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Thesis Tittle Investigation of Cuffless Blood Pressure Meausrement Using Artificial

Neural Network
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Major Program Electrical Engineering
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ABSTRACT

Most countries confront high and increasing rates of cardiovascular disease
(CVD) that is a major cause of death. The most common form of cardiovascular disease is
hypertension, which is a significant risk factor for the development of other diseases. Thus, the
blood pressure (BP) is an important vital sign for monitoring the vascular and heart functions. This
thesis investigate of cuffless blood pressure measurement is non-invasive cuffless blood pressure,
which is a convenient method in measuring blood pressure. The principle of this method is to
measure the blood pressure from the photoplethysmograph (PPG) signal and the electrocardiogram
(ECG) signal. This technique calculated the blood pressure using Pulse arrival time (PAT). PAT is
the time interval from the peak of R wave of ECG signal to the peak of PPG signal within the same
cardiac cycle. Artificial neural network (ANN) is used to evaluate blood pressure. It is tested with
supervised learning process. The input layer consists of PAT-pl, PAT-p2, PAT-p3 and HR cal
(Heart rate obtained from LabVIEW), while output layer (target) consists of Systolic blood
pressure (SBP) and Mean arterial blood pressure (MAP). The results of our research found that
one of key factors that can lead to increase the accuracy for evaluating blood pressure is heart rate.
As a result, the minimum errors of evaluation of blood pressure are 1.967+2.9 mmHg (SBP) and
1.562+2.044 mmHg (MAP), respectively. These values are lower than standard of the Association
for the Advancement of Medical Instrumentation (AAMI). AAMI requiremented for BP estimation
indicates that the mean of the estimation error has to be lower than 5 mmHg in absolute value,

and the standard deviation of the error has to be below 8§ mmHg

Keyword: Blood pressure, Electrocardiogram, Photoplethysmograph, Pulse arrival time
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1.2.1 A LabVIEW Based Measure System for Pulse Wave Transit Time [3]
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1.2.2 Cuff-less Estimation of Blood Pressure using Pulse Transit Time and Pre-ejection
Period [4]
E4 9
wmmuuuﬁuamimmmwLﬁ@mmu"lugﬂamazﬂiwﬁmﬂﬂa@ﬂsmwu

a

o [ Y o Y 1 A A A 9 1 [ A = Y @
dmsumsirhsz JaThenvueeiiies matinnlslsznaaanuanidealiogalignunalgmaiin
& A Aa 1 A A = A U . . U @ A A
i lumalanianuuuredouINNgANON134 1A Pulse arrival time (PAT) A1ANAULIADANY
v v Y
m3ttasunaseziinanan PTTag Pre-ejection-period (PEP) @4a@1n159 1.1 unanudinaue
v Y
m3ian1 PAT Taglemsdadyyia PPG MU atiafienaz usnaduuyy msiadaais PPG
1 o 4 @ o { o VoA v o <3 1
ey ECG sanuetiufindaanaiaesdmunusianeniainindsznon 1-3 nazuaas 1diiiua
o a 1 1 ya 4 [ @ 14 1 U @ U
ANNTOAATIUIUTUNATIU 1FU A1 PEP UNANUUAATIZHANUTUNUTIZ1219A1 PAT Aua
anusutaeagegavmz Walaliuda (sBP) Tagldnisiinsiziuuuonnooanizsloyana
(Individual linear regression) 1NHANITNAADINLIIAIANNHANA1AINN1TUTZ1AUAT SBP W11
ngauazeehigalinuniny 11.61 uag 2.7 mmHg MU

PAT = PTT + PEP (1.1)

Simultaneous Reading of ECG, Finger PPG and Brachial PPG

T T T T T I
06| e——_ Brachial PPG | _|
Il ﬁl Lead Il ECG
0551 ( — — Finger PPG |
I PTThE= PATf- PATh 'I
0s5f IJ ‘ <> ’ B
0.451 | )’PAT1= PEP + PT[Thf .
o 04f / il a N
2 0 ‘ [t 6
= _ PATb = PEP # PT[THb AN
g Y < L ’ﬁu N
< o3} A : N
| e Q‘t\ p \ 3
025+ | g . / / ‘\‘ o
af || =1
/ 7
U 15 |! J /1 \“
gl | / Foot of PPG Signal
.J'
1 1 1 1
600 700 800 900

Sample Number

Y
Adseney 1-3 au ECG, PPG mnmﬁuumu iag PPG UTINIUUD

1.2.3 Non-constrained Blood Pressure Monitoring Using ECG and PPG for Personal

Healthcare [5]
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1.2.4 Noninvasive Cuffless Estimation of Blood Pressure from Pulse Arrival Time and

