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1. Introduction

Arterial hemodynamic function is changed with aging, gender and regular exercise. Age-
related decreases in cardiovascular function are evident. The hallmarks of cardiovascular
aging are decreased for maximum heart rate, ejection fraction, maximal oxygen intake,
maximum cardiac output and artery compliance (Lakatta, 2002; Tanaka et al., 2000). On the
other hand, we have found that exercise could improve the age-related deterioration in
common carotid blood velocity (Azhim et al., 2007).

Gender-related differences in arterial hemodynamic functions such as systolic blood
pressure (SBP) are demonstrated in some previous studies (London et al., 1995; Mitchell et
al., 2004). It is suggested that younger women have lower brachial and ankle systolic blood
pressure (SBP) and a lower ankle-arm pressure index than age-matched men (London et al.,
1995). It has been reported that the incidence of cardiovascular complications increases with
SBP (Kannel and Stokes, 1985) and that an increases in the pulsatile components of blood
pressure is associated with higher cardiovascular risk in postmenopausal women (Darne, et
al., 1989). However, there are a few studies in blood flow and velocity. In this chapter, we
present the impact of gender on blood velocity waveform in common carotid artery (CCA).
It was found that there is significant gender difference in some velocity waveforms in CCA
(Azhim et al., 2007).

The ability to measure and interpret variations of pressure and flow in humans depends on
an understanding of physiologic principles and is based on a heritage well over 100 years
old. Studies of pressure preceded those of flow, since reliable tools were available for
pressure measurement almost 100 years ago but for flow only 50 years ago (Nichols and
O’Rourke, 2005).

There are two kinds of noninvasive technique to measure blood flow for portable wireless
applications, one is a Doppler ultrasound method and the other is an optical one. The
Doppler ultrasound was widely used to measure hemodynamic in blood vessels as carotid
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arteries that exist in the deep place from the human tissue (Prichard et al., 1979; Baskett et al.,
1977; Gosling, 1977; He et al., 1992).

We have developed the telemetry measurement system in our laboratory which is capable
to measure blood flow velocity in both aerial and aquatic environments. The device has
enough performance for the measurement during physical exercise stress as well as at rest
posture (Azhim et al., 2007; He et al., 1996; Jiang et al., 1994; Jiang et al., 1995). The
measurement system with synchronized measurement of electrocardiogram and blood
pressure will contribute to the extent of understandings in exercise physiology as well as
further knowledge of arterial hemodynamic functions. We have shown that exercise has
significant change to envelope waveform of CCA blood velocity in hemodynamic functions
as evaluated from cross-sectional and intervention investigations (Azhim et al. 2007a).
Various telemetric techniques have been developed for ambulatory and noninvasive
determination of bioelectrical and physiological signals in human subjects. Biomedical
telemetry applications has brought numerous advantages such as comfort and portability,
providing the critical information on improvements in quality of health care, efficiency in
hospital administration capabilities and finally reduction at overall medical cost. Biomedical
telemetry is a reliable tool for data gathering since the invention of integrated circuit (IC)
technology which has enormous impacts on the contributions of microelectronics to
biomedicine and health care applications (Azhim et al., 2009).

In the chapter, the usefulness of CCA velocities and the waveform indices after taking into
account all relevant effects as reference value for clinical and healthcare applications are
presented. In section 2, system is described the developed portable measurement system.
Real-time monitor and data analysis are described in section 3. In section 4, data
measurements and collections in the selected 202 healthy volunteers between the ages of 20
and 69 years are presented as a result by the following: Anthropometric data for the selected
subjects, reference data for normal velocities in CCA and indices between the third to
seventh decades after controlling for the effects of exercise training and gender, general age-
related decrease in flow velocities and change in the velocity waveform, regular exercise
training improved blood velocity waveforms which markedly different in regularly
exercise-trained middle-aged and older age-groups compared to the sedentary age peers,
and gender-related difference in velocity and its indices. In last section, it can be concluded
that normal CCA blood velocity parameters which are determined in a total of 202 healthy
volunteers between the third and seventh age decade after adjustment for gender and
exercise effects may contribute to improved means of healthcare monitoring and clinical
evaluation.

2. Measurement System

The last three decades has shown rapid increase in the use of Doppler ultrasound devices
for monitoring cardiovascular functions. Developments in Doppler technology have led to a
vast increase in the number of non-invasive blood velocity investigations carried out in
many areas of medicine. As with many rapidly expanding technologies there have been a
considerable number of types of instrument developed and used in their institutions of
origin, whereas only a few are in widespread portable device for exercise use.

