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ABSTRACT

The key of ankle-brachial index (ABI) measuremestaiccurately measurement of upper and lower
extremities systolic pressure. When the blood flewelocked, blood flow will resume a normal beatlan
the corresponding cuff pressure of the first trostgrting point is the systolic pressure. Firstatects the
pulse signal main frequency by spectral analysithefpulse signal which based on the power spectrum
estimation. Regarding pulse signal frequency adb#séc standard, it achieves power spectrum estimat
of blood flow signal with a sliding window. Last dichieves locating the position of systolic pressoy
detecting whether the blood flow signal frequenog ¢he pulse signal frequency are the same. Through
simulation and experiments, it can achieve accudgtection of systolic pressure and automatic
measurement of ankle-brachial index by applicatibtihis method.

Keywords: Power Spectrum Estimation, Ankle-Brachial Index (ABI), Systolic Pressure, Spectrum Analysis,
Main Frequency

not only contributes to detect early atherosclerosi
but also has important guiding value of
cardiovascular drugs and antihypertensive drug

Wwith ' the improvement of people’s _living cyrative effect evaluation, the prognosis of aetgri

fﬁaﬂl-jfg;dfioadnsdr:g\?ecgggr?eesxg(fasdsli?/télhl?nf::kéelpgieaﬁ senile systemic diseases involving vascular
9 y ' 8sions, guiding clinical medication and the

a serious shortage of physical activity, theresearch and development of new drugs. ABI

emergence of aging, Worklng_ pressure caused b tection method has broad application prospects in
social  competition, excessive ~mental Iaborthe fields of basic research in clinical and
acceleration of life pace and other reasons, the . :
. o .experimental animals[6, 7].
artery-related diseases has been rapidly increasing
in the world. Arterial disease is difficult to cure ABI tests whether the detected object suffers
The aged-related diseases as concurrefiom the lower extremity artery occlusion by
cardiovascular and cerebrovascular diseasesalculating the ratio of the blood pressure of lowe
hypertension, hyperlipidemia and diabetes increasad upper extremity systolic. When the ratio isles
the difficulty of treatment, which not only causeshan 0.9, it means that the lower extremity
the high rate of illness and disability, but alsgeripheral artery disease occurs[8, 9].
seriously affect the patients’ quality of life.
Therefore, early detection and diagnosis of arteria
disease became imminent event of medical
workers[1,2]. ABI (ankle-brachial index) is an ABI is the ratio of the blood pressure of lower
important index of diagnosing PDA (Peripheraland upper limb systolic pressure, which is the
Arterial Disease), and it is also an accurate, Empeffective basis of diagnosing and assessing the
and non-invasive method of diagnosing Peripherddwer  extremity  arteriosclerosis  obliterans.
Arterial Ischemia. ABI is a measure to screen th@ccording to this definition, the key of ABI
PAD, and it has good correlation to various kinfls odetection is to determine the ratio of lower and
diseases such as cardiovascular diseasgyper extremity systolic.
hypertension and renal insufficiency, which can
provide very valuable information for clinicians’
further judgment[3-5]. Simple, sensitive, non-
invasive and high repeatable ABI detection metho

1. INTRODUCTION

ABI= lower limb systolic pressure / upper limb
systolic pressure

Since the ABI measuring technique is immature,
the ABI measuring products are relatively less, and
Epe key of ABI detection is to determine the raifo
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lower and upper extremity systolic, thedeveloped double layer Cuff by high tech, i.e. the
measurement of ABI is indirectly equal tocombination of double cuff measurement and
measuring the ratio of lower and upper extremitpscillametric method. Its testing method is the sam
systolic. as Doppler method. Set the sensing Cuff in the
In recent years, many blood pressure monitorlgWer part of Cuff to test wave _signals and ture th