Heart Rate with Adaptive Calibration [6]
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1.2.5 Comparative study on artificial neural network with multiple regressions for

continuous estimation of blood pressure [7]
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1.2.6 Effect of confounding factors on blood pressure estimation using pulse arrival time [ 8]
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1.2.7 Enhancing the estimation of blood pressure using pulse arrival time and two
confounding factors [9]
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1 Pulse wave transit Individual ﬂ Maximum and minimum estimation
time (PWTT) linear error of SBP 8.26 and 1.58 mmHg
regression
2 Pulse arrival time Individual ﬂ Maximum and minimum estimation
(PAT) linear error of SBP 11.61and 2.67 mmHg
regression
3 Pulse transit time Individual ﬂ Maximum and minimum estimation
(PTT dp) for SBP linear error of SBP 11+8 and 4+2 mmHg
Diastolic time regression ﬂ Maximum and minimum estimation
(Dia_t2) for DBP error of DBP 1046 and 5+4 mmHg
4 Pulse arrival time Mimic ﬂ Maximum and minimum of standard
combination with database deviation error of SBP and DBP 7.77
heart rate and 4.96 mmHg
5 Pulse transit time Artificial ﬂ Minimum estimation error of SBP

weight and arm length

neural network

4.53+£2.68 mmHg
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6 Pulse arrival time, Individual ﬂ Maximum and minimum correlation
Heart rate and multiple coefficient (R) of SBP 0.949 and 0.749
time_deri b regression ﬂ Maximum and minimum correlation

coefficient of DBP 0.932 and 0.629

7 Pulse arrival time, Individual ﬂ Dental anesthesia
Heart rate and multiple Mean correlation coefficient (R) of SBP
time deri b regression and DBP 0.922 and 0.855

ﬂ Toilet seat application

Mean correlation coefficient (R) of SBP
and DBP 0.806 and 0.851

ﬂ Computer desk application

Mean correlation coefficient (R) of SBP
and DBP 0.799 and 0.711

ﬂ Vehicle application

Mean correlation coefficient (R) of SBP

and DBP 0.779 and 0.746

Purposed | Pulse arrival time Artificial ﬂ Maximum and minimum estimation
method from three physical neural network error of SBP 4.53+3.67 and 1.974+2.9
examinations and mmHg
Heart rate ﬂ Maximum and minimum estimation

error of MAP 1.56+2.04 and 3.58+3.24

mmHg

S a
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N ' o A 9 'Y 9 A 1o A ' o
PAT ﬂ'TNTﬁﬂﬂﬁgLNuﬂWﬂ'ﬂﬂﬂuLﬁﬂﬂllﬂ UADTIADINTILNUAITULLYU fﬂhll‘!ﬂ151j'§$!,lluﬂ”lﬂ'§l”lﬂﬂu
A A LY 9 Y] 1 [ U <3 a 9 Lg v 9
La@ﬂﬁTNWﬁﬂLWNﬂ19ﬁ51ﬂ1ﬁlﬂuﬂl’8\‘]‘H'ﬂﬂi?llﬂ‘ﬂﬂ? PAT Lﬂuﬁ)unmawaga HONITINDUNDUIN fﬂﬁcl,slf
1 =1 1 o A 1 a 4
Tasavhetlse aniien (Artificial neural network) a13nsald anuuyud nan1asldnisdiasie v

Aa a 4

HUUDADDYLE AT (linear regression) LAENITUATIEHLUUNADOYIWAY (Multiple regression)
A 1 = <3 [ AR A Y 3 A = o 4
lu@ﬂﬂ?ﬂiﬂﬁﬂﬂﬂﬂﬂigﬁ'l‘VIL‘VIEJllHJuﬂaﬂ@iﬂﬂ%gﬂﬁ'ﬂﬂ"uu!W@Lﬁﬂuuﬂﬂﬂ’lﬁﬂ’l\‘i'lHﬂJ’ENﬁlJ’ENlJI;!HEJ

o, v Aa <Y A v Y ' 9
NS AN IVAAITIEHUBYANNANNFULFOUAD UV NN
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v d av
1.3 ’Jﬂi}ﬂi%iﬁﬂ’u@ﬂﬂ1ﬁ’)ﬂ€l
A U v o J U @ A 9 @ .
1.3.1 LW@ﬂ1ﬂ1ﬂ'J13Jﬁ3JW1J‘ﬁLLa$‘]J§$iﬂiMﬂWﬂ’NllﬂuLaﬁ]ﬂjﬂﬂicﬁﬁﬁﬂﬂWi‘U@\? Pulse arrival
time (PAT)

1.3.2 tiooonuuLLaz A A oaduuud v uIananusuidon Tasl$nanmsuod PAT

1.4 YOUIYANISIVY
o < 1 @ o 4 o

14.1 mmamaamazmu%’agam PAT 91001018 35A5 15 A1 911U 100 Gﬁ’mga twoii 1)
a 1% v J o 1 [ o o Y ::
amswﬁwmmmuwu‘ﬁnummwmmﬁam;mqmmzm“l%ﬁum (SBP), ANAUIADARI AV
v % £ = d'
y2lananedn (DBP) Lay ANuAULaeanay (MAP)

142 v‘hmamaamamﬁmﬁ’ay‘aﬂﬁ PAT mﬂmmaﬁ’mgwﬁﬁmaﬁﬁqmmwinmaw‘fmLm

%9018 20-30 1

1.5 35M A uiduMIdY
= 9 A v v v =)
1.5.1 AnkdayaneIntms innnNuauaen
[ = o =< ] a [ (Y] A =
Jagiszaan aehmaan ludiuueanaiiansianuau a0 11NNITANY)
1 axy o v A 13 a A o [ A 3 .
WUNITMTIAANUALIARAEINTaNDUTY 23T ABN15IAAINANIABALUUFNE] (Invasive blood