We have developed a portable wireless system for measurement of blood velocity spectra in
CCA with synchronized measurements of ECG and BP as shown in Fig. 1. In our previous

www.intechopen.com



Arterial Blood Velocity Measurement by Portable Wireless System for Healthcare Evaluation:
The related effects and significant reference data 415

studies, we have presented that the telemetry system has enough performance to get
accurate data for estimation of blood circulation during physical exercise stress in both aerial
and aquatic environments (Azhim et al., 2007a; Azhim et al., 2008; He et al., 1996; Jiang et al.,
1994; Jiang et al., 1995). Measurements of blood velocity were noninvasively detected by
using Doppler ultrasound method. The measurement system was consists of an ultrasound
probe, a Doppler signal discriminator (DSD), an analog-digital (A /D) converter board and a
laptop personal computer (PC), a wireless transmitter and a receiver as shown in Fig. 1. Data
were transmitted using 315 MHz FM/FSK transmitter which has 28.8 kbps and ~0.5 mV/m
(feeble wave) for transmission speed and output, respectively.
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Fig. 1. Portable measurement system of blood flow velocity with synchronized

measurements of electrocardiogram and blood pressure
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Measurements of blood circulation during exercise stress or postural change was difficult. It
provided high level artifacts caused by relative displacement of the ultrasound and artery
and vibration of tissue, particularly measurement of blood flow in femoral artery (Dahnoun
et al. 1990). Considering that we selected semicircular transducers to provide the wider and
uniform transmitting ultrasonic beam (Zhang et al. 2002). Considering the depth of the
arteries and the size of transducers, 2.0 MHz was chosen as the transmitting ultrasonic
frequency. The probe was designed with a small size (W34xH20xD42 mm?3, approximately
weighing 20 g) using two piezoelectric zirconate titanate transducers (PZT) with a diameter
of 15 mm, where one was for transmitting ultrasound and the other was for receiving the
Doppler echoes using continuous-wave ultrasound as shown in Fig. 2A. To make the
emitting and receiving beams face to the target of blood vessels, a small angle of 184 degrees
were set between the pair transducers for the carotid artery (Fig. 2B). The ultrasonic probe
was attached to the left side of neck with 50 degrees of the Doppler angle of insonation as
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shown in Fig. 2C and was fixed it with band wound around the neck. An exact attachment
position in measuring blood flow velocity in CCA is between the sternocleidomastoid
muscle and the throat at a level between the fourth and fifth cervical vertebrae.

A transmitter transducer chosen for clinical use had an intensity output of 8 mW/cm?
spatial peak-temporal average (SPTA) as measured by a 0.4 mm diameter needle
hydrophone (ONDA, model HNV-0400). The ultrasonic output intensity was safe for the
human tissue.
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©
Fig. 2. (A) Dimension of ultrasound probe, (B) The design probe for wider transmitting
ultrasonic beam, and (C) Doppler insonation angle

For the purpose use of healthcare application, the system was improved by miniaturizing
the DSD, upgrading the probe with better attachment on the skin and developing the stand-
alone real-time software package for measurement of blood flow velocity spectra with
synchronized monitor of electrocardiogram (ECG) and blood pressure (BP). The DSD was
miniaturized using mount-surface technique, and the downsized substrate size was 67x48
mm? as shown in Fig. 1. The substrate size of transmitter and receiver modules is 18.5x18.5
mm? and 28x24.5 mm?, respectively. The power consumption of the DSD and transmitter
modules was reduced to 2.1 W, therefore it was enabled battery installed in the portable
system to be used approximately 10 hours.
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Fig. 3. Block diagram of the developed DSD

As illustrated in Fig. 3, square wave signal of 2 MHz was oscillated at crystal oscillator. The
signal was converted to sinusoidal signal at LC circuit which consists of an inductor and a
capacitor. Then, it was buffered at operational amplifier (OPA) before 2 MHz of ultrasound
was emitted at the transmitting transducer. The emitted sinusoidal signal was set about 6.0
Vpeak-to-peak- 1he detected signals at receiving transducer were including of Doppler shifted
frequencies from the movement of blood flow (red blood cells), and vibration of tissues.
After testing several kinds of circuits, we used the above DSD configuration to measure
blood velocity for the purpose of telemetry (Azhim et al. 2007a).

A receiving Doppler signals were a few hundreds nanovolts which very small and weak
signals. We used commercial available very-low-noise OPA (OP621, Burr Brown, US) to
amplify the signals to tens of milivolts. After being amplified, the signals (wp) were
synchronously detected with 2.0 MHz sinusoidal signals (wo) by commercial multiplier IC
(ADB835, Analog device, US). Typical outputs of multiplier generated the frequencies of sum
(wot+wp) and difference (wo-wp), respectively. Consequently, Doppler signal could be derived
from the output of difference frequencies, and the other unnecessary signals were filtered by
band-pass filter (UAF4, Burr Brown, US). Considering of blood flow frequencies in
particularly CCA, the cut-frequency (fc) of filter was set from 100 to 4800 Hz.

