of
low frequency power (LFnu) was lower in both the low ABPI
group as compared to the normal ABPI group, indicating a
possible reduced sympathovagal balance affecting the low ABPI
group more than the high ABPI group. Only the non-linear
parameters provided significant differences between the low and
high ABPI groups, as shown in Table 3 and Figure 2.

DFAα1 was significantly lower in the low ABPI group com-
pared to normal and high ABPI group. SampEn results were sig-
nificantly higher in the high ABPI as compared to the normal
group (Figure 3).

This result is also reflected in the low frequency to high fre-
quency ratio, which is lowest in the low ABPI group. However,
both LFnu and the LF/HF ratios were not significantly different
between the low and high ABPI group. None of the linear HRV
measures indicated a significant difference between the normal
and high ABPI group.

Figure 3 emphasizes that only the nonlinear parameters were
significantly different between the normal and high ABPI group
as well as between the low and high ABPI group.

Discussion

Network physiology provides a model for investigating com-
plex dynamic processes and interactions between physiologi-
cal systems that may lead to transitions and new steady states,
and enables a clearer understanding of pathophysiology. Self-
organizing systems emerging through phase transitions far from
equilibrium, have been discussed for various biological systems
(Horsthemke and Lefever, 1984; Erdi and Barna, 1985).

TABLE 3 | Differences in measured HRV between those with normal, low

and high ABPI.

Normal ABPI Low ABPI High ABPI

SDNN (ms) 40.7± 19 42.9±18.5 39.6± 16.6

RMSSD (ms) 28.1± 26.8 31.5±25.3 28.4± 19.2

pNN(50) (ms) 11.8± 18.3 9.9±13.7 10.4± 19.1

LF (ms2) 432.9± 573.8 432±519.5 430.5± 454.7

HF (ms2) 385.4± 819.2 419±630.7 413.6± 673.3

LFnu 57.4± 18 50.9±17.3# 53.6± 19.3

HFnu 41.5± 45.1 43±16.3 41.7± 18.4

LF/HF 2.3± 2.2 1.6±1.7# 2.1± 2.4

SD1 28.8± 25.7 28.7±24.6 22.4± 21.4

SD2 56.7± 4.42 54.2±21.1 49.6± 25.7

DFAα1 1.03± 0.3 0.91±0.28# 1.02± 0.3∗

SampEn 1.3± 0.3 1.72±0.6 1.52± 0.3∗%

∗p < 0.05 is significant for low vs. high ABPI.
#p <0.05 normal vs. low ABPI.
%p < 0.05 normal vs. high ABPI; LF, low frequency power; HF, high frequency power;

LFnu, low frequency normalized units; HFnu, high frequency normalized units; LF/HF,

ratio of low frequency to high frequency power; DFAα1, short-term scaling for detrended

fluctuation analysis; SampEn, sample entropy. (Values in mean ± standard deviation).

Complex pathological metabolic processes are a natural input
that drive activity-dependent, self-organizing dynamic networks,
such as the peripheral vascular system and cardiovascular system,
toward transitions which lead to new, stable albeit pathological
forms.

The current work investigated the relationship between car-
diac autonomic neuropathy and PVD, in a clinical population
attending a diabetes complications clinic. Previous studies have
indicated a relationship between CVD and PVD, where PVD was
defined by a low ABPI (typically <0.9) (Rose, 2000; Brooks et al.,
2001; McDermott McGrae et al., 2003b). However, investigations
into the relationship between high ABPI and CVD, and whether
there is a different mechanism involved in the coupling between
arterial stenosis and CVD vs. vascular calcification and CVD,
have not been reported.