[ Qddyc! LU 9 A = é A v [ A
pressure, IBP) ﬂ"lﬁ']ﬂiﬂfﬁl‘ﬁuNﬂ?iiﬂﬂ@&ﬂlTllﬂclUWQGﬂlﬂ@ﬂ anszianrilane N15IAANANLIADA

e

v A A

1 %I . . < @ 1 <3 an A
uulugnar (Non-invasive blood pressure, NIBP) m33a3siiilumsianisusnsieanouaziiluish
a ) o v Aax A o I o Y] A 1 50’

Henleluihniu Swmivismsninaveiumitaanuduideanuu lugnaazlsiaainiaen
o Y A P~ A A = o an ) A Yo Y o o o
Sauvu VeRvedImMItmenFeunsun s M dauuy NIBP Tunsdingiedisunssnyidaly
[ a A [ Y] Y = 9 1 1 d‘ d' 9 v
NUIWONLNAND AZAIN 1YLUALANNTDIAANUAULIABA 1aB819aD1I1 Y 11103991nN15 1FasnTa
v W A A Y Y & Y] ' Y Y A
pvunusiurasadoauas s naduuuvegthe Tutneassamnsoadeanu gz aan1ddilen

v @ (% 9 [ o 9 1 9 [} 1 [ A 9 1 1 d’
HOUNNINEIAT LLAS mﬂ%ﬂaammmuwﬂﬂum nsathszaman Mﬂum’ﬂﬂ]lﬂ DYNABDLUBD

1.5.2 AnyuageonuuuNIsiadyam ECG uaz PPG

U v d’

JagulsyasAieri11995 ECG uag PPG miadyaanueiaidinsinas 1o1ie
° ' ' o a ¢ A 1 o o J o ' o A 2
ilivn PAT A PAT 9z gmih Tl aias iz e ianuduiusnuaianuauifon lagld
Tasevelse amiioy A1 PAT @11n15039910 R-wave voadaygranau Wil lvaudedesnau

voadyay el PPG
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1.5.3 NaaedIaduan ECG 1ag PPG 1Wo11A1 PAT Mno1anduns

L]

mM3ndaya sl ECG standard limb lead I1 1ioshmstufindoygraaau lif1iale
o ] a ad a a a ] a
MUMUIVDINIAADLAN INTALAALSNUNTBAAIUFY, A1UVI LA VT IVUATUAIIF18UT 1IN
woadsuanalunwilszne 1-11 msdadya s PPG a1nsaialdninginsal Nellcor DS-100A

finger sensor

o Lead Il

P

© ©

o

a ad o [ o
nndsznou 1-11 ETJLL‘]J‘]Jﬂ'ﬁ@]ﬂﬂLﬁﬂIVﬁ@ﬁ']WﬁU'Jﬂ y ECG

1.5.4 finmuaz oeniuy TUsunsy LabVIEW tileiuiindya st ECG, PPG taz Mumna1 PAT
Talsunsu LabVIEW gnlaflumsSudayana ECG wag PPG o msaeaday g
MU PAT T5un5u LabVIEW floenuuuaimnsauuamsmaiuesmiiu 2 dau aruunsniu

9
U

[ o o 1 { < ) U
TuapuMIsUdna n ECG tag PPG tazliufindnyana dauidesaziiluduaoulumsvia PAT

U [ v J ] 1 @ U
1.5.5 MAMANUAURUTIZ 1219 PAT nuA1 SBP 1lag MAP
< v o Y] 1 1 @ 1 [
AnbazAUAIANFURUTIL1I19A1 PAT AUAT SBP 11ag MAP A1311A1
v o J a 4 ] =\ 1 =\ A o
Anuduiu Tz gn a1z laems 19 lnseanedszamifion Tasevrelsz amfieuininimadeou
I~ 1 { . . {
i TnsesvredszamidienintimsiFousnouiidaou (Supervised learning) TasNinsz vAIUMSIToUs
< 1 o . 9 a 4 J v . .
unyuuwsnay (Back propagation) uazl¥nszuaunsaasizesalseneunan (Principle
Y
component analysis, PCA) 1913198 1un1sannus1douvesdoya laseolsz armiongn
YA o <3 . = . Y a 5 ]
ponuuIvilanyuz Il Multilayer neural network 1Agi) Transfer function 1UFUDUNALAL T U DU

< . g @ < .
1)1 Tansig uagsuoMNAIY Purelin

v o o 4
1.5.6 mnﬁauﬁ’;ﬂwauaz IAMINYNUAVUTNYITU



14

d 4 .
1.6 Yszlaminaadiazlasy
[ v J 1 ] [ o o [ L
1.6.1 anuduiufsznnemanuauaeagegavaz i lalings anuauideadmigauny
W lanaedy ANusUIAeANGY 11ayA PAT

162 Tassvredse ammsndivivdsziiumanuauiaea MM MULIATT UV

Association for the Advancement of Medical Instrumentation (AAMI)
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ISTRRITE EJTIﬂaTJiJ”IEﬁINﬁulﬂuﬂiiﬂ1ﬂ1ﬂﬂhﬂuLﬁﬂﬂﬂyﬁﬂl‘ﬂﬂuﬂﬂ1iﬁ1?’11 PTT ﬁ%ﬂ