' sound into the sensing Cuff signals to obtain the

and automatic electronic blood pressure monitors
same accuracy as Doppler method, therefore, to

adopt oscillametric method to measure the bloo he blood fl d
ressure indirectly. Therefore, the oscillametric easure the blood pressure of lower and upper
P ' K xtremity and calculate the value of ABI. The

method can be applied to measure the value of A.szove medical instruments can detect the ABI of

anlé?hé% tgiir\:wc:ﬁ dnglr']%f;]l?o??fsemj{a?;c'”r?]rgt?]tg%xperimental subjects and patients, but the psce i
' 9 P Y xcessively expensive, only the sensor worth tens

anti-environment disturbance ability, and low puls%]c thousands of yuan. And it needs four cuffs to

signal frequency_, It is §u|table for CorT‘pmerlgeasure. The accuracy of measurement has been
processing, and it can reliably measure the blog

pressure. Oscillametric method measures the bloo: sf?ected dug to the incomplete same position of
- : and sensing Cuff.

pressure by establishing the relations between

systolic pressure, diastolic pressure, mean pressur This thesis studies the theory of auscultatory

and cuff oscillometric blood pressure [10], agnethod blood pressure measurement, the relation

shown in Figure 1. First, amplitude coefficientbetween arterial blood pressure and cuff pressure,

method depends on the characteristic coefficientmd blood flow wave. In the thesis, a nhew method

basis on large samples which are collected byf measuring systolic blood pressure, i.e. the Cuff

statistical methods. The characteristic coeffigentpressure which the first wave starting point ofdalo

are different to each specific individual. It isflow recovering wave corresponds is the systolic

affected by pressure wave amplitude, pulse contobtood pressure. According to power spectrum

and arterial elasticity. In fact, the estimation, detect pulse signal main frequency by

characteristic coefficients adopted by manyhe spectral analysis of pulse signal. At last, to

research groups and existing products are alsletermine the position of systolic blood pressure

different. So detecting the systolic pressure anand achieve the automatic measurement of ABI

diastolic pressure by amplitude coefficient methothrough the detection that whether the blood flow

lacks of solid theoretical foundation and it hasignal main frequency is equal to pulse signal main

strong experiential. The oscillametric bloodfrequency.

pressure measurement technology which adopts tEg THE PRINCIPLE OF COMPUTER

amplitude coefficient method is not accurate: RECOGNITION OF SYSTOLIC

Amplitude coefficient has great discreteness. PRESSURE

Although it can make a rough judgment, it is not

suitable for ABI measurement because of the Using the pressure cuff of the cuff to measure the
requirement of accurate systolic pressure, k'g ) pfth limbs artery lini "
Therefore, the value of ABI measured by emokinesis of the imbs artery finings, we monttor
oscillametric method has always been questioning.Slgnal amphtude of the pulse fluctuatpns in the
sensor cuff during the gradually decreasing pressur
- in the pressure cuff. If the amplitude of the pulse
7 fluctuations begins to increase substantially, then
| Fo the pressure in the pressure cuff is equivaletheo
| systolic pressure [13]. When the pressure in the
T compression cuff is higher than that of the upper
\ arm, compression cuff will block the blood flow of
HHH S the brachial artery through internal organization i
il . the upper arm. While the pressure in the
nenite compression cuff decreases to the upper arm

Figure1l Oscillametric Method Measure Theory Chart  systolic pressure, blood vessel elasticity makes th
n August 2003, Korea Hanbyul Mediech 000 0 bachi ane o ecover foung Tt
Co.Ltd developed the PP-1000 atherosclerosis afd P

vascular detection system adopting high sensitiv?';b}'StOIIC pressure when the sensor cuff detects high

sensor which can detect ABI. Japan Colin Comparﬁlrgfl'ttﬂge Eglrie :Iel;(gléit'onr'ezzﬁizbyéfwiié?n t(l’)(t;)lt,lala
invented arteriosclerosis tester [11,12] whic P P 9
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starting point is the systolic pressure when thsystolic pressure, and then we can calculate the
blood recover flowing. The testing principle andABI.

steps is shown in Figure 2 to Figure 5.Thus, the ke

is to find the position of the first trough stagin Korotkoff sound first acoustic locations

point where the blood signal resumes norme . .
pulsing. To achieve the accurate measurement :
the systolic pressure, the thesis adopts slidir=—

pressure. Figure5 Waveform When Blood Flows Over Again

d?" METHOD OF POWER SPECTRAL

(1) In the experiment, test the natural bloo ESTIMATION

flow waveform, As shown in Figure 2.