Peripheral vascular disease and ABPI are correlated with HRV
in people with cardiovascular disease, where HRV and ABPI val-
ues are both reduced (Goernig et al., 2008; Ahn and Kong, 2011).
Increased HRV, however, has also been suggested to be associated
with cardiovascular pathophysiology and this association was
further investigated in the current research. The current results
show that DFAα1 was decreased in the low ABPI group, as com-
pared to the normal ABPI group, indicting a loss of complexity
in HRV associated with arterial stenosis. The loss of complexity
is possibly associated with an overall change in sympathovagal
balance and the significant decrease observed in LFnu power.
DFAα1, although shown as being significantly different between
low and high ABPI, is similar to the DFAα1 values shown for
the normal ABPI group. Thus the pathophysiology of vascular
calcification in our group may not directly affect HRV complex-
ity. Entropy or disorder, however was significantly increased in
the high ABPI compared to normal ABBPI group when mea-
sured as SampEn. Both reduced or increased HRV may thus be
pathological and indicate different PVD pathology (Stein et al.,
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FIGURE 2 | Nonlinear HRV for normal, low and high APBI centile groups.

FIGURE 3 | Time and frequency domain HRV results comparing normal, low and high APBI groups.

2005) associated with arterial stenosis and vascular calcification.
The extreme but nonsignificant high value of SampEn seen for
the low ABPI compared to the normal ABPI group (Table 3) may
be due to the current data distribution or HRV results associated
with short-term recordings. However the high SampEn may
indeed reflect an increased disorder or a difference in regularity
of the two data sets (Mayer et al., 2014) and is in line with the
decreased complexity and decreased LFnu observed in the low
ABPI group. In a previous study of ours we report significant
decreased linear HRV being associated with cardiac autonomic

neuropathy and associated with a significant increase in nonlin-
ear HRV measures (Tarvainen et al., 2014a). Nonlinear measures
of heart rate variability have been shown to be more sensitive
in describing the fractal-like, nonlinearity characteristics of the
cardiovascular system (Voss et al., 2009). The current results
extend the finding that reduced and elevated ABPI correlate with
significant changes in autonomic nervous system modulation
of the heart (Vowden and Vowden, 2001; Rabkin et al., 2012).
A correlation between ABPI and nonlinear HRV measures
has also been shown (Jelinek et al., 2013). The current study
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reports a significant difference in nonlinear DFAα1, and SampEn
parameters between the low and high ABPI group. Our current
findings demonstrate that the relationship between heart rate
variability, as an indicator of cardiac rhythm, and ABPI depends
on whether PVD is defined as arterial stenosis (low ABPI) or
vascular calcification (high ABPI). Additionally, our results show
that HRV is significantly different between the arterial stenosis
group and the vascular calcification group. This finding suggests
that the pathophysiological state of the peripheral vascular and
cardiac networks is driven by complex interactions including
metabolic processes such as oxidative stress and inflammation.
This pathological oxidative stress and/or inflammatory response,
leading to either arterial stenosis or vascular calcification also
leads to different transitions observed in the heart rate modulated
by the ANS. In our data, the development of arterial stenosis and
a decreased ABPI, or vascular calcification and elevated ABPI
values indicates a possible coupling of the heart rhythm with the
state of the peripheral vasculature.

The cut-off value for ABPI, indicating the presence of arterial
stenosis, typically range from 0.8 to 1.1 (Hiatt et al., 1995; Moffatt
and O’Hare, 1995; Rose, 2000; Brooks et al., 2001; Vowden and
Vowden, 2001; McDermott McGrae et al., 2003b). An ABPI of
less than 0.90 has been reported to be 95% sensitive and between
50 and 99% specific for angiographic significant arterial stenosis
(Applegate, 1993; Olin, 1998). Calcification, however, has been
shown to be associated with an ABPI greater than 1.2, although
some authors have suggested 1.3 or 1.4 as a cut-off threshold
(Jelinek and Austin, 2006; Jelinek et al., 2013; Nashar and Egan,
2014). Both arterial stenosis and non-compressible vascular dis-
ease have been previously reported to be associated with higher
CVD risk (Di Carli et al., 1999; Lise et al., 2006; Belch et al., 2008;
Pop-Busui et al., 2010; Mels et al., 2014).