Ja o =

9 1 d' d' 9 [ Aav W 1 ; 2 = A
PAT Q?%ﬂllﬂllﬂﬂﬂi]‘hlaﬂ!,ﬂﬁl’lﬂlﬁﬂ ﬂmmnﬂm@]e'lﬂu 1) wﬂmmzizuu”lﬁamama@ﬂ 2)
Y
o 4 ' o 1 @ (%
ANUTUWUT IS INTUY 19 ECG Llag PPG Glﬁ]ﬂ153ﬂﬂ'ﬂmﬂulaﬂﬂ 3) ﬂ?ﬂllq%:ﬁl!ﬁ'll!?\ﬁ]i
ad a 4 1 = a E4 J o ..
AANNTOUNT 4) Tasevredse arninewy 5) M3AATIZHeIAYTE NOUNAN (Principle component

analysis, PCA)

2.1 Wlavazszuvlvaiawaen
2.1.1 AUANHAUZVO VAN
] 4 9 A 4 a A
smevesuy pdlzneudisidontl sz uia 6,000 gRUIARITUAINAT 1ADA
2 o < <
sz noudevearialne 1 1dea (Plasma) AUUDIUIIAD (Fadtialaonad (Red blood cells), t5ad
<3 <3 <3 = a
(IAL30AY1I (White blood cells) ttaginaaiaon (Platelet) tyadtiiaiaoauaisznoudled Iulnaiy
. : < ] 3 o o a 4 ] o
(Hemoglobin) #3%8u (Heme) 1iludmilse noulvoraeuvessiquansunueengiauinode 1an
, a A 3 A $ a <A A v 2 Vo
$19Me Tuasveudemnnndadontad U19AsITveulalaoanaseIndsunilas lavueynuy
aouzvedd lulnadufe 1ed lulnadusunueendiauay 14 eondd IuTnaliu (Oxyhemoglobin)
Falduasuaziiled Iulnadu ludunveendiau sz 14 Aeendd IuTnall (Deoxyhemoglobin) 4 1a

% A 1 Y A S A A A % a
AAUNDUDINIULTULADAILLH UNTLVYIN I OUUIU [10]

2.12 vinoaiaea [11]
A o 9 d‘ o A A @ [ % ] ] < 1 <3
wasadeathriNaraesaaeanniala ldiedonz dauareqgnisreamenaziiu
Y Y A o 1 o o Y 1w 9 A 1
idumaldideannedoizaisgmsnme nandudigiale Tnssadwvesnaoadonn1ag @1usn
Yo A o PR a A A
g ldaanmilsznew 2-1 vasaeadnsasunldiilu 3 ¥iia Ao vaoalaoAUAl (Artery), A0
1aoaree (Capillary) Lazviaoaaead (Vein)
A 3 A Ao A A o ' P '
1. viaeadoauas Huvasadoamindeansiniala ligiaadaieqguessianie
A =\ @ <3 lde g‘: A ~ 1 A
vaoadeaua ML Asway luliaununislu 1deaneglunasaidon

< A Aa 3 A A A ' A P
!WNLﬂulaﬂﬁ‘ﬂuﬂ%u']mllﬂﬂ@aﬂgﬁlfl]1/!g\jﬁiﬂlﬁﬂﬂ’J'] “LADALLAN” INLIUYIaDA
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founau 1aean lvasgnielurasadenziiludeanifsin aundesndiaue
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sniuviaeadaamMinasannleaingiilsszituaeana
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3. viapalaoarow 1uviasalaoANIFouNDIZVaYIaAIABALAYLAZ YIaDALADA
o < [ 1 g 4 1 [ =1 < =1
aannilusaurumsnegamuilomon1ee) 1943519018 Jvuiaaniazazioen
< = < | A = (%) [ '
Wudesuas Imivtnanmtlunvasnimsuandasumeas 815919952 1319
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sudaidaung Fendr ifodoy wse

udonros 2
4
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©
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aUsenou 2-1 Tnseds1vedviasnaon

2.1.3 ANNAMIAA

anuawiaeanldnunieg lnmnedanianudurasaidonnad (Arterial blood
A ) . . . A o A o A 9 o
pressure) 1132 UVNITABANITNME (Systemic circulation) tHp1 I latudmaziaealuniearalagn
' o A o q ¥ Aa 9 A A o & o A A ' o
d4 lldanaeaon hlvinannuau luraeadeatiuasiunanuan Nvasatasan19q Taenaly
v Y
ANUALLTOALAINAI9INT I 199AHT NI IANUAL GIgA ABIINUUIZABE anadIUDIiaAIaDAM

Tvgmozidhginladadinnuaudmnga [12] aanmiszneu 2-2
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A A Y A ] A A Y ad UK A 1o A
MINHaDARDAABINANNAUAINT IZasaaoaN U 1N unederiTeneataes
A dl 1 9 dy % 1 o v A = < 1
aeanaseannniale lihidesedonzmanmseme anuauaeauaslusz uuvadsunasianiege
' = 1 . . o A A o Y o <
nMszuy lnaleuriuilon (Pulmonary circulation) ANuAUIaeANIa 1daz gnsmunoomilu 4
1ls21am Ao [13]
1. anuaudoagegaunzialaliuga (Systolic blood pressure, SBP)
2. anuaudeamgarmzialana1edl (Diastolic blood pressure, DBP)
3. wanwveInNuAuLdeagegavuzialaliudiuazanuauideadigaany
2 lananegan (Pulse pressure)
4. ANUAUIDDAIRAY (Mean arterial pressure, MAP)
1 [ A ad o % (% A Y = (% A
MANuALIAAUNARG 120 mmHg MnsuANNAMIAAg gAY ATt UAINT 0
d’d ) ] U % o 7 U =) :; % U A Ad‘
nisonTaem lianuauduu uag 80 mmHg dsuanuauidead gavaz Walanatodamsen

