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Abstract Cerebral autoregulation (CA) was assessed by

chaotic analysis based on mean arterial blood pressure

(MABP) and mean cerebral blood flow velocity (MCBFV)

in 19 diabetics with autonomic neuropathy (AN) and 11

age-matched normal subjects. MABP in diabetics dropped

significantly in response to tilting (91.6 ± 14.9 vs.

74.1 ± 13.4 mmHg, P \ 0.05). Valsalva ratio of heart rate

was reduced in diabetics compared to normal (1.1 ± 0.1 vs.

1.5 ± 0.2, P \ 0.05). It indicated AN affects the vasomotor

tone of peripheral vessels and baroreflex. Nonlinear results

showed higher correlation dimension values of MABP and

MCBFV in diabetics compared to normal, especially

MABP (3.7 ± 2.3 vs. 2.0 ± 0.8, P \ 0.05). It indicated CA

is more complicated in diabetics. The lower Lyapunov

exponent and the higher Kolmogorov entropy values in

diabetics indicated less predictable behavior and higher

chaotic degree. This study suggests impaired autoregula-

tion would be more chaotic and less predictable.

Keywords Chaotic analysis � Cerebral autoregulation �
Diabetic autonomic neuropathy � Correlation dimension �
Lyapunov exponent � Kolmogorov entropy

1 Introduction

According to literature, diabetes mellitus is a chronic dis-

ease that occurs when the body does not produce enough

insulin (type 1) or cannot effectively use the insulin (type

2). Most diabetics are type 2 that have no symptoms and

are diagnosed after many years of onset leading to serious

condition with high long-term morbidity and mortality

rates in the world (website:http://www.who.int/en/). Dia-

betic autonomic neuropathy is probably the most common

complication of diabetes that can cause vasomotor and

cardiovagal dysfunction, the major risk factors for mor-

tality of diabetics. Disturbance of cerebral autoregulation

(CA) due to diabetic autonomic dysfunction is one of the

important factors to cause cerebral diseases and it has been

indicated that the diabetic autonomic failure would result in

the impairment of CA [12, 28]. CA is a feedback mecha-

nism, which maintains cerebral blood flow in a constant

level despite change of blood pressure [1]. Regular CA

shows the property of flow autoregulation, whereby CBF

tends to remain relatively constant despite changes in

cerebral perfusion pressure (CPP) within the limits of 50–

150 mmHg [4, 18, 26, 35]. The limits of autoregulation

reflect the points at which vasomotor adjustments are

exhausted and cerebral vascular resistance cannot either

increase or decrease further to regulate cerebral blood flow.

Cerebral blood flow tends to follow changes in CPP outside

these limits and the homeostatic protection of CA is

therefore lost [31]. Although CA has been investigated by

using time and frequency domain analysis methods [10, 11,
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20, 37, 42] based on arterial blood pressure (ABP) and

cerebral blood flow velocity (CBFV), CA is more a concept

rather than a physically measurable entity [31]. Autoreg-

ulatory index (ARI) is one of the methods generated by

CBFV and ABP values to evaluate CA and it revealed

aging does not affect CA [5, 15, 31, 34]. Phase analysis

using time-domain cross-correlation function (CCF) to

assess the CA showed the relationship between ABP and

CBFV [7, 10, 11, 30, 33, 36]. Spectral and transfer function

analyses of ABP and CBFV performed by fast Fourier

transform (FFT) in normal subjects [14, 49] and autonomic

failure patients [3] to observe the fluctuation of CA system.

However, these methods are to analyze the dynamic rela-

tionship between ABP and CBFV linearly and it might

ignore the nonlinear properties of CA.