3.1 The Definition Of Power Spectral Estimation
The auto-power spectrum of random signal is

also called power spectral density, which is FueLiy

transformation of its autocorrelation function[14]

Figure 2 Waveform When Blood Flows At Natural written asP(f)
(2) Exert flow slowly when the cuff with o )
sphygmomanometer binding on the arm. As shown P(f)= J._m R (r)exp(- j2rr)dr (1)
in Figure 3, waveform fluctuates as the blood flow
is influenced by the pressure of the air sac. Power spectrum estimation estimates the power

spectrum of the signal by finite length of dataeTh
thesis uses the classical power spectrum estimation
method, the so-called direct method and is also
named periodogram. It is directly obtained by Fu
Figure 3 Waveform When Blood Is Pressed Liye transformation: regards the N bit sample value

(3) When the cuff pressure if larger than th&n (n) as random energy signal, and then take the
blood flow pressure, the blood flow between thé=u Liye transformation which isc  (e“), after

figures and the arm is nearly blocked with no flowihat take the square of the amplitude and divided

At this time, the blood flow waveform is almostyy N as the real power spectrum estimation P of
competitive leveling straight line, as shown inX(N) ie.:

Figure 4.
P(exp(ja))):%\XN(a)Y:%\X(exr(ja)))\z

Figure 4 Waveform When Blood |s Enough Pressed

(4) Then reduce the cuff pressure slowly and N
continue to observe the blood flow waveform. ; — _
Subsequently, the blood flow appears a jump ag((exdjw)) ;X(n)exr'( an)
shown in Figure 5. The first trough starting past (3)
corresponding to the starting point of the natural g,
blood flow and the corresponding pressure of which
is the systolic pressure of the upper limb. And the _1 2 _ N -
Korotkoff-Sound Method result also verifies this. P.k)= N ‘X(k)‘ (k= 012.-:,N~1)

[N

Seen from the detection of the arterial blood @)
pressure and cuff pressure by Korotkoff-Sound and

Method, we can get the conclusion: at the opening N

of arterial blood pressure, cuff pressure is eqoal X(k) - X(n)exr(— j2rkn/ N)
systolic pressure. At this point, the blood stdots =0 (5)

pulse which is corresponding to the first Korotkoff
Sound. Thus, collecting the blood signal and the
pressure signal simultaneously can confirm the

R
344




Journal of Theoretical and Applied Information Technology
10" February 2013. Vol. 48 No.1 3

© 2005 - 2013 JATIT & LLS. All rights reserved-

SATIT

ISSN: 1992-8645 www.jatit.org E-1SSi817-3195
3.2 Sliding Window Selection main lobe or minish the side lobe so that the dctua

In the actual digital signal processing, it ofterspectral is approximately to the original spectrum.
requires the observation time of the signal to bBut from the view of perspective of energy
limited in a certain time interval and also needls tconservation analysis: when the side lobe minishes,
select a period of time signal be analyzed. Sudhen the main lobes will magnify; side lobe
interception of a limited amount of data is thanagnifies, the main lobe will minish. The latter is
signal data truncation process. This is conduaive fikely to cause confusion of side lobe and mairelob
perform spectrum analysis of the blood flow signaand the misunderstanding of the two main lobes.
and will be easy to find the corresponding startind@herefore, it is generally possible to increase the
point of the systolic blood pressure, which ignain lobe and refine side lobe, so that the energy
equivalent to add a moving "window". Accordanceconcentrated in the main lobe. The essence of this
with normal pulse of the frequency range of th@pproach is: because the side lobe is high-frequenc
experimenter, the sample frequency, as well as tllemponent, reducing side lobe is trying to decrease
basic principle of spectrum analysis, the selectettie high-frequency component and appropriately
length of the sliding window is 600[15] . increase the low frequency components. Data
S : interception is equivalent to using a rectangular
3.3 Error Elimination Of Spectrum Analysis window function window. As the rectangular signal

In digital signal processing, it realizes the datan:thanges very fiercely in the time domain, the digna

spectrum ana_ly5|s mainly through DFT and F.FT; Paveform is straight up and down and the high-
the same time, according to the previousl

description, in order to find the correspondin ¥requency component is extremely rich and decays

starting point of the systolic blood pressure mo%IOWIy’ which causes very serious ~spectrum
ing p y 0d pre: ?eakage. Therefore, it is possible to replace thwi

easily , it needs to carry out sliding window datab : .