3. Real-time Monitor and Data Analysis

After processing the Doppler signal at DSD, the signals were sampled to digital signal by
A/D converter and fed to the computer for monitor and data analysis. We developed the
stand-alone software to monitor blood spectral velocity with real-time as described below.

3.1 Real-time Monitor
In the real-time processing monitor implementation, two main specifications had been taken
in account. First, the execution time of signal processing must be low, to avoid overloading
the available system resources. Second, the output latency time had kept as short as possible
(less than 100 ms) to synchronize the sound with another output display (corresponding
real-time spectrogram).
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The signal processing had been implemented through a program written in Visual C++ ®
for a stand-alone Windows ® application as shown in Fig. 4. The real-time spectrogram
monitor was implemented by using loop timer method. Timer was set as 50 ms
corresponding to the sampling data of 500 points. However, data were analyzed by using
fast Fourier transforms (FFT) with multiples of 256 points of Hanning window. The
spectrogram was processed using decimation in frequency (DIF) radix-2 FFT algorithm,
which had smaller the discrete Fourier transform (DFT) computations in order to reduce the
computation time. To increase the efficiency, decomposed of DFT was optimized by
processing the real signal as called real-only FFT computation.

The average of CPU load, memory utilization, and computation time were measured in two
laptop PCs of different performance as reported in previous study (Azhim et al. 2007a).
Because of using set timer method, output latency was depended to timer rate, 50 ms. If the
signal processing time was less than set timer rate, latency time was constantly maintained.
The computation time was lower than 1 ms when tested in the recent laptop PC. However,
the computation time was quite larger, about 16 ms in the quite obsolete laptop PC, so that
latency time to rendering spectrogram was still maintained at rate of 50 ms.

Blood flow velocity spectra were measured for 1 minute in the relaxed sitting posture. Data
collections were performed with synchronized monitoring of ECG and BP using a
developed real-time processing monitor.

Systolic (SBP) and diastolic blood pressure (DBP) was collected at the left brachial artery by
using the automatic blood pressure monitor (Tango, SunTech Medical, USA). Mean (MBP)
and pulse blood pressure (PP) were calculated from DBP+ (SBP-DBP)/3 and SBP-DBP,
respectively.
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Fig. 4. The developed stand alone dialog software for real time monitoring of blood velocity
spectra and ECG
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3.2 Data Analysis

The measured signals which included a low-frequency noise and a harmonics noise were
filtered by band-pass filter of 0.1 to 4.8 kHz in the DSD as shown in Fig. 3. From the
frequency range, velocity spectra could be taken out by FFT analysis as monitored real-time
in the developed dialog software (see Fig. 4). Estimation of flow velocity spectra (Vq) was
performed from the detected Doppler shifted frequency (f4) that was given by the classic
equation: Vg=cfy/2focost, where, c=1540 m/s, sound speed in human tissue; fo, an irradiated
ultrasound frequency and 6=50 degrees, the angle insonation.

The signals were acquired at 10 kHz of fs through a 16 bit-A/D converter (CBI-360116TR,
Interface JAPAN). It was repeatedly analyzed by using FFT with successive 25.6 ms, which
were given by shifting 12.8 ms in turn. Therefore, an instantaneous spatial spectral
frequency was calculated at 12.8 ms intervals with 39 Hz per point of frequency resolution.
Using a threshold method, flow velocity envelope (Vp) was extracted from it spectra as
shown in Fig. 5. Blood flow velocities in CCA were characterize to 5 feature points of
waveform; peak systolic (51), second systolic (S2), insicura between systole and diastole (I),
peak diastolic (D) and end-diastolic minimum (d) velocities (Azhim et al., 2007a). An
ensemble-averaging method was used to characterize and calculate blood velocities and its
indices (Azhim et al.,, 2007a). We selected 30 consecutive cardiac cycles of those to
characterize the feature points as represented in Fig. 6. From these, velocity indices were
calculated from 1-d/S1, S2/S1-1 and 1-I/D as resistive (RI), velocity reflection (VRI) and
vascular elasticity indices (VEI), respectively (Azhim et al., 2007b).

120
100 |
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60 |
40 |
20 1
0 - ' ' : 2
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ECG(mVY)

Time(s)
Fig. 5. Synchronization measurement of electrocardiogram (ECG) and blood velocity
envelope (Vp).