Because CBF remains constant despite CPP changes, the

region in this constant level is nonlinear. Some useful

nonlinear information maybe missed and cannot be char-

acterized by using linear analysis. Therefore, it might be

beneficial to analyze CA using nonlinear methods. Panerai

et al. used a second-order mathematical linear model and

nonlinear Volterra-Wiener moving-average approach to

model human dynamic CA [32]. Mitsis et al. applied the

Laguerre-Volterra network methodology to model nonlin-

ear systems for analyzing dynamic CA in human under

orthostatic stress [29]. In addition, chaos theorem, the

nonlinear approach, has been applied to many physiologi-

cal studies, such as heart rate variability (HRV) [6, 13, 23,

48], electroencephalograph (EEG), respiratory rhythm,

speech recognition, blood pressure, and cardiovascular

system [17, 22, 43, 45, 46]. They provided the chaotic

nature in physiological systems. Nevertheless, nonlinear

dynamic CA in diabetics dealt with chaotic analysis was

still rarely discussed.

In this study, the chaotic analysis will be implemented to

assess dynamic CA in diabetics by three nonlinear mea-

sures, correlation dimension (CD), Lyapunov exponent

(LE), and Kolmogorov entropy (K2). CD focuses on the

system’s complexity. LE quantifies the sensitivity of the

system to initial conditions, while the K2 metric evaluates

the degree of chaos in the system. The main purpose of this

study is to investigate and compare the nonlinear compo-

nents of CA from chaotic analysis of mean arterial blood

pressure (MABP) and mean cerebral blood flow velocity

(MCBFV) in normal subjects and diabetics with autonomic

neuropathy. It is expected to be a tool to predict the CA in

diabetes and possible cardiovascular outcome in clinical

practice. Because autonomic nervous system was impaired

in our diabetics, it affected vasomotor control of peripheral

and brain vessels and reduced baroreflex sensitivity. By

using the parameters of chaotic analysis to quantify CA, we

expect that normal autoregulation system would tend to

lower chaos and higher regular, predictable behavior of the

system to initial conditions, but impaired autoregulation

would be more chaotic and less predictable in terms of

chaotic analysis.

2 Methods

2.1 Subjects and measurements

There were two groups of subjects recruited in this study,

i.e., 19 diabetic autonomic neuropathy (63.7 ± 11.0 years,

12 males) and 11 age-matched healthy subjects

(57.4 ± 8.4 years, 8 males). All subjects gave their

informed consent prior to entry to the study and it had been

approved by the Research Ethics Committee of Cheng-

Ching General Hospital. The diabetics took one or two oral

hypoglycemic drugs such as Sulfonylureas and Metformin.

Proceeding from a consensus conference in 1992 recom-

mended that three tests (R-R variation, Valsalva maneuver,

and postural blood pressure testing) could be used for

longitudinal testing of the cardiovascular autonomic sys-

tem. The determination of the presence of prominent

autonomic neuropathy was based on a battery of autonomic

reflex tests (more than two abnormal response in the fol-

lowing tests: deep breathing HRV, Valsalva maneuver,

skin sympathetic response, and postural blood pressure

test). The healthy subjects were included only if they had

no history of cardiovascular disease, heart problems,

hypertension, migraine, epilepsy, cerebral aneurysm,

intracerebral bleeding or other pre-existing neurological

conditions. None of the subjects were receiving any med-

ication during the period of the study. The diabetics have

no stroke history and their blood pressure is similar to that

in controls in supine position. Subjects were investigated

on a tilt-table that enabled a motor-driven change from a

supine to an upright position 75� within 4 s. Data acqui-

sition was started after a 10-min relaxation in supine

position. Spontaneous ABP and CBFV were recorded

simultaneously to PC for off-line analysis. CBFV was

measured in the middle cerebral artery using transcranial

Doppler ultrasound (TCD, EME TC2020, Nicolet Instru-

ments, Warwick, UK) in conjunction with a 5-MHz

transducer fixed over the temporal bones by an elastic

headband. Continuous ABP recordings were obtained

through the Finapres (Model 2300, Ohmeda, Englewood,

CO) device with the cuff attached to the middle finger of

the right hand. The acquisition periods were approximately

5 min in both the supine and 75� head-up tilt positions by a

self-developed data acquisition system. During the period

of data acquiring, the middle finger of the right hand was

on the arm-table, which always keeps the same amplitude

and position with that of the heart. The personal computer

combined with a general-purpose data acquisition board
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and LabVIEW environment for acquiring signals correctly

was developed in our previous study [9]. The sampling rate

to acquire the analog data from TCD and Finapres was

adjustable in this system. In our experiments, the sampling

rate is set to 60 Hz.