. . ) . . ther window functions.

interception, which will cause analysis error. Two

of the most important analytical errors are pickeB.3.3 The application window function

fence effect and spectral leakage [16]. According to the above-description, we can

inhibit spectrum leakage by window function

The suopression and elimination of the picke eighting to inhibit the amplitude characteristic
ppr ) . ) . P ide lobe of the FFT equivalent filter or make the
fence effect is mainly by increasing the intercdpte.

. . input signal cycle of limited length delayed which
data length. The methods of increasing the lenfyth ngn mi?wimizey the discontinuit?/ degreye on the

intercepted data are as following: (1) By incregsinb undary. There are two requirements for designin
the number of data points N to change the length ¢ Y- . . q gning
: T : of the window function[16]:
the data interception; (2) By supplementing zero on
interception data terminal to increase the data (1) the main lobe width of the window function
length. spectrum should be as narrow as possible in order

tep obtain a steeper transition zone;

3.3.1 Elimination of the picket fence effect

Although the above two methods increase th
interception length, the former way increases data (2) the relative amplitude of the maximum side
sampling points which can see more spectral lindsbe should be as small as possible in order to let
that can not been catched before lengthened. Ttee energy concentrate in the main lobe to thetgrea
latter lengthening is the zero value at the enthef extent to reduce the acromion and corrugated and
data, which has no effect on the calculation resulimprove the stability of the in-band and incredse t
of the spectral analysis and it can make thattenuation within the stop band.
spectrum become dense while maintaining the .

o . . However, these two requirements can not meet
original spectral shape. In this experiment, weduse

the second method, a method to achieve zergf AR, IR 0 SN diagrams
padding at the end of the data. P P g

obtained by the MATLAB simulation of a variety
3.3.2 Suppress spectral leakage of window functions, we can draw the following

The suppression of spectrum leakage is primarilgonclusion: the application of the window function
through lengthening the intercepted data andan effectively inhibit the leakage of the signal
changing the shape of the window. However, thepectrum and is conductive to detect the signal's
lengthening of the intercepted data will greatlyfrequency. The maximum side lobe of the
increase the calculated amount and is unfavorablégamming function is 41dB lower than the main
for data analysis. From the principle point of vjewlobe and approximately 99.963% of the energy is
to reduce a truncation error, we should magnify
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concentrated in the main lobe, which effectively

controls amplitude of the side lobes.
Table 1: Usual Window Trait Schedule
) Approximate Sidelobe Minimum
:‘/l\JhnncotIi%Vr\ll transition peak stopband
bandwidth amplitude attenuation
rectangle ) )
wirdow 4m/N 13dB 21dB
triangle 871/N -25dB -25 dB
window
hanning 877/N -31dB -44 4B
window
hamming
window 87/ N -41 dB -53 dB | i : | . :
blackman 1% 500 1000 1500 2000 2500 3000
window 12”/N -57 dB -74 dB The data of pulse signald

Figure 6 The Power Spectrum Estimation Of Pulse
4. DETECTION EMULATION Sgnal

REALIZATION (2) From the starting point of the pulse beating,

find and intercept 600 blood signal data and then
Because the person's heart rate is constant a@@Ty out power spectrum estimation. According to
the frequency of the pulse is evocated by ththe calculated power spectrum value, find out the
beating of the heart, and similarly, the frequeaty spectral peaks value of the blood flow signal aad i
normal blood flow is equal to the heart rate ay thecorresponding main frequency.

are the result of the same emits. Thus, if we akgar (3) And then check whether the main frequency
the pulse spectrum as a standard, the frequency gf the piood flow signal and pulse signal is the
normal blood flow signal should be equal to the, e |f they are the same, it means that thergjart

frequency of pulse signal, all of which is the tE};Eoint range of wave crest has appeared; if not, it
standard and basis. Below through the MATLA eeds to carry out power spectrum analysis of the

software simulation example, we will show thegng segment data successively and also inspect

steps of how to detect upper extremity SystoliGpather the main frequency values of the blood