As shown in Fig. 6, the velocity indices were calculated from the feature points of blood
flow velocity. These indices were dimension-less and independent of the angle insonation.
The RI was used as a typical peripheral vascular resistance index that can be calculated from
waveforms as 1-d/S1, which the smaller RI the lower resistance and vice versa. The index
was firstly used by Pourcelot on flow velocity waveform in CCA (Planiol et al., 1973;
Pourcelot, 1976). Gosling et al. was firstly used velocity index of S1/S2 (as called A/B ratio)
in CCA and superorbital arteries for detecting occlusive disease in the internal carotid artery
(Gosling, 1977). The VRI was used in a manner similar to evaluate reflected wave velocity in
second systolic velocity in CCA. In the previous study, the index of D/I was proposed and
may be provided to evaluate the magnitude of vascular elastic recoil during cardiac diastole
that is exerted by its smooth muscle cells (Azhim et al., 2007a). The VEI was used in the
study to define the magnitude of vascular elasticity in a similar way. The velocity indices in
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CCA were found that changed by aging, regular exercise effect and gender difference
(Azhim et al., 2007a; Azhim et al. 2007b).
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Fig. 6. Characteristic features on waveform: Ensemble-average velocities of 30 consecutive
cardiac cycles in a young subject (21 years old, male). S1: the first peak systolic velocity
wave (peak velocity), S2: the second systolic velocity wave, I: incisura between systole and
diastole, D: the peak diastolic velocity wave, and d: the end-diastolic minimum velocity.

3.3 Statistical Analysis
Data were expressed as mean + standard error (SE). For overall view, Pearson’s correlation

analysis was performed to confirm the relationship between all outcome variables and the
factors. As previous studies, we have reported that blood velocity waveforms in CCA had
influenced by aging and regular exercise (Azhim et al.,, 2007a) and had significantly
difference in gender (Azhim et al., 2007b). Hence, multivariate ANOVA test was used to
determine the outcome variables (velocity data) that influenced by the multiple effects. The
designed age-groups of significant pairwise differences were determined using Tukey’s
post-hoc test. After controlled for the effects of exercise and gender, correlation coefficient, R
of all variables with age was determined (Table 2). The effects of exercise training are
compared by ANOVA, which provides P values. The P value represents the effects of
exercise training on the entire group, combining the classified decade-group as a single
group. Gender difference was determined after adjustment for aging and exercise effects by
least significant difference method, and as a categorical variable gender was coded as 1 for
men and 2 for women (Table 3). The significance level, P was set at 0.05. Statistical analysis
was performed using statistical package for the social sciences (SPSS).

4. Measurement Data

Using the developed portable measurement system as described above, data were collected
in the study. Study was performed in a total of 286 putatively healthy subjects. We studied
the selected 202 subjects between the ages of 20 and 69 years, from a cohort which
normotensive (systolic blood pressure=140mmHg), normal body mass index (below 30
kg/cm?), without any drug intake, and free of overt chronic diseases (including
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hyperlipidemia, diabetes, arrythmia) as assessed by medical history. There were 5 classified
groups from 20-year-old to 69-year-old in 10-year-old intervals as shown in Table 2. Subjects
were classified as exercised who performed regular aerobic exercise training more than 3
times per week.

4.1 Anthropometric data for selected subjects

Table 1 shows the characteristics of selected 202 subjects between the ages of 20 and 69
years. Anthropometric data for height, weight, body mass index, systolic, diastolic, mean,
and pulse blood pressure are represented in mean, standard error, minimum and maximum
values.

Mean SE Min Max
Height (cm) 165 0.7 148 184
Weight (kg) 59 0.9 39 93
BMI (kg/cm?) 22 0.2 16 29
SBP (mmHg) 119 0.9 83 140
DBP (mmHg) 74 0.7 50 96
MBP (mmHg) 89 0.9 62 110
PP (mmHg) 45 0.7 17 70
Heart rate (beats /min) 73 0.8 48 100

Table 1. Anthropometric data of the selected subjects. Data are mean, standard error (SE),
minimum (Min) and maximum (Max). BMI, body mass index; SBP, systolic; DBP, diastolic;
MBP, mean; PP, pulse blood pressure.

4.2 Reference data for normal velocities and the waveform indices

Table 2 represents the reference data for normal CCA velocities and the indices between the
third to seventh decades. Correlation coefficients of all variables with age were determined
after controlling for the effects of exercise and gender. The velocities in d and I waves were
not changed with age (P=NS). There were significant negative correlations in S1 and D
velocities with age (R=-0.615, P<0.001 and R=-0.248, P<0.001, respectively). However, S2
velocity significantly positively correlated with age (R=0.279, P<0.001). For velocity indices
of RI and VEI, there were significant negative relation with age (R=-0.606 P<0.001 and R=-
0.479, P<0.001, respectively), whereas there were significant positive relation with age for
VRI (R=0.798, P<0.001). From the data, it clearly shown that velocity continuously changed
with advancing age as compared to third decade-group. The S1 and D velocities in seventh
decade-group decreased 65% and 83 %, respectively compared to third decade-group. The 52
increased 16% in fifth decade-group and 13% in seventh decade-group compared to third
decade one. The indices of RI and VEI decreased 89% and 67% in seventh decade-group.
Due to markedly decreased in S1, the VRI increased 34 % in seventh decade-group.
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Decade (years