The Finapres device was fully automated. It consists of a

finger cuff with an infrared transmission plethysmograph, a

servo control box, and a monitor unit. The blood volume

under an inflatable finger cuff was measured using an

infrared plethysmograph, and kept constant to a set point

value by controlling the cuff pressure in response to the

volume changes in the finger artery. A proper volume-

clamped set point was established and adjusted at regular

intervals using a built-in servo adjustment mechanism.

However, it displays too great a variability [24] and this

procedure interrupted the blood pressure recording (usually

for 2–3 beats every 70 beats). We called the artifacts

caused by the regular servo adjustment in the continuously

acquired pulse signal ‘‘servo components’’. In our previous

study [8], we used a personal computer combined with a

general-purpose data acquisition board and LabVIEW

environment to develop techniques for acquiring signals

correctly from a Finapres monitor.

2.2 Nonlinear analysis

Three nonlinear parameters, correlation dimension (CD),

Lyapunov exponent (LE), and Kolmogorov entropy (K2)

[16, 19], were calculated from the MABP and MCBFV

segments to quantify chaos in blood pressure and cerebral

blood flow velocity signals. The signals should be recon-

structed from the time series before measuring the chaotic

properties to determine the signal complexity and regu-

larity. A new coordinate system called the phase space was

used to reconstruct an attractor. The phase space is a

coordinate system that expresses the behavior of a dynamic

system, which is blood pressure or cerebral blood flow in

this study. In the phase space, the dynamic system behavior

(trajectory or orbit) converges into the stationary state,

called the attractor. Because the number of phase space

coordinates cannot be calculated directly from the time

series data, it is necessary to reconstruct the n-dimensional

phase space from a single time series measurement record.

The n-dimensional attractor can be reconstructed from one-

dimension time series projected data using the delay

embedding method. The n-dimensional vector is con-

structed as follows.

XðtÞ ¼ xðtÞ; xðt þ sÞ; . . .; xðt þ ðdm� 1ÞsÞf g

where X(t) is the newly reconstructed n-dimensional vec-

tor. x(t) can be MABP or MCBFV signals in this study. s is

the delay time, dm is an embedded reconstructed phase

space dimension. An example of MABP that reconstructs a

two-dimensional attractor is illustrated in Fig. 1. A typical

sample of MABP in normal subjects to reconstruct a two-

dimensional attractors are illustrated in Fig. 2.

2.2.1 Correlation dimension

Correlation dimension focuses on the system’s complexity.

The correlation function can be calculated using the dis-

tances between each pair of points in the set of N points.

An MABP example is shown in Fig. 3.

The correlation function is calculated from the recon-

structed vectors using the embedding algorithm as follows.

CdðRÞ ¼ lim
N!1

1

N2

X

i;j¼1;i 6¼j

HEðR� MABPi �MABPj

�� ��Þ
" #

where Cd(R) is correlation function, N the total number of

time series in MABP in this study, HE Heaviside step

function, HE = 1, if R–| MABPi – MABPj | ‡ 0, HE = 0,

otherwise, and R radius. Where the distance between

MABPi and MABPj is calculated using the Euclidean dis-

tance measure, MABPi �MABPj

�� �� ¼ xi;1 � xj;1

� �2þ xi;2

�h

�xj;2Þ2 þ � � � þ xi;dm � xj;dm

� �2�
1
2: Because CD is not known

initially, a series of computations that gradually increase

the embedding dimension must be performed until the

slope becomes stable. Figure 4 illustrates the CD that is

estimated from the slope by plotting Cd(R) versus R. A

typical sample, Cd(R) versus R plotting, for each of MABP

is illustrated in Fig. 5.