The clinical use of HRV and ABPI as quantitative measures
assumes not only that these tests assessing diabetic neuropathy
and hemodynamic function respectively, are correlated, but also
that the pathophysiology has either certain common or disparate
features. The autonomic nervous system modulates heart rate
and also vessel patency. Hence autonomic neuropathy affects the
regulation of both blood flow and heart rhythm (Thomas, 2011).
Additionally, pathophysiological processes including inflamma-
tion and oxidative stress, which affect the autonomic nervous
system and endothelial cell function, play a role in disease pro-
gression and presentation (Al-Aubaidy and Jelinek, 2014; Laiti-
nen et al., 2014). We investigated whether HRV was significantly
different when ABPI was reduced or elevated outside the nor-
mal range. Our findings indicate that the interaction between
cardiac autonomic neuropathy and vascular dysfunction is multi-
factorial and differs depending on the pathophysiology associated
with PVD.

Network physiology provides a model for understanding
complex, nonlinear dynamics associated with the development
of discrete vascular and cardiac pathologies as self-organizing
networks, which are linked by various functional coupling and
feedback interactions through metabolic and neural networks
(Bashan et al., 2012). Here we propose that possible pathological
changes reported previously manifest as changes in the redox
balance of the network. The change in the redox milieu can lead
to perturbations in the neural and vessel subsystems/networks

and to transitions in function as new steady-state topologies of
the networks. Here we describe the transition from a balanced
multicomponent network (vascular and cardiac) within a
complex metabolic domain to new alternative topologies of these
networks. Hence arterial stenosis (low ABPI) and vascular cal-
cification (high ABPI) and become associated with low and high
HRV respectively. Low and high HRV values indicate pathology
and an increased risk of adverse cardiac events (Stein et al.,
2005). Our current findings however indicate that linear and
nonlinear HRV measures are sensitive to different characteristics
of the RR time series. The possible coupling observed for the
vascular and cardiac multistable states may be due to changes in
the functional coupling and bidirectional feedback mechanisms
associated with the vascular and cardiac networks (Bartsch et al.,
2012; Kelso, 2012).

The emphasis of this paper is to describe a novel interaction
between subnetworks that manifest as different clinical patholo-
gies and to propose a model based on network physiology, which
describes the transitions in these networks. Future work will ana-
lyze continuous data from normal, low and high ABPI individ-
uals utilizing Doppler ultrasound technology and will investi-
gate the coupling with HRV, determined from ECG recordings
of 30–120min duration, in order to enhance our understanding
of the coupling mechanisms.

Conclusion

Presence of CVD risk based on HRV showed an association with
nonlinear HRV measures, which differentiated between the low
and high ABPI group. This suggests that a link between both
arterial stenosis or vascular calcification, and heart disease, does
indeed exist. These findings may be described by a network phys-
iology model that is based on phase transitions occurring due to
system perturbations, coupling strengths and feedback mecha-
nisms that drive dynamic processes to new and different steady
states. In addition to shedding light on the complex etiology
of PVD through a network physiology framework, the results
obtained in this study can be used toward establishing more sen-
sitive diagnostic assessment measures as related to cardiovascular
health and functionality.

Author Contributions

HJ conceived and designed the study and obtained the data with
HA, DC, and MT did the analysis of the HRV, HA, HJ, KK, and
CR analyzed demographic and clinical variables. Interpretation
of data and drafting the work as well as revising it critically for
important intellectual content was undertaken by all authors. All
authors approved of the final version to be published and agreed
to be accountable for all aspects of the work in ensuring that
questions related to the accuracy or integrity of any part of the
work are appropriately investigated and resolved.

Acknowledgments

The authors wish to acknowledge the technical assistance pro-
vided by Bev deJong and also Roche Australia Pty. Ltd for
providing blood glucose testing equipment and test strips.