FonTasn lNnanuaudiana

o v A o L] as A @ [ A
ﬂ'lﬁ')ﬂﬂ'l'mﬂuLaﬁ]ﬂiuﬁﬁ]ﬂﬂuﬁ’m’lﬁﬂuﬂqL‘]J‘L! 275 A9 NITIAAITUAUNADALDDA
A o o A 2 . o an A~
LL@\‘]I@EJ“VI'N@?QWif)ﬂ']i')ﬂﬂ')']llﬂuLﬁﬂﬂll‘ﬂ‘ﬂ?ﬂaT (Invasive blood pressure, IBP) ﬂ']i'lﬂiﬂﬂ’)ﬁuil

O A = 2 A o o A A o
ﬂ151ﬁﬂ@£m11ﬂ1uﬁa@ﬂlﬁﬂﬂ ﬂﬂﬂﬁglﬂﬂﬁu\iﬂ@ N13IAANTUAUNADALADALLAN I AYNIDNITIIAANITUY

v A

1 g o 2 < o ]
ﬂmaammu"luf;ﬂm (Non-invasive blood pressure, NIBP) MBI UNITIANIBUBNTIINIBLAY

dhuTaten]Flutlgiv [12]

Superior vena cava - Aorta

Pulmonary valve < Pulmonary artery

, Pulmonary veins

Pulmonary veins _ )
/ (from lungs to

(from lungs to <

left atrium) s / A ~. " right atrium)
Right atrium —_ 3 —ifLe" a::u: "
~ Mitral valve
Tricuspid valve - > Aortic valve
Right ventricle Left ventricle
Inferior vena cava— | ~ -/ - Descending aorta

Amlszney 2-2 M3 ladeuveuasaruiinlaazilon

[N http://www.ipecp.ac.th/cgi-binn/Circulatory/program/unit2/p1_1.html]
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2.1.4 mylamsnfasunlasnenSamnuesriaeataenl A 11iia [14]
WaNMIUDIIBMIIATY QD Photoplethysmograph (PPG) fivvaiz ivasalaoaLag
1] ] '
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2.1.6 aaulvihiale [14]

Electrocardiography (ECG) fiamsifuinmstasundasvesdnd 1 il (potential) N
a ] % a 4 @ 4 14
AIUBITIIMEFAAN depolarization LAZ repolarization YBANA 1M1 041219 depolarization tiiBL¥ad

Y g @ Y = 4 A 1 F) Jd o
yoand o lagnnszau Tudeu leopunnaeuenwadmmusuazinaourvdn T luisad s
{ < <
Tdiimahsunlasvesilszy ihaelusadnaaiiuuin seuensadnatatiuan aurnlud
Y
INAUILINIEHIN depolarize 410 polarized vaanduiiorile
[ d’ Y o o o 1 d’ 1 <3
uwunmndyananan Wil laggnimuadumisvesseanaudgesiilu P, Q,
d‘ Y @ 1Y a [ [ d'

R, S uaz T mawtlawanau Il lvordemsansananudnvuz vesdgygrunilsing anwugs

VOIUNAZIOANAY LAZBIUIAIMSINARAUAININTLNOU 2-4

- S-T-»1

a-p-Res ,
segmert T

P isegme:

—P-R—>i  oie—— ST —=i
: interval interval

i QRS
interval

amlsznou 2-4 dayanaaau Trlilviale

. 9 9
119 9ndY P 921NANNAA1IT Depolarization Vasnduiiarialoviesuuneaeerioq
A % 9 dy o Y [ SR A @ [ o o A&
ieannmisnditodlaveaun lunuunn eaianugavesseadayaa luinniin Tuialainilu
1 Y
ndaz 1gmlumainanauiilszina 0.08-0.11 719
2 a @ ) dﬁl @ Y 1 A o
AAY QRS 1NAN1IE Depolarization Y9INWInA 1 U1 19 0ea 19110991 AN
9y dy o 9 1 =\ 2K A [ ] A A ~ A o o
ndmeralaeaanlinnumu JaNugIvessoadyavnnNAaudug Tunsdinmisiale
9 1 [ A = A 9 o [ A g a Y
NOIANHUINNFIIANNNERANAY Q DIganad R 3¢ lgtiaun dmsurialamilulnaae Teaan
Tumsinanau QRS Uszua 0.06-0.10 7u1H uazmsinadygialusaenau Poendu R (P-R
interval) a2 1910a11)52 1 0.12-0.20 T
2 a . . @ 9 ds} @ Y 1 d‘ =1
AT T 1NAINN1IZ Repolarization YOIHITINAMIDHI19MDIaNBOAN AU UAINGI
Uszina 1/8 - 2/3 vosweanau R manadygalurisadu Qenau T ez ldinarlseum 0.20-

0.40 JUN
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g [ a 4 o { o a ] <
52UV (Lead system) Undnau IWihrlaniufinaindintesnensraneily
. o A g ¥ A a X ' Jd Y zﬂy @

W39 (Summation) vaamsiinau I nsnueiinevuluunazigadveandimiienls Tung
aan v £ o g A @ 9 d a g . 2 U a
aannmsuindnd Il nesnaniialess 195 vutines i aaea92 (Bipolar leads) HaziinoyHa