Fig. 1 An MABP example to illustrate the reconstruction theory
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2.2.2 Lyapunov exponent

Lyapunov exponent quantifies the sensitivity of the system

to initial conditions. It is an important feature of chaotic

systems and describes how small changes in the state of a

system grow at an exponential rate and eventually domi-

nate the behavior. LE is defined as the long time average

exponential rates of divergence of nearby states. An

example of MABP showing how the LE is calculated is

illustrated in Fig. 6. Assume that the initial time is t and

t = 0, which the distance between the two points on a

trajectory and nearby trajectory are d(0). After a time

interval t, the initial length will evolve into length d(t). The

sequence of differences between d(t) and d(0) is assumed

to increases exponentially. Thus, we can write

dðtÞ ¼ dð0Þekt ! k ¼ 1

t
ln

dðtÞ
dð0Þ

where k is LE. A system is chaotic if the system has a

positive value of LE. The larger value of positive LE, the

more chaotic the system becomes. A system is regular if

that LE value of the system is zero or negative. A system

has n LE values for an n-dimensional attractor.

2.2.3 Kolmogorov entropy

Kolmogorov entropy metric evaluates the degree of chaos

in the system, or the average rate at which information is

generated by the system, or equivalently, the rate at which

current information about the system is lost. Assume that

the starting information, entropy, is S(t1), after a time

interval t2 – t1, the information becomes S(t2). The change

in information is K(t2 – t1). Thus, we can write: S(t2) =

S(t1) + K(t2 – t1). Certainly, S(t1) [ S(t2), so K(t2 – t1) =

S(t1) – S(t2). Assume S(t1) = lnCd(R), S(t2) = lnCd+1(R).

Cd(R) is the correlation function of MABP or MCBFV. The

equation for K2 is calculated as follows.

K2 ¼ ln
CdðRÞ

Cdþ1ðRÞ

Fig. 2 A typical MABP sample

to illustrate the reconstruction

theory

Fig. 3 An MABP example of showing how the correlation integral is

calculated

Fig. 4 Correlation dimension
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when K2 = 0, the system is regular; K2 = ?, the system is

random; K2 [ 0, and finite, the system has chaotic

behavior.

3 Results

3.1 Linear analysis results [21]

The MABP signal in the finger was acquired by using Fi-

napres. The MCBFV signal of the middle cerebral artery

was acquired by using TCD ultrasound. Both values were

measured continuously during supine and head-up tilt

positions for 5 min in diabetics and normal subjects. Two

hundred and fifty six points were acquired for each posi-

tion. Typical MABP and MCBFV signals for a

normotensive subject during supine and head-up tilt posi-

tions are represented in Fig. 7a, b. Typical results shown in

Fig. 7c, d indicate that both MABP and MCBFV for

patients with diabetic autonomic neuropathy decrease in

response to head-up tilt. However, MABP and MCBFV for

normal subjects revealed no obvious difference in both the

supine and upright positions. Valsalva ratio of heart rate

was reduced significantly in diabetics as compared to

normal subjects (1.1 ± 0.1 vs. 1.5 ± 0.2, P \ 0.05). The

results showed in Table 1 stand for mean value of each

group and it could be a tendency in each group. However, it

probably would not be each individual’s actual condition

because some standard deviations in diabetics are larger.