Frontiers in Physiology | www.frontiersin.org 7 March 2015 | Volume 6 | Article 101

http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive


Khalaf et al. HRV and PVD interactions

References

Ahn, J. H., and Kong, M. (2011). The relationship among pulse wave velocity,

ankle-brachial pressure index and heart rate variability in adult males. Korean

J. Fam. Med. 32, 406–411. doi: 10.4082/kjfm.2011.32.7.406

Al-Aubaidy, H. A., and Jelinek, H. F. (2014). Oxidative stress and triglycerides as

predictors of subclinical atherosclerosis in prediabetes. Redox Rep. 19, 87–91.

doi: 10.1179/1351000213y.0000000080

Allison, M. A., Hiatt, W. R., Hirsch, A. T., Coll, J. R., and Criqui, M. H. (2008).

A high ankle-brachial index is associated with increased cardiovascular disease

morbidity and lower quality of life. J. Am. Coll. Cardiol. 51, 1292–1298. doi:

10.1016/j.jacc.2007.11.064

Applegate, W. B. (1993). Ankle/arm blood pressure index. JAMA 270, 497–498.

Austin, M., Jelinek, H. F., and Cole, K. (2006). Age and gender effect in ankle-

brachial-index assessment. Diab. Foot. 9, 93–98.

Bartsch, R. P., Schumann, A. Y., Kantelhardt, J. W., Penzel, T., and Ivanov, P.

(2012). Phase transitions in physiologic coupling. Proc. Natl. Acad. Sci. U.S.A.

109, 10181–10186. doi: 10.1073/pnas.1204568109

Bashan, A., Bartsch, R. P., Kantelhardt, J. W., Havlin, S., and Ivanov, P. (2012). Net-

work physiology reveals relations between network topology and physiological

function. Nat. Commun. 3, 702. doi: 10.1038/ncomms1705

Belch, J., Maccuish, A., Campbell, I., Cobbe, S., Taylor, R., Prescott, R., et al. (2008).

The prevention of progression of arterial disease and diabetes (POPADAD)

trial: factorial randomised placebo controlled trial of aspirin and antioxidants

in patients with diabetes and asymptomatic peripheral arterial disease. BMJ

337:a1840. doi: 10.1136/bmj.a1840

Brooks, B., Dean, R., Patel, S., Wu, B., Molyneaux, L., and Yue, D. K. (2001). TBI

or not TBI that is the question. Is it better to measure toe pressure than ankle

pressure in diabetic patients? Diabet. Med. 18, 528–532. doi: 10.1046/j.1464-

5491.2001.00493.x

Chandra, T., Yeates, D. B., and Wong, L. B. (2003). Heart rate variability analysis -

current and future trends. Business Briefing Global Health Care 3, 1–5.

Cui, R., Yamagishi, K., Imano, H., Ohira, T., Tanigawa, T., Hitsumoto, S., et al.

(2014). Relationship between the Ankle-Brachial Index and the Risk of Coro-

nary Heart Disease and Stroke: the circulatory risk in communities study.

J. Atheroscler. Thromb. 21, 1283–1289.

Deguchi, T., Hashiguchi, T., Horinouchi, S., Uto, T., Oku, H., Kimura, K., et al.

(2009). Serum VEGF increases in diabetic polyneuropathy, particularly in

the neurologically active symptomatic stage. Diabet. Med. 26, 247–252. doi:

10.1111/j.1464-5491.2009.02680.x

Demer, L. L., and Tintut, Y. (2008). Vascular calcification: pathobiology of a

Multifaceted Disease. Circulation 117, 2938–2948. doi: 10.1161/circulation-

aha.107.743161

Di Carli, M. F., Bianco-Bartles, D., Landa, M. E., Kazmers, A., Groehn, H., Muzik,

O., et al. (1999). Effects of autonomic neuropathy on coronary blood flow in

patients with diabetes mellitus. Circulation 100, 813–819.