blood pressure. flow and pulse are the same until the inspection
(1) First of all, search and find the starting andrequency value is equal. In the Figure 7, 8 and 9
ending point of the normal pulse beating from théhe main frequency of the blood flow signal is
start point of every group of the pulse data, tben different from that of pulse signal. As can be seen
out the segment data between the starting af@d Figure 10, the main frequency of blood flow
ending points of the pulse. Find out the peak ®f itsignal and the pulse signal is the same.
power spectrum and its corresponding mair,,
frequency through power spectrum estimation c
the segment data. As shown in Figure 6, the pow *®
spectrum main frequency of the intercepted puls z0m ;
data is 0.961Hz. 1000 -t
0 N O (I N O SO SIS [N
o 05 1 15 2 25 3 35 4 45 )
The power spectrum estimation of intercepted blood signale

i i i
0] 100 200 300 400 00 BO0
The data of intercepted pulse signale

Figure 7 The Power Spectrum Estimation Of
Intercepted Blood Signal
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4000 fsommirs drasqiash i dr e b e S e e e 600 data segments, namely: test the crest of
o] I (N NS N, N S SRR . N T following 600 data segments one by one from last
g‘m ,,,,,,, S . data and see if the blood flow signal main

N DT A A R frequency is the same as that of the pulse sigihal.
LL] i S R R N R M not, test the crest till they are the same, thatpof
o NS S S S (MY ST ST SN — which is just what we need and its corresponding

il 0.5 1 15 2 25 3 35 4 45 s . . .

Thipiwer shectriin tifiainn 6t intércepted Blodd Hgpale pressure value is systolic pressure. In FigureHel,
e main frequency of intercepted blood flow data
P — power spectral is different with that of the pulse

signal. But in Figure 12, the power spectral main

LIRS S O T frequency of the blood flow data followed the
i e fevennaccan foresecunens trough is the same with that of the pulse signal.
i i i i i i i Based on the blood flow signal peaks and troughs
! it imteroopted prse gt in the detection, as shown in Figure 12, the

corresponding starting point of the peaks is the
systolic pressure point.

Figure 8 The Power Spectrum Estimation Of
Intercepted Blood Signal

4000
3000 |- dimaandie
2000
1000
: : : : : : : : : : o i i i i i i i i i i
0 i i i i i I i i | } 0 05 1 15 . 2 26 3,35 4 45 §
0 0s 1 1.5 2 25 3 35 4 45 5 The power specttum estimation of intercepted blood signal
The power spectrum estimation of intercepted blood signale e e e S e v e S e R Sy et
100 R T T
1 T LTt SRR PR '.l ........................
| USSR N SRS SRR SR -1 S . S
7 ISR VRN SN SR S S : _ g
i : : i : i -100 ' ! ! ! ! |
100 1 1 I 1 1 ] a 100 200 300 400 00 600
0 100 200 300 400 500 600

The data of mtercepted pulse signal
The data of  intercepted pulse signals

Figure 11 The Power Spectrum Estimation Of
Intercepted Blood Signal

Figure 9 The Power Spectrum Estimation Of
Intercepted Blood Signal

0 i i S o | i i i I j
0 045 1 15 2 25 3 35 4 45 5
o 05 1 15 2 25 3 35 4 45 5 The power spectnim estimation of intercepted blood signal-
The power spectrum estimation of intercepted blood signals I s o e e i i e o R
the start positions'
B0 bmofannnnnn fimn e S B S e ] e M A B b g s e S S
0
N 1] SR T e ]
! ' ! 4 i ! 100 | 1 I 1 I i
400 i i i i i j o 100 200 300 400 500 00
o 100 200 300 400 500 600 The data of mtercepted pulse signal+

The data of intercepted pulse signale

Figure 12 The Power Spectrum Estimation Of

Figure 10 The Power Spectrum Estimation Of Intercepted Blood Signal

Intercepted Blood Signal

(4) When the test result shows that the main
frequency of the blood flow signal and pulse signal
is the same, it means that the starting point rarige
wave crest has appeared. Then, re-test from the las
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5. EXPERIMENTAL RESULTS corresponding systolic pressure; left upper