Typical MABP and MCBFV signal samples in normal

subjects and diabetics during supine and upright positions

were shown in Fig. 7. The scatter plots shown in Fig. 8a, b

represent the relative location change of (MABP, MCBFV)

pair during the recording period in normal subjects and

diabetics, respectively. (MABP, MCBFV) pairs in upright

position are with cross symbols and in supine position are

with square symbols. Figure 8a shows the cross and square

symbols are not separated. It indicated the change of

positions would not alter the locations of symbols for the

typical normal subject. On the other hand, Fig. 8b shows

the cross and square symbols are well separated for the

typical diabetic while the positions changed which is dif-

ferent from that in normal persons.

3.2 Nonlinear chaotic analysis results

The results revealed that the MABP CD values in diabetics

decreased significantly in response to head-up tilt

(3.7 ± 2.3 vs. 2.1 ± 1.2, P \ 0.05). The MABP CD values

of diabetics in supine position were significantly higher as

compared to normal subjects (3.7 ± 2.3 vs. 2.0 ± 0.8,

P \ 0.05). In addition, the MABP correlation function

characteristics are similar to that for MCBFV. However,

the MCBFV CD showed no obvious change. MABP LE

values in diabetics were significantly lower than that in

normal subjects during supine position (1.0 ± 0.4 vs.

1.7 ± 1.0, P \ 0.05) and MCBFV LE values in diabetics

decreased significantly during supine to head-up tilt posi-

tions (1.1 ± 0.3 vs. 0.8 ± 0.4, P \ 0.05). The MCBFV K2

Fig. 5 A typical sample, Cd(R)

versus R plotting, for a MABP

and b MCBFV

Fig. 6 An example of MABP showing how the Lyapunov exponent

is calculated
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values for diabetic were significantly higher during upright

position as compared to normal subjects (3.3 ± 0.6 vs.

2.8 ± 0.5, P \ 0.05).

4 Discussion

The linear analysis results indicated that the values of

MABP and MCBFV in diabetics decreased more than that

in normal subjects in response to head-up tilt. It might be

speculated that due to the effect of diabetic autonomic

neuropathy that cannot maintain blood pressure and cere-

bral blood flow velocity stable within a period of short

time. Based on the results of (MABP, MCBFV) pairs in

response to head-up tilt, the scatter plot revealed that the

(MABP, MCBFV) pairs in diabetics were separated into

two groups distinctly but not in normal subjects. It could be

another evidence to reveal that diabetics cannot maintain

the relationship between MABP and MCBFV constant

because of the influence of diabetic autonomic neuropathy

on CA. In contrast, normal subjects could keep the rela-

tionship stable due to regular CA function can maintain

blood flow constant in the brain. The difference between

diabetics and normal subjects might be due to the effect of

CA function that CA works more well in normal subjects

than that in diabetics. On the other hand, Valsalva ratio of

heart rate was lower in diabetics as compared to normal. It

might indicate that autonomic neuropathy would affect the

vasomotor tone of peripheral vessels and baroreflex. As

mentioned in the section of methods, the distance between

MABPi and MABPj is calculated using the Euclidean dis-

tance measure, MABPi �MABPj

�� �� ¼ xi;1 � xj;1

� �2þ
h

xi;2 � xj;2

� �2þ � � � þ xi;dm � xj;dm

� �2�1=2: Due to the minus

in MABP, the brain-level blood pressure and the heart-

level blood pressure will have the similar outcome in the

estimation of Euclidean distances. Although the values are

not hydrostatically corrected for brain level, the difference

would be eliminated from the process of the chaotic anal-

ysis and it would not affect the results. Therefore, the blood

pressure is heart-level but it still makes sense to brain-level

for upright position in all subjects.