Dröge, W. (2002). Free radicals in the physiological control of cell function.

Physiol. Rev. 82, 47–95. doi: 10.1152/physrev.00018.2001.

Erdi, P., and Barna, G. (1985). Self-organization of neural networks: noise-induced

transition. Phys. Lett. A 107, 287–290.

Feldman, E. L. (2003). Oxidative stress and diabetic neuropathy: a new understand-

ing of an old problem. J. Clin. Invest. 111, 431–433. doi: 10.1172/JCI200317863

Glass, L. (2001). Synchronization and rhythmic processes in physiology. Nature

410, 277–284. doi: 10.1038/35065745

Goernig, M., Schroeder, R., Roth, T., Truebner, S., Palutke, I., Figulla, H. R., et al.

(2008). Peripheral arterial disease alters heart rate variability in cardiovascu-

larpatients. PACE 31, 858–862. doi: 10.1111/j.1540-8159.2008.01100.x

Grassberger, P. (1988). Finite sample corrections to entropy and dimension esti-

mates. Phys. Lett. A. 128, 369–373.

Haken, H. (1983). Synergystics: An Introduction.Heidelberg: Springer Verlag.

Hiatt, W. R., Hoag, S., and Hamman, R. F. (1995). Effect of diagnostic criteria on

the prevalence of peripheral arterial disease: the san luis valley diabetes study.

Circulation 91, 1472–1479.

Hirsch, A. T., Haskal, Z. J., and Hertzer, N. R. (2005). ACC/AHA Guidelines for

the Management of Patients With Peripheral Arterial Disease (Lower Extrem-

ity, Renal, Mesenteric, and Abdominal Aortic): A Collaborative Report from

the American Association for Vascular Surgery/Society for Vascular Surgery,*

Society for Cardiovascular Angiography and Interventions, Society for Vascular

Medicine and Biology, Society of Interventional Radiology, and the ACC/AHA

Task Force on Practice Guidelines (Writing Committee to Develop Guidelines

for the Management of Patients With Peripheral Arterial Disease) (Washington,

DC). ACC/AHA [Accessed 20.01.2015].

Hirsch, A. T., Haskal, Z. J., Hertzer, N. R., Bakal, C. W., Creager, M. A., Halperin, J.

L., et al. (2006). ACC/AHA 2005 Guidelines for the Management of Patients

With Peripheral Arterial Disease (Lower Extremity, Renal, Mesenteric, and

Abdominal Aortic): A Collaborative Report from the American Association

for Vascular Surgery/Society for Vascular Surgery, Society for Cardiovascular

Angiography and Interventions, Society for Vascular Medicine and Biology,

Society of Interventional Radiology, and the ACC/AHA Task Force on Practice

Guidelines (Writing Committee to Develop Guidelines for the Management of

Patients With Peripheral Arterial Disease). J. Am. Coll. Cardiol. 47, e1–e192.

doi: 10.1016/j.jacc.2005.10.009

Horsthemke, W., and Lefever, R. (1984). Noise-Induced Transition. Theory and

Applications in Physics, Chemistry and Biology. Berlin: Springer Verlag.

Huikuri, H. V. (1995). Heart rate variability in coronary artery disease. J. Intern.

Med. 237, 349–357.

Jelinek, H. F., Al-Aubaidy, H., Khalaf, K., and Khandoker, A. H. (2013). “Associa-

tion of ankle brachial pressure index with heart rate variability,” in Computing

in Cardiology, ed A. Murray (Zaragoza: IEEE Press).

Jelinek, H. F., and Austin, M. (2006). The ankle-brachial index in clinical decision

making. The Foot 16, 153–157.

Kautzner, J., and Camm, J. (1997). Electrophysiology, pacing and arrhythmia. Clin.

Cardiol. 20, 162–168.