Korotkoff, left lower Korotkoff, right upper

Realize the power spectrum estimation througKorotkoff, —right lower Korotkoff represent
the improved Goertzel algorithm. As has beefespectively the corresponding systolic pressure
mentioned above, regarding the upper limb pulsesults by Korotkoff-Sound Method. Left upper
power spectrum main frequency as the standard, tegor, left lower error, right upper error, riglter
normal blood flow signal main frequency should berror represents the corresponding pressure error.
the same as that of the pulse signal. That's #te té\ll units are mmHg. As can be seen from Table 2,
basis. Through the pulse signal power spectruithis measurement method has high integrity and can
estimation, we can obtain the pulse signafletect the ABI of the subjects with better result.
frequency, namely the detection criteria. Thenycarr
out the sliding window spectrum estimation and get
the blood flow signal main frequency. If they are
different, we need to continue the sliding window number
spectrum estimation till we find the same main oftimes 1 2 3 4 5 6 7 8 9 10
frequency. The above method realizes the upper
limb systolic pressure coarse positioning. Through Left
the detection of the peaks and trough, it can aehie ulf)rzebr 104105 113 119 105 118 110 114 113 103
the accurate locating of upper limb systolic
pressure. Comparing the experimental result withguer
the systolic blood pressure obtained through the limb
Korotkoff sound auscultation method, we find that Right
they are the same, which verified the correctnéss oUPPer o101 113 124 103 114 107 111 114 100
this experiment. As shown in Figure 13, the "_mb
detected upper limb systolic blood pressure is '?)'V%Q:
108mmHg. The detection method of the lower limb |j, 111146 136 153 123 139 140 131 134 124
systolic pressure is the same as the upper limb g

systolic pressure detection. upper
Korotkoff
The position of systolic pressure Left

- - n il - lower

7 = " =, " Korotkoff 101131 132 125 102 119 118 121 124 102

it G Right

f upper
=] S N = T S Korotkoff 109102 113 120 103 113 110 113 114 100

Right
Figure 13 The Accurate Location And The Detected lower
Realization Of The Systolic Pressure Korotkoff

At present, Korotkoff-Sound Method s Left

: - WP 9 0 0 0 0 0 0 0 0 0
medically recognized as the standard method oferror

blood pressure measurement. The United Statesieft

Medical Instrument._DeveIopment _Assocatlon ( lower 11 2 0 3 1 4 0 2 3
AAMI ) and the British Hypertension Society ( €'

BHS ) regards it as the standard and suggest thﬁ']g';

improvement of  other new blood pressure o ©0 1 0 4 0 1 4 2 0 O
measurement of methods the be compared with thegigiy
Korotkoff-Sound Method . Therefor, to examine the lower
detection accuracy of the experiment, the authorerror
applied the Korotkoff-Sound Method.

Table 2: Experiment Result

100130 134 125 99 118 114 121 122 99

104105 113 119 105 118 110 114 113 103

114144 131 150 128 136 138 131 138 121

In the following 10 groups of experimental, it As can be seen from the Table 2, the right lower
detects the systolic pressure of the upper andrlowextremity error is the maximum, right upper
limb systolic and also applies the Korotkoff-Soundsystolic measurement error is competitive minimum
Method to test the blood presure as a standard. Taed left upper limb systolic pressure measurement
the measurement result is recorded in Table 2. ik the most accurate with no error, all of which
shows that left upper limb, left lower limb, illustrates the detection accuracy of the uppeblim
Rightupper limb, Right lower limb represent thesystolic is relative higher than the lower limb
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systolic and is easier to be detected. Experimhenta
error may have the following reasons: the subjects
is uncomfortable or nervous during the detectigp)
which will cause the shaking of the upper and lower
limb systolic and the shortening of the breathaas
result it will influence the measurement accuracy.

6. CONCLUSION

Using the spectrum analysis method based [8f
power spectrum estimation and sliding window can
successfully solve the problem of systolic blood
pressure automatic identification and automatic
detection of the ankle-brachial index. The power
spectrum estimation of the upper and lower limb
pulse signal and together with the regarding of tfu
pulse signal frequency as the criteria can redlize
data positioning of the blood flow signal. The
adopting of sliding window spectrum analysis of
the intercepted blood flow data reduces the amount
of computation and achieves coarse positioning %]
upper and lower limbs systolic blood pressure. AILd
then through the detection of the blood flow signal
crest, it can realize the accurate locating and
identification of the upper and lower limbs systoli
blood pressure, which will achieve accurat
detection of the ankle-brachial index.
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