Y
VAL (Unipolar leads)
g}/ [ a g}/ Aad 3_', 1 1 {
SEUIINOFUAADIVIDIAN INTA (Electrode) Manvz ogluauinlu i idseanain
o 4 ) o o [ 1 H) a d T
wluaseatiuin iliala (ECG) azafuiinanuuana195 1219 2 92 vsadtan Insaniuuan

adg Ag
ua:maﬂimﬂmﬂuau

& a a s

& a g = Y Yy 9 < Jd A
sEUIReravNReID1an Insavavilaaz gnad 1 ldlia Wi uiugudiSon

H, v <K o d

Indifferent electrode §L§ﬂ1m@1§ﬂmmzuumﬂﬂﬂahl%l%’hashaﬁnymﬁﬁm%’agamﬁﬂﬂ Exploring
electrode
msthudinadu i Tasauysalfioniufindas 1293 (Lead) U5 noudronvuan 6
W0 n3290n 6 Vare tite iz 1 laddudase 1oty 1dfFenfousemevesnmfug)
nsenszuonlunuaduudssinsenszueneeniu 3 52Uy (Plane) 181N Frontal plane,
Horizontal plane i181i¢ Saggital plane
ﬂ%ﬁﬁ'ﬁ)mmgmmu 917 (Standard Limb Lead ¥139 Bipolar leads) 140 Lead I, 1T 112
11 tufinmafasuudas llfludnyae Frontal plane 31 Binthoven Hugfesisulasnedidninsa
V1 (1) nazdidnTnsadn () asuumynun, e tazndhe Fufindnd Tfsz e 249
Lead T 1fudindndluihszvnauauam ) wazuwudhe (+)
Lead I 1fudindnd sz vNauauan () uaziide (+)

(A

Lead 111 1fuindnd lissvNauaudne (-) uaziide (+)
R o = A . Vo ) ) 4' ) \ ~
PIADINATFIUNG 3 Al naenuudlve Idaumdsudumma lWiluSen
. i A o ' 7 = X Ao o Y < s
Einthoven triangle Taafinialaegyagudnatsvesaundouagaignd Iifluiugud aungues
@ v J ] g.’: 1 < [ dy
Einthoven 32 I@ANUdUWUTIzrM9wD 1, 11 uag 11 \1luaumsaail
Lead IT = Lead I + Lead III
dy o Y 1 <3 ~ 9 A
Mnaums i 19%151m31071 P wave 11 Lead 1T 92111 P wave igagadinau P voq
2 2
NI Lead YUUUNNA
TavilsnatAsoeindaya I ECG uaz PPG wgnaaliianudienegludosnmau
g’; A 9 Y o o < o A A g’z a Y o o 9 1
mszazduledihahsumsinymennansziinasesdonsaosmnaadinumvesau Tdauni1oy
Y a A g | a . . = 9 o
ponvniosnmay Tuvaez Adiheegluvueenina (Intensive care unit, ICU) 9 Hne1u1at9101941
o v A Y 9 A A o v = 3 A A Aa o o Y a
m3danmusuaenvesfihelasldinsesiiotannuaudzithuasesionfidaonsauyusildine

1 g v Y = g‘; a 1 12 A o 9 PR 1
mm"lmzmﬂsuuﬂuaﬂaﬂmmmﬁmmzwmﬁmg LL@]’J‘ﬁﬂ1i1ﬂu1Lﬁu@ﬂ31‘ﬁ@ﬂﬂim’ﬂu@ﬂiu
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[ Aa 2 IA 1 v A Y 12 Y =
NUWINUIBINAD ECG 1ay PPG llTUf]ﬂﬂ']ﬂ'J']llﬂulﬁﬂ@ellﬂ\‘]Ed‘]J'JEJLLﬁ% llm‘ﬂumﬁ‘umu ﬁj‘ll')f]ﬂﬂ

9
ABINTIZN ECG wag PPG gnan 13nudiheegnoundy

(Y] o d [ [y
2.2 ANNFTUHTVRI ECG Uz PPG Aem3iannudwasa [14]

v o J 1 o o 1 o

NNANUFUNUTVDIAINOAAVD I (Young’s modulus) 1A A1 TUQATUDIUTIVY
v v Aa J v . . a t4 (3 4 '

99 (Bulk’s modulus) UNINYIFITATFI1IANY Diederik Korteweg "lﬁ’wqﬁ]ummmwuﬁizmn

< A A LA A o PR ) 9 3 Aa
anuslumsindounivesves nalunenimstada1d aemngminnldiduaunisesuienis lva
voudealurineaaeaiz un11@un13 Moens-Korteweg (Moens-Korteweg equation) A9aun157 2.1

[

= a Y dy
Fo5110'ldaatl

d Eoepyh
u= —= [—- (2.1)
T 2pr
& < ] A
e u WuanuFilums lnaveadon
< @ =2 A o v 1
d Wuszezmanngarialanagansimsian
< A
T Wunanlums lvavesnszuaidon
< ' o A R =
E, Hlumuegaamssarigu AIvedriaennen
A @ A < -4
wennuaun1elurasaaoaugud
<3 U o A =
P Hlumanuaudeanay (MAP)
<3 1 A ~ @
Y Hlumasnlagvesmsilasuuilasnnuau
< 1 Y
h umeanuruveamisiasaaon
< 1 ] A
p AlumanuuuuyveLase