Kelso, J. A. (2012). Multistability and metastability: understanding dynamic coori-

nation in the brain. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 367, 906–918. doi:

10.1098/rstb.2011.0351

Laitinen, T., Lipponen, J. A., Cornforth, D. J., and Jelinek, H. F. (2014). Car-

diac autonomic dysfunction in type 2 diabetes – effect of hyperglycemia

and disease duration. Front. Endocrinol. 5, 1–9. doi: 10.3389/fendo.2014.

00130

Lise, M., Stevens, M. A., Writer, M. A., and Lymn, C. (2006). Peripheral arterial

disease. JAMA 295:584. doi: 10.1001/jama.295.5.584

Loffredo, L., Marcoccia, A., Pignatelli, P., Andreozzi, P., Borgia, M. C., Cangemi,

R., et al. (2007). Oxidative-stress-mediated arterial dysfunction in patients

with peripheral arterial disease. Eur. Heart J. 28, 608–612. doi: 10.1093/eur-

heartj/ehl533

Lombardi, F., Sandrone, G., Mortara, A., Torzillo, D., La Rovere, M. T., Signorini,

M. G., et al. (1996). Linear and nonlinear dynamics of heart rate variability after

acute myocardial infarction with normal and reduced left ventricular ejection

fraction. Am. J. Cardiol. 77, 1283–1288.

Madamanchi, N. R., Vendrov, A., and Runge, M. S. (2005). Oxidative stress

and vascular disease. Arterioscler. Thromb. Vasc. Biol. 25, 29–38. doi:

10.1161/01.atv.0000150649.39934.13

Mäkikallio, T. H., Tapanainen, J. M., Tulppo, M. P., and Huikuri, H. V.

(2002). Clinical applicability of HRV variability analysis by methods based

on nonlinear dynamics. Cardiac. Electrophysiol. Rev. 6, 250–255. doi:

10.1023/A:1016381025759

Mayer, C., Bachler, M., Hortenhuber, M., Stocker, C., Holzinger, A., and

Wassertheurer, S. (2014). Selection of entropy-measure parameters for knowl-

edge discovery in heart rate variability data. BMC Bioinformatics 15:S2. doi:

10.1186/1471-2105-15-S6-S2

McDermott, M. M., Liu, K., Criqui, M. H., Ruth, K., Goff, D., Saad, M. F.,

et al. (2005). Ankle-brachial index and subclinical cardiac and carotid disease:

the multi-ethnic study of atherosclerosis. Am. J. Epidemiol. 162, 33–41. doi:

10.1093/aje/kwi167

McDermott McGrae, M., Green, D., Greenland, P., Liu, K., Criqui, M. H., Chan,

C., et al. (2003a). Relation of levels of hemostatic factors and inflamma-

tory markers to the ankle brachial index. Am. J. Cardiol. 92, 194–199. doi:

10.1016/S0002-9149(03)00537-X

McDermott McGrae, M., Greenland, P., Kiang, L., Criqui, M. H., Guralnik, J.

M., Celic, L., et al. (2003b). Sex differences in peripheral arterial disease:

leg symptoms and physical functioning. Am. Geriatr. Soc. 51, 222–228. doi:

10.1046/j.1532-5415.2003.51061.x

Mels, C. M. C., Schutte, A. E., Schutte, R., Pretorius, P. J., Smith, W.,

Huisman, H. W., et al. (2014). 8-Oxo-7,8-dihydro-2’-deoxyguanosine, reac-

tive oxygen species and ambulatory blood pressure in African and Cau-

casian men: the SABPA study. Free Radic. Res. 48, 1291–1299. doi:

10.3109/10715762.2014.951840

Frontiers in Physiology | www.frontiersin.org 8 March 2015 | Volume 6 | Article 101

http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive


Khalaf et al. HRV and PVD interactions

Moffatt, C., and O’Hare, B. A. (1995). Ankle pulses are not sufficient to detect

impaired arterial circulation in patients with leg ulcers. J. Wound Care 4,

134–138.