old) 3rd(20~29) 4t (30~39) 5t (40~49) 61 (50~59)  7th (60~69)
Blood

velocities R P

(cm/s)

d 0.084, NS 20.38+0.49 21.23+0.80 23.04%£1.06 21.23+0.80 20.07%1.32
S1 -0.615,<0.001 108.6£1.87 102.0£3.05 84.18%+4.02 76.0£3.048 70.54+5.00
S2 0.279,<0.001 52.42%1.27 59.21£2.06 61.0%£2.72 59.96*£2.06 59.44+3.38
I 0.097, NS 29.31+0.76 31.55%£1.23 35.14*1.63 30.64+1.23 28.20%=2.02
D -0.248,<0.001 43.57*£0.78 42.29+1.26 4254+1.66 39.41%£1.26 36.38+2.07
The indices (%)

RI -0.606, <0.001 80.8*0.5 78.6%0.8 724+1.1 72.0%£0.8 722+13
VRI 0.798,<0.001 -51.0+0.1  -41.0*x1.7 -274%*23 -21.5*+17 -171%£29
VEI -0.479,<0.001 33.1=£1.0 26.2+1.6 0.18.0£21 21.8%*1.6 222+27

Table 2. The reference data indicated velocity and the indices between the third to the
seventh age decades. The values indicated mean and standard error. R indicates the values
of partial correlation coefficient between variables and age after controlling for the effects of
gender and exercise. P<0.001 and NS indicated significant level and not significant,
respectively. R, resistive index; VRI, velocity reflection index; VEI, vascular elasticity.

To our knowledge, there were only three analogous studies for age-related decline in blood
flow velocity and for reference data of normal velocities in CCA between multiple age-
groups. In a first paper, Gregova et al. reported the peak systolic and end-diastolic velocities
of CCA in 199 subjects which in the age range of 20-92 years. They suggested peak systolic
velocity in CCA decreased with aging as the following yearly rate: in the right 6.44
mm/s/year and left 7.39 mm/s/year. The yearly decrease of end-diastolic velocity on the
both sides was in range between 1.72 and 2.28 mm/s (Gregova et al., 2004). In a second one,
Scheel et al. presented the reference data of flow velocities in CCA and its index which
performed in 78 healthy adults from 20 to 85 years old. They suggested that peak systolic
velocity and end-diastolic minimum velocity decrease with age as following rate: 101+22
cm/s and 2545 cm/s for age-group of 20-39 years, 89+17 cm/s and 26+5 cm/s for age-group
of 40-59 years, and 81+21 cm/s and 20+7 cm/s for age-group of 60-85 years, respectively. In
a third one, Fujishiro et al. measured blood velocity in the right common carotid artery in
140 normal healthy individuals in their teens to seventies using an ultrasonic quantitative
flow measurement system (Fujishiro et al., 1982). As a result, they presented that S1 and d
velocities markedly decreased with age, in which the values in the 70’s were about 1/2 and
2/3 as small as that in the 20’s, respectively (Fujishiro et al., 1982). These findings were
consistent with age-related decrease in blood flow velocities in CCA (Tanaka et al., 2000;
Gregova et al.,, 2004; Azhim et al., 2007a, Nagamoto et al., 1992; Fujishiro and Yoshimura,
1982).

Most of other studies were not taken into account for the multiple effects on flow velocities
in CCA. In the study, we demonstrated that there are multiple effects that probably alter
blood velocity waveforms in CCA (Azhim et al., 2007a; Azhim et al., 2007b). We also found
that blood velocity data are more sensitive compared to BP data. In the study, we found that
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not only S1 and d velocities, but also D velocity significantly decreased with age, whereas S2
velocity increased with age.

4.3 Age-associated changes in flow velocity waveforms

Fig. 8 represents the average values of five decade-groups as age-associated change blood
velocity in CCA and the velocity indices. *Significant pairwise differences between third
decade-group and the other designed decade-groups were determined using Tukey’s post
hoc test. The peak systolic and peak diastolic velocities were lower in the subjects over 40
years old (P<0.0001 and P<0.0001, respectively). The fourth decade-group had significant
higher in S2 velocity compared to third decade-group. The d velocity had no significant
different between the designed decade-groups. The fourth and over decade-groups had
significant lower in the velocity indices of RI and VEI (P<0.0001 and P<0.0001, respectively).
The VRI was higher in the decade-groups of third and over (P<0.0001).
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Fig. 8. Age-associated change in the feature points of velocity in CCA (A) and in its velocity
indices (B). Data were mean and SE. *Significant pairwise differences versus third decade-
group were determined by Tukey’s post-hoc test.