Correlation dimension describes the complexity of the

time series. The higher the CD value, the more complex the

system. Because CD values of MABP and MCBFV in

diabetics were higher than that in normal subjects, it could

reveal CA system in diabetics was more chaotic. Due to LE

values in diabetics were lower than that in normal subjects

and LE quantified the sensitivity of the system to the initial

condition; it might be the reason that baroreflex control in

Fig. 7 Typical signals of normal subjects and diabetics in response to tilting, a a typical MABP sample in normal subjects, b a typical MCBFV

sample in normal subjects, c a typical MABP sample in diabetics, d a typical MCBFV sample in diabetics

Table 1 Mean value and standard deviation results for both MABP

and MCBFV for normal and diabetic subjects during supine and tilt-

up positions

MABP (mmHg) MCBFV (cm/s) Valsalva ratio

Normal subjects

Supine 88.8 ± 9.2 41.0 ± 12.1 1.5 ± 0.2***

Tilt-up 94.0 ± 11.4* 38.9 ± 11.9

Change (%) + 6.3 –6.2

Diabetic autonomic neuropathy

Supine 91.6 ± 14.9** 41.8 ± 20.8 1.1 ± 0.1

Tilt-up 74.1 ± 13.4 35.0 ± 17.5

Change (%) –14.8 –12.9

* P \ 0.05 between normal and diabetic autonomic neuropathy

** P \ 0.05 between supine and tilt-up positions in diabetic auto-

nomic neuropathy

*** P \ 0.05 between normal and diabetic autonomic neuropathy
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diabetics is less active than that in normal subjects. The

results agreed with published data [23] based on the values

of CD and LE decreased in response to head-up tilt in

present study. Comparing the change of CD and LE values

in diabetics during supine to tilting positions, it could be

speculated that tilting in diabetic autonomic neuropathy

can alter the sensitivity effect of the initial condition in

MCBFV but it cannot affect the complexity. In contrast,

the effect of tilting on MABP could not alter the sensitivity

of the initial condition, although the CD values changed

significantly in diabetic autonomic neuropathy. On the

other hand, posture change in normal subjects did not

influence complexity and initial condition in both MABP

and MCBFV obviously since the values of CD and LE

values did not change significantly. K2 metric evaluates the

degree of chaos in the system. The MCBFV K2 values in

diabetics were significantly higher during upright position.

It might indicate that the degree of chaos in diabetics was

more than that in normal subjects during upright posture.

Due to diabetic autonomic neuropathy, the ability in

diabetics to control blood pressure might not be as well as

that in normal subjects. In this study, the CD and K2 values

in diabetics are higher than that in normal subjects and it is

significantly different between diabetics and normal sub-

jects (P \ 0.05). It might reveal the complexity and chaotic

degree of MABP and MCBFV are higher in diabetics. The

results are satisfied with the hypothesis in the section of

introduction. Because LE values in all groups are positive,

it indicates CA system is chaotic and nonlinear. Therefore,

chaotic analysis can be suitable to analyze CA. In addition,

previous study indicated chaotic nature existed in blood

pressure [45]. The results in present study indicated both

blood pressure and cerebral blood flow velocity were

chaotic. Previous study showed that the complexity of

blood pressure, correlation dimension, was reduced with

aging and normative physiology has greater CD values

(higher complexity) [25]. In our study, the CD values are

higher in diabetics than that in normal subjects. The reason

of the difference might be that age was the variable and the

subjects are all healthy ones in previous study. In present

study, autonomic failure is the variable and the age is

matched between diabetics and normal subjects. Aging

indeed is a factor might affect some physiological condi-

tions. However, previous studies indicated that aging does

not affect dynamic CA [5, 15, 47]. In our study, the age

between two groups is matched (P [ 0.05) so the age

effect is considered and it would not affect the results.

There are several reasons that we recruited only 19

diabetics and 11 age-matched normal subjects in this study.

As a matter of fact, it took almost 2 years to recruit about

100 diabetics. However, it was not easy to acquire the

cerebral blood flow velocity signal from about 30–40% of

the diabetics subjects due to the poor temporal window for

TCD study. Moreover, only 10–20% of the diabetics suf-

fered from prominent or severe autonomic failure. In

addition, the daily outpatient number is limited due to

health insurance policy. The source of subjects was

restricted. Another limit was that the experiments were

time-consuming. It needed 2 h to complete the experiment

on one subject from the very beginning to the end. The

other reason we had to take into consideration was age.