Nashar, K., and Egan, B. M. (2014). Relationship between chronic kidney disease

and metabolic syndrome: current perspectives. Diabetes Metab. Syndr. Obes. 7,

421–435. doi: 10.2147/DMSO.S45183

Olin, J. W. (1998). “The clinical evaluation and office based detection of peripheral

arterial disease,” in An Office-Based Approach to the Diagnosis and Treatment

of Peripheral Arterial Disease, I: The Epidemiology and Practical Detection of

Peripheral Arterial Disease, eds A. T. Hirsch and F. W. Olin (Belle Mead, NJ:

Excerpta Medica), 10–17.

Papaioannou, V. E., Pneumatikos, I., and Maglaveras, N. (2013). Association of

heart rate variability and inflammatory response in patients with cardiovas-

cular diseases: current strengths and limitations. Front. Physiol. 4:174. doi:

10.3389/fphys.2013.00174

Peng, C. K., Havlin, S., Stanley, H. E., and Goldberger, A. L. (1995). Quantification

of scaling exponents and crossover phenomena in nonstationary heartbeat time

series. Chaos 5, 82–87. doi: 10.1063/1.166141

Pop-Busui, R., Roberts, L., Pennathur, S., Kretzler, M., Brosius, F. C., and Feldman,

E. L. (2010). The management of diabetic neuropathy in CKD. Am. J. Kidney

Dis. 55, 365–385. doi: 10.1053/j.ajkd.2009.10.050

Pumprla, J., Howorka, K., Groves, D., Chester, M., and Nolan, J. (2002). Functional

assessment of HRV variability: physiological basis and practical applications.

Int. J. Cardiol. 84, 1–14. doi: 10.1016/S0167-5273(02)00057-8

Rabkin, S. W., Chan, S. H., and Sweeney, C. (2012). Ankle–brachial index as

an indicator of rrterial stiffness in patients without peripheral artery disease.

Angiology 63, 150–154. doi: 10.1177/0003319711410307

Resnick, H. E., Lindsay, R. S., Mcdermott, M. M., Devereux, R. B., Jones, K. L., Fab-

sitz, R. R., et al. (2004). Relationship of high and low ankle brachial index to all-

cause and cardiovascular disease mortality: the strong heart study. Circulation

109, 733–739. doi: 10.1161/01.CIR.0000112642.63927.54

Richman, J. S., and Moorman, J. R. (2000). Physiological time-series analysis using

approximate entropy and sample entropy. Am. J. Physiol. Heart Circ. Physiol.

278, H2039–H2049.

Rogers, M. A., and Aikawa, E. (2014). Modifying vascular calcification in dia-

betesmellitus: contribution of O-GlcNAcylation.Circ. Res. 114, 1074–1076. doi:

10.1161/circresaha.114.303684

Rose, S. C. (2000). Noninvasive vascular laboratory for evaluation of periph-

eral arerterial occlusive disease: Part 1 - hemodynamic principles and tools

of the trade. J. Vasc. Interv. Radiol. 11, 1107–1114. doi: 10.1016/S1051-

0443(07)61350-5

Stein, P. K., Domitrovich, P. P., Hui, N., Rautaharju, P., and Gottdiener, J. (2005).

Sometimes higher heart rate variability is not better heart rate variability: results

of graphical and nonlinear analyses. J. Cardiovasc. Electrophysiol. 16, 954–959.

doi: 10.1111/j.1540-8167.2005.40788.x

Tarvainen,M. P., Cornforth, D. J., and Jelinek, H. F. (2014a). “Principal component

analysis of heart rate variability data in assessing cardiac autonomic neuropa-

thy”, in Engineering in Medicine and Biology Society (EMBC), 2014 36th Annual

International Conference of the IEEE) (Chicago, IL), 6667–6670.