As we found that flow velocities in CCA decreased with age, other groups had reported that
a comparable decrease in flow velocities with age (Satomura, 1959; Nagamoto et al., 1992;
Fujishiro et al., 1982). Most of their studies only focused velocity waveforms, i.e. on the S1
and d velocities, and demonstrated that it decreased with age (Satomura, 1959; Nagamoto et
al., 1992; Fujishiro et al., 1982).

In our study, we found that S1 and D velocities decreased continuously with age (by 9.67
and 1.55 mm/s/year, respectively), and S2 velocity increased significantly wit h age (by 1.93
mm/s/year). In hemodynamic studies, characteristic blood flow velocities in S1, S2, and d
were more focused on their relationship either between aging and carotid diseases
(Nagamoto et al., 1992; Fujishiro and Yoshimura, 1982; Gregova, 2004; Schmidt-Truchsass et
al., 1999; Johannes et al., 2001; Scheel et al., 2000). Our results suggest that not only S1 and D
velocities (R=-0.612, P<0.001 and R=-0.248, P<0.001, respectively), but also its indices of RI,
VRI and VEI decreased continuously with age (R=-0.606, P<0.001; R=-0.798, P<0.001; R=-
0.478, P<0.001, respectively after adjustment for gender and exercise effects). Although the
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latter velocities and the ratio could be measured easily using ensemble-average envelope
velocities, only very few studies took this parameters into considerations with the intention
of characterizing its associations with disease (Kaneko et al., 1978; Rutherford et al., 1977),
aging and exercise training.

In the study, we also found that the decreases of D velocities and D/I parameter, which
were depended on arterial elastic recoil, were the important determinant as predictor of age.
The decrease may be homeostatically related to the reduction of arterial compliance and
elasticity with age (Schmidt-Trucksass et al., 1999; Lakatta, 2002; Tanaka et al., 2000). Age-
associated alterations in arterial properties comprised of structural, e.g. intima-media
thickness (IMT), and functional, e.g. arterial elasticity, were related to changes of
hemodynamic parameters particularly in peak blood flow velocity (Schmidt-Trucksass et al.,
1999). Age was the strongest predictor in the decrease of S1, which may be a suitable
parameter to evaluate the influence of aging or atherosclerotic risk factor on arterial
structure and function (Schmidt-Trucksass et al., 1999).

Changes in the shape of velocity waveform may be quantified using RI as the most popular
index. The index was originally used by Pourcelot on waveforms from CCA, as an indicator
of peripheral vascular resistance beyond the measurement point (Planiol et al., 1973;
Pourcelot, 1976), which the smaller RI the lower resistance and vice versa. It is dimension-
less and independent of the angle insonation. It has consequently been widely used for the
variety study of pathophysiological conditions including internal carotid stenosis (Pourcelot,
1976) and for the study of cerebral haemodynamics in neotanal and fetal (Permal, 1985;
Donofrio et al., 2003). In the present study, we found that RI has significantly changed with
age (see table 2).

The velocity ratio of S1/S2 is known that alters with aging and ICA disease (Baskett et al.,
1977; Gosling, 1977; Prichard et al.,, 1979). Gosling demonstrated that S1/S2 ratio in
sonograms from the CCA decreased with aging (Gosling, 1977). Baskett et al. used the ratio
for screening and diagnosis of carotid junction disease (Baskett et al., 1977). They suggested
that S1/S2 ratio less than 1.05 there is an 88 % probability of disease at carotid junction
(Baskett et al., 1977). We found that the index of S1/S2 has same tendency that significantly
decrease continuously with age (R=-0.702, P<0.001). In the study, velocity reflection index,
as calculated from S2/S1-1, increased continuously with aging (R=0.781, P<0.001). This
index seems to have been improved in all age-groups by the training (see details in section
4.4). It is expected that decreased of peak systolic velocity S1 is associated with increased of
second systolic velocity S2 with advancing age. The increasing of S2 may be related to the
increased of wave reflection properties cause an increase in augmentation index (Al) and
wasted ventricular energy (see details in section 4.5).

We could not determine the hemodynamic variables for velocity data in the seventies and
over because of there are no healthy volunteers that participated in this investigation. Thus,
further studies are needed.

4.4 Effect of exercise on the entire groups

Fig. 9 shows the effect of exercise training on peak systolic velocity and the velocity indices
(P by ANOVA). As anticipated results, HR is lower in exercise-trained than in sedentary
(P<0.0001). The S1 velocities are significantly higher in exercise-trained than in sedentary
(P=0.009). The others (S2, D, d) have no significant differences for the exercise effect (P=NS).
Due to the significant increase in S1, it is reasonable that the RI and VRI in the exercise-
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trained are significantly higher (P<0.008) and lower (P=0.0008), respectively. The VEI was
not found significant difference between two groups (P=0.093).
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Fig. 9. Peak systolic velocity and the velocity indices in exercise-trained and sedentary
subjects. *P<0.05 significance between exercise-trained and sedentary peers.