Some of the subjects were too old to accomplish this study

and it might affect the results. Therefore, only 19 diabetic

autonomic neuropathy and 11 age-matched normal subjects

were recruited in this study. Although the samples of dia-

betics and healthy subjects were not large, the statistical

results may stand for some kind of tendency and prediction.

Most previous studies induced rapid changes in ABP

pharmacologically by intravenous injection of pressor or

antihypertensive agents or by physiological manipulations

such as Valsalva maneuver that needs patient’s coopera-

tion. In this study, Finapres and TCD were adopted to

measure ABP and CBFV fluctuation non-invasively by tilt-

table test that enabled a motor-driven change from supine

to upright position. Studies on accuracy of Finapres system

suggested little systematic bias versus intra-arterial pres-

sure but substantial variability. The average Finapres mean

arterial pressure bias was 2.1 mmHg (SD ± 8.6) with

precision of 7.6 mmHg (SD ± 5.3) as depicted in [39].

Changes in the heart rate or in the arterial compliance may

result in a disproportionate amplification of the arterial

waveform during exercise [40]. Therefore, the subjects’

Fig. 8 a The scatter plot shows

the (MABP, MCBFV) pair in

the typical normal subject. b
The scatter plot shows the

(MABP, MCBFV) pair in the

typical diabetic. The square
stands for data in supine

position and the cross stands for

data in upright position. The

solid line is connected the

centers of data in supine and

tilting groups
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relaxing for 5–10 min in supine position to reduce the error

measurement is necessary. Calibration against a reliable

reference arterial pressure is desirable to obviate. In our

previous study [8], we used a personal computer combined

with a general-purpose data acquisition board and Lab-

VIEW environment to develop techniques for acquiring

signals correctly from a Finapres monitor. Consequentially,

the Finapres device can provide an accurate estimate of

blood pressure. TCD is based on the same physics and

principles as those that apply to any sound-producing

device. Ultrasound is a traveling wave of energy that has a

frequency of more than 20,000 Hz. The variability of TCD

flow velocity had been studied by several investigators.

Sorteberg et al. [41] studied side-by-side and day-to-day

variations in 35 normal adults in measurements taken

1 week apart. The standard deviation of the side-by-side

variations was 7% for the middle cerebral artery. The

standard deviation of the day-to-day variations was 12%

for the middle cerebral artery. Maeda et al. [27] performed

a validation study of TCD reproducibility in 15 patients

evaluated twice by a single examiner and later by a second

examiner on separate days. The overall intraobserver cor-

relation for the middle cerebral artery was between 0.71–

0.95. Vriens et al. [44] found the maximum interobserver

difference in TCD-measured mean velocity to be 23 cm/s.

The difference was less than 10 cm/s in 95% of cases.

From these studies, it can be concluded that the relatively

high consistency exists across TCD examinations [2].

However, lack of regular practice with the system would

reduce the accuracy of measurements [38]. In our study,

the examiner has the experience of operating the system for

almost 10 years. Therefore, the measurement of transient

change in ABP and CBFV results can be achieved by

noninvasive, rapid, passive, and simple approaches and it

can make the result more reliable and accurate. The results

might be helpful for clinical practice in assessing the

dynamic CA conditions and can provide critical informa-

tion for physicians.

5 Conclusion

The study demonstrated the results of assessing CA by

chaotic analysis. The significant difference of nonlinear

parameters might stand for autonomic dysfunction in dia-

betics in response to head-up tilt. The results from this

study revealed the nonlinear measures, CD, LE, and K2,

are suitable parameters to explore the nonlinear compo-

nents of dynamic CA in diabetic autonomic neuropathy.

We speculate that regular autoregulation system would

tend to lower chaos and predictable behavior to initial

conditions but impaired autoregulation would be more

chaotic and less predictable in terms of chaotic analysis.
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