Tarvainen, M. P., Niskanen, J.-P., Lipponen, J. A., Ranta-Aho, P. O., and Kar-

jalainen, P. A. (2014b). Kubios HRV – Heart rate variability analysis software.

Comp. Meth. Prog. Biomed. 113, 210–220. doi: 10.1016/j.cmpb.2013.07.024

Task Force. (1996). Heart rate variability: standards of measurement, physiolog-

ical interpretation and clinical use. Task Force of the European Society of

Cardiology and the North American Society of Pacing and Electrophysiology.

Circulation 93, 1043–1065.

Thom, T., Haase, N., Rosamond, W., Howard, V. J., Rumsfeld, J., Manolio,

T., et al. (2006). Heart disease and stroke statistics–2006 update: a report

from the American Heart Association Statistics Committee and Stroke Statis-

tics Subcommittee. Circulation 113, e85–e151. doi: 10.1161/CIRCULATION-

AHA.105.171600

Thomas, G. D. (2011). Neural control of the circulation. Adv. Physiol. Educ. 35,

28–32. doi: 10.1152/advan.00114.2010

Voss, A. (2007). Longitudinal analysis of heart rate variability. J. Electrocardiol. 40,

S26–S29. doi: 10.1016/j.jelectrocard.2006.10.024

Voss, A., Schulz, S., Schroeder, R., Baumert, M., and Caminal, P. (2009). Meth-

ods derived from nonlinear dynamics for analysing heart rate variability.

Philos. Trans. R. S. A Math. Phys. Eng. Sci. 367, 277–296. doi: 10.1098/rsta.

2008.0232

Vowden, P., and Vowden, K. (2001). “Doppler assessment and ABPI: interpreta-

tion in the management of leg ulceration [Online],” in World Wide Wounds.

Available online at: http://www.worldwidewounds.com [Accessed 7 Dec 2005].

Wattanakit, K., Folsom, A. R., Duprez, D. A., Weatherley, B. D., and Hirsch, A.

T. (2007). Clinical significance of a high ankle-brachial index: insights from

the Atherosclerosis Risk in Communities (ARIC) Study. Atherosclerosis 190,

459–464. doi: 10.1016/j.atherosclerosis.2006.02.039

Ye, S., Zhong, H., Yanamadala, S., and Campese, V. M. (2006). Oxidative

stress mediates the stimulation of sympathetic nerve activity in the phe-

nol renal injury model of hypertension. Hypertension 48, 309–315. doi:

10.1161/01.HYP.0000231307.69761.2e

Yentes, J., Hunt, N., Schmid, K., Kaipust, J., Mcgrath, D., and Stergiou, N. (2013).

The appropriate use of approximate entropy and sample entropy with short

data sets. Ann. Biomed. Eng. 41, 349–365. doi: 10.1007/s10439-012-0668-3

Zhan, Y., Dong, Y., Tang, Z., Zhang, F., Hu, D., and Yu, J. (2015). Serum uric acid,

gender, and low ankle brachial index in adults with high cardiovascular risk.

Angiology. doi: 10.1177/0003319714566228. [Epub ahead of print].

Conflict of Interest Statement: The authors declare that the research was con-

ducted in the absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.

Copyright © 2015 Khalaf, Jelinek, Robinson, Cornforth, Tarvainen and Al-Aubaidy.

This is an open-access article distributed under the terms of the Creative Commons

Attribution License (CC BY). The use, distribution or reproduction in other forums

is permitted, provided the original author(s) or licensor are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Physiology | www.frontiersin.org 9 March 2015 | Volume 6 | Article 101

http://www.worldwidewounds.com
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

	Complex nonlinear autonomic nervous system modulation link cardiac autonomic neuropathy and peripheral vascular disease
	Introduction
	Methods
	Participant Recruitment
	Procedures and Instrumentation

	Statistics
	Results
	Discussion
	Conclusion
	Author Contributions
	Acknowledgments
	References