One of most pronounced cardiovascular adaptation to aerobic exercise training is a lowered
HR in the resting (Chen et al., 1997; Goldsmith et al., 2000). For instance, it has been reported
that trained runners often possess resting HR lower than 50 bpm (Costill, 1986). Similarly,
lower resting HR have been shown to occur in sedentary individuals after they have been
exposed to effective aerobic exercise training (Maciel et al., 1985). In our cross-sectional
study, HR are lower in regular exercise trained than in the sedentary peers. As anticipated,
the resting HR decreased in previously sedentary young subjects after exercise intervention.
As shown in Fig. 10, there are typical blood velocity waveforms in three age-groups. Peak
systolic velocities are seen extremely sharper and higher in third decade-group, exercise-
trained sixth decade- and seventh decade-persons. All blood flow velocity waveforms are
not significantly changed in who regularly performed aerobic exercise training in three age-
groups. The velocities are sharper and higher than those of sedentary peers in the especially,
elderly age. The adaptations of blood flow to regular exercise are similarly changed with
aging (P=NS by ANOVA). The patterns of blood flow waveforms are no significance
difference between young and older exercise-trained. As we reported in previous study,
there were no differential exercise effects in the designed age-groups (Azhim et al., 2007).

S1 velocities have a significant difference between exercise-trained and sedentary adults.
Due to the increased of S1 velocities, the VEI and RI indicate a similar tendency change with
the training. Thus, training exercise is a predictor of increasing S1 velocities as a suitable
parameter to evaluate the effect of training exercise. The decreased of resting HR is
associated with the increased of S1 velocities and RI and the decreased of VRI with training.
We can only speculate on one of the adaptation of cardiovascular systems to regular aerobic
exercise training improved arterial compliance and increased stroke volume in the present
study. The increased of S1 velocities seem to reflect the changes of several structural and
functional parameters including IMT and arterial compliance related to smooth muscle
behavior in a similar way (Schmidt-Trucksass et al., 1999). Regular exercise training exerted
a decreased HR with the association of increased blood velocity waveforms in CCA.
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We also found that the ability of regular aerobic exercise to improve flow velocity waveform
in particularly older population was not related on blood pressure. This was the first finding
in age-associated deterioration in blood velocity waveforms of CCA could be modified
favorably by regular exercise aerobic exercise (Azhim et al., 2007a).
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Fig. 10. Comparisons of typical blood flow velocity waveforms for regular aerobic exercise-
trained (solid line) and sedentary adults (dashed line) in the third (A), sixth (B), and seventh
(C) decade-groups. Regular exercise may retard age-associated diminishing in blood flow
velocity waveforms in human.

4.5 Gender difference in the velocities and waveform indices

Table 3 represents the gender difference in the outcome hemodynamic variables and
anthropometric data. Generally men had larger body stature and mass. As shown in the
result, height, weight and BMI are significantly higher in men (P<0.001). Men had larger
SBP and PP compared to women (P<0.05). However, we could not found the gender
difference in DBP and MBP (P=NS). There was remarkable gender difference in flow
velocities, expected for S1 velocity as shown in Table 3. It is shown that all velocity indices
were significant different between men and women (P<0.001). There was no gender
difference in heart rate (P=NS).

The findings present the effect of gender in the role body height and weight on arterial
hemodynamics in carotid blood flow velocity waveforms. As we found in the study, the
women had a lower brachial systolic pressure and carotid systolic velocity, whereas had
higher end-diastolic and second systolic velocities. Therefore, the velocity indices in
vascular resistive and elastic recoil were lower in women. However, wave reflection index
was higher in women than in men.

The augmented secondary peak in the carotid systolic pressure waveform was attributed to
wave reflection (Murgo et al., 1980). A major determinant of intensity of wave reflection was
the distance to reflecting sites. Previous investigators suggested body height was a
significance inverse determinant of augmentation due to earlier wave reflection (London et
al., 1995). Some reports presented that the greater of wave reflection in women was
associated with shorter body height, due to shorter distance to reflecting sites (Mitchell et al.,
2004). They reported that augmentation wave pressure reflection was useful for assessments
of cardiovascular risk and clinical potential (Marchais et al., 1993; Mitchell et al., 2004;
Nichols et al., 2005). However, the importance of reflected flow waves was not emphasized
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until relatively recently (Nichols et al., 2005). In the study, augmentation of reflected flow
wave had highly correlated with that of reflected pressure wave. It was potential to
determine wave reflection from its flow velocity components. Velocity wave reflections
were highly correlated to its pressure components (R?= 0.836) (Azhim et al., 2007c).