< v A @ A
Lﬂuiﬁllﬂ’]ﬂblu ANV ODALADA

-

A o Y < A A
NNANNITN 2.1 sz dunalananusilums Ivaveaiden (unse Pulse wave
velocity, PWV) Sianuduwusnuarlunis Ivavesnszuaidon (TH3e Pulse transit time, PTT)
LAZANMNALLIADANAY (P W3 ® Mean arterial blood pressure, MAP) TagNANANLIADAIRABTINITD
v A 2, Y R Aa ' v A A da 2 9
mldnnaunish 22 naunsiilddiulsnilaniinanennuduideanagnae PTT F9

' v ' o A A Y 1w
disonia PTT ulﬂﬂﬁ]zﬁ']lniﬂw’]ﬂ']ﬂj']ﬂﬂulaﬂ@Lﬂaﬂvlﬂ!f’lfuﬂu

P=1/y[In (%) —~2InT] 22)
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Pulse arrival time (PAT) a13n501)5ziiuifSeuneuannnan1alalseing
aau lfliale (EcG) nbagwasiialannmsulasugalsisvesras adioanumsganauas

Ay NouLle (PPG) A misznoy 2-5

| |
EcG __~Jl N~ b,/\_AfIU/

PPG PAT

) v 1
AMszneu 2-5 IFMIAA PAT

A PAT UANUFUWU T AUAT PTT Taelaun1suaainnuduiusaaaunisn 2.3
1A = a A . . . U < A 1 A
NAAUMTINUNIONYHIN51WADTAD Pre-ejection period (PEP) A1 PEP 1T ua 1 lunsdaiuse

= 4 = ' A v
iasuudasmu DITUN, ANULATYA uazmmm%”lumim

PAT = PEP + PTT (2.3)

v 5 ad a 4
2.3 ANdnugIMIesatannIeling
2.3.1 299sulasnszuaniuuseau
v o < @ A o U
wanmshauvesnsudasnszuaiiuussau Asviuinveseeusuilgnaoas
a5l MavdafFewaiougnaoainsinialolnlalalea (Photodiode) 92 gnludadoundu
{ ! o 3 < So £ o >
Tuva i litueaana T TalaTonaz sz uasmunadoe i Tuneuil uaddivufunda Iy
d' 9 [ g: =3 5 1o (% d' 1 3_’, :
MNnszNUMIY Aaunszualuegnuwasuimannsznu i TalaToamiu nszuativzgn
[ }4
naswiluuseiulas R, 29estignlflumanlasnszua’liiihwe s T lalaTeal¥natoilunsedu

[

d’ o d' o o 1 d'
mohdyananldlhmsveedyanaazsunsnsesanud [15]
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R¢

Photodiode / <7
+ Vour

< Y]
anlsznev 2-6 2asulasnszuailunsaau

v U

232 1asvengdaanauuunauia (Inverting Amplifier) [16]

[
(% [ ~

< @ A o
wvsvenedyanauuunauaiuesveredyaanidygiunieaiuuioon
AsenuuAUFYIUNIIA UG 9100 1WUTENBU 2-7 91NN VDI Kirchhoff Current Law 1110
v 9
NFYYIUVINABAINTIIAVDINDT AMNTONIOATIVE189032993 IaAaaunIsh 24 2993iignle

Tumsveneuaznauavesdyaial PPG

_ Rf
Vout = _Vin(R_in) (2.4)
R
VA
i"}'in
Vin =—/W - v
L«  Oul

ANUsZnNoU 2-7 1WAT Inverting Amplifier
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2.3.3 1993505092140 [16]

= . 1 < 1 = =

24950389AND (Filters) @131500 U900 U 2 u‘uuﬁlwmﬂ A0 LUUWITEN
~ 44 A o A

(Passive filters) taguuutonnn (Active filters) 4 asnseenNnumiulsasna s naen
A Y A o A A "y Yy v & A ~ Y o
ANUDNARIMINIodan1 AN ludsaniseanld s ntlulasnseaanudnuy nIadnaz 1960
9 v < % d' o 1 d‘ = Yo Y o I~
SUNY, G]’JLﬂ‘]JﬂﬁZi] tazaurvein amluleesnsesanuouuuteanez lsaraiuniu , AU
o ° o ' P {A o '
ﬂizﬁgLLazqﬂﬂimﬁmmmmmimmaﬁtyaunm 1y oeduauil 2993nseeanvamitnle ldun

99TNTOIANUDATHIU (Low pass filter, LPF) (18 3993030 ﬂﬂnagﬂ WU (High pass filter , HPF)

v
o v A

o w d’d g’/ o A d‘ = a
MAVYDIIITNTOIANUANAIATIAY (Order) 11,2, 3,4 11508 ) audad1dun n n151dasuuilag

VIAAVIZTHAADNITAD VAU DIAINDUDINIITNHUINNNITNTDIANUDNAD VAU DIANND 1

[
v A

Indifeanigaunamnigado d1auM 3 ualums g tienlddr1aun 2 (Second order) 1W512

1¥oorluoniliisaduaen

2.3.3.1 21995N509ANUDA MU (Passive)

Vin ﬁ

R?
Vout
C

1

AMNUTLNBY 2-8 299TNTBIANUDMINIU

0.1591
RC

f. = (2.5)