Men Women
Height (cm) 170£0.6 157£0.8**
Weight (kg) 64+0.9 51+1.1*
BMI (kg/cm?) 22+0.3 20+0.4**
SBP (mmHg) 121+1.1 116£1.4*
DBP (mmHg) 75+0.9 73£1.2
MBP (mmHg) 90+0.9 88+1.1
PP (mmHg) 46*0.8 42+1.1*
Heart rate (beats /min) 73+0.8 73+1.3
Blood velocity (cm/s)
d 18.8+0.5 23.0£0.6**
S1 98.8+£1.9 99.4+24
S2 49.0£1.2 62.4+1.6**
I 27.0£0.7 34.0£0.9**
D 40.0£0.7 44.9+0.9**
Velocity indices (%)
Resistive 80.1+0.5 76.41+0.6%*
Reflection -48.1+1.0 -36.0+1.3*
Vascular elastic recoil 31.8+0.9 24.4+1.2%*

Table 3. Gender difference in the outcome variables and anthropometric data. The values
were mean and SE after adjustment for the aging and exercise effects. BMI: body mass
index; SBP: systolic, DBP: diastolic, MBP: mean, PP: pulse blood pressure. *P<0.05, **P<0.001
indicated the significant levels.

Epidemiological studies based on brachial artery pressure indicate that SBP were lower in
young premenopausal women than in age-matched men (London et al., 1995; Kannel et al.,
1985). The results were consistent finding that women had lower blood pressure in brachial
artery than in men. Generally, SBP and PP increased as a pulse travels from aorta toward the
peripheral, the increase being all the more pronounced as the distance of pulse propagation
(London et al., 1995; Latham et al., 1985). Women had larger reflected waves than men, in
part due to shorter body height and closer physical proximity between heart and reflecting
sites. However, body height was not sufficient to fully explain higher reflected wave flow
and pressure in women. In the study we indicated that the reflected wave had higher in
women and was significantly correlated to body height and weight. Although, pressure
wave reflection and propagation are known recently to correlate with body height (London
et al., 1995; Latham et al., 1985; Mitchell et al., 2004), however, we also found that increased
reflected wave was partially contributed by decreased body weight and increased heart rate
level. The gender difference in arterial hemodynamics in carotid blood velocity waveforms
is probably accounted for body height and weight.
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It had been reported that women had lower carotid artery distensibility compared with men
(Ylitalo et al., 2000). From the findings of present study, we agreed that women had lower
arterial elasticity using the proposed velocity indices. The difference in the velocities and its
indices were related to smaller body size in women that largely accounted for the gender
differences. However, the difference in velocity indices was also influenced by
concentrations of estrogen in hormone status of women (Krejza et al., 2001).

The gender difference in velocity waveforms in CCA found in this population was not
depended on blood pressure. It was demonstrated that the gender difference in blood
velocity waveforms of CCA are not directly linked to it pressure waveforms (Azhim et al.,
2007b).

Although the finding in the effect of increased wave reflection in arterial system on body
height was consistent, because the relation of body weight and body fat on the artery
stiffness and flow velocities were largely unknown, further investigations are needed. The
Doppler angle of insonation was important because it must be taken into account when
calculating blood flow velocity from the Doppler shift frequency. However, the velocity
indices of were independent of the insonating angle so that the assessments of
hemodynamics were more accurate and reliable.
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Fig. 11. Comparison of typical flow velocity waveforms in CCA for gender difference of
man (dashed line) and woman (solid line). Subject’s details were 171 cm, 65 kg, BMI: 22
kg/m?2, age: 23 years for man and 154 cm, 48 kg, BMI: 20 kg/m2, age: 25 years for woman.

5. Conclusion

In the chapter, we have presented first, the portable measurement system has developed for
ambulatory and nonivansive determination of blood circulation with synchronized of blood
pressure and ECG signals, which has potential to provide the critical information in clinical
and healthcare applications. Second, there are multiple factors which have effects on blood
velocity waveforms in CCA. Regular exercise training is able to improve age-associated
decrease blood velocity in CCA with similar effect between young and older exercise-
trained. The velocity waveform patterns have no significantly change with age in entire
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groups who regularly performed aerobic exercise. Gender-associated difference in the
outcome of velocities and the indices is also found in the study. Reference data for normal
velocities and the indices in CCA are determined after adjustment for the effects of age,
gender, and exercise training. Reductions in blood flow velocities are believed to have
contributed significantly to the pathophysiology of age-associated increase in not only
cardiovascular but also cerebrovascular diseases. The findings have potentially important
clinical and healthcare requirements for prevention of cardiovascular diseases.
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