2332 1ITATOIANUDMFIUIAUNUS (First order)

Ao 1o wo A & o =]
NITNTIANUDMENUAAUINHIAINTZno 2-9 sadueouilasiiulsasaiuy

(2

A (f) 1591 UA

'
1o

1Y 4' o Y o a A o d'd 1 d'
LL'NﬂuL‘V‘If)‘l/]ﬂﬁlf)'l@l‘l/!ﬁ@ﬂ‘l/‘l!,Lﬂu“]féllf)\‘]’N‘ﬂ‘iﬂif)\‘]ﬂ’NiJﬂiJﬂ1Gl'lIﬂElﬂWﬂ’Nllﬂ

t4 @ A
Tannginsaineuenasaumsn 2.6
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1 [

= o o A &
NNUZNOV 2-9 1ITVBIAMIDMIIUMI AL NI

1

f.= —— 2.6
C 2T[R2C2 ( )

2.3.3.3 29950509 NVAM MU AUNE DY (Second order)

v A

Ao 1 o w A v R D) J A
3\‘1%iﬂimmmammumﬂuwﬁmmlnmﬁ'ﬂﬂ'lﬂﬁﬂﬂﬂhaa%lJumJ‘iJLWEmmmm

(33

A

Y v v
aataad lun1myseney 2-14 19951191992 158n771 2993ATB94AUDLVY Sallen and Key FIAIF DAY

[ o 3 { o J 1 o 1
ﬁj'af)ﬂn,mmwi FMTVNTUANUDAA (cut off frequency, £) annsamnualde nn1gnsal ‘ﬁmag

NYUDNAUTUNIT 2.7

AINYTENBY 2-10 MNITVBIANUDMFIUT A VN T4

1

f.=——= 2.7
¢ 2T[1IR1R2C1C2 ( )
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dafmuald R =R, =R uag €, =C, = C aums (2.7) annsnaagIdilu
f.= — (2.8)

2.4 Insavigszanniey [18]
1 < o a P [ o [
Tasavelszenieuiluuuudiasanendiamaninlasuniswaui Iasode
Y ° A A o ° s AN Y a
NENMIMNUVDITZVUUTLENNIIFIIMN NNdABAULAITHINIUVBUYaslszamnld aFue
9 5 =1 é’ﬂ 1 ] 4 a A [ 4 =
NuAMUeENNIalssuNeUTUABUANY TEHN WaalssenneFIInernuisaatlseainiiew
v
Tdaana 'l
4 4 ] @ 1 1 [
Tassarsveuradlseamimsiyounaniesnaununoalonisaada i Wi

~ s s & ' ° % <
MALAl (Electrochemical) Matsaav i lidnaadw il amuledsearniudr dulSoumiouiu

4
[ a Y]

' = A < K H o .
dyudune (Input) mugadszamuilszam sutfeumiowdua1a2911%1in (Weight) 9101
dyonaszgndudt lnszuiumsmsdsznana ¥edsznevulidreniredszurana (Processing
{ ' s a a s
elements) N300 1¥aa1szaIM¥301250U (Neurons) gl (Units) 1@ (Cells) ag 1viua
@ J o ) Y 1 = A < [
(Nodes) neludnsaanainniuaz dadyanaruuonsou (Axon) $aTouvlow v dygyiu
4 [ sA 1 o A 1 =) [ dy A = 9y a
191ANA (Output) Tduaadous aoliludnyuz madoumouuufeInuiises i Fedunanis
3 9 . = o Y o =\ = } 19 A
lypual@iunuunisnszqu (Excitatory synapse) Hnavild dygiadinnudgadu uagunanis
<3 o & " = o Y o = A o A 1 = o '
lamu@Thunuudues (nhibitory) Tnarhlddyanaiiniubmas mat¥ouasiitesazinisdsua
v % o 1 d‘ 1 d’ Yy Y v 901 % v A o 1
o minvesuaaz gavesmageusatiie 1% laa1oasiniminianz anlumsii Iassane
¢ A q9 v ' ' ¥ °
Uszamiiionlihlszgnd e ldaeandoslumsud luilyniaieg u msFeuduazsasigluuy
.. ¥ . . 3 Y 1 =~
(Pattern recognition) M3Uszinanada 19 (Signal processing) tHuau Tassvislszarnmnenas

9 v
Uszneudedudinynaun 3 aau aeil

1. 31uUve91939U(Neuron model)
1.1 UITOUNUHUIOUNSA (Single input neuron)
1.2 i730UNINA18dUNA (Multiple input neuron)
2. amileenssvuedlasavnelseain (Neural network architectures)
Y
2.1 TAs9eUUTUIAEIY091I50U (A layer of neurons)
9
22 TAs9 e ULV ae% LY HITOU (Multiple layers of neurons)

3. 9ANOINUMIUNTAAY (Back-propagation)
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2.4.1 3UnuVve3HITOU (Neuron model)
N Ax &2 a . .
24.1.1 UITOUNUHUIDUNSA (Single input neuron)
a Aa 2 a <3 a 1 1 a1 Aa =~ 1A
trsountniladunmiugluuuueatinseues1ad1e9 IABUNA (p) 1HBIARAY?

v & & 1 a ddy < 4 a AA &2 a
IMUU mmauw@ﬂuﬂﬁmmzLﬂuﬂ%mmﬁmms NN NsEneu 2-1 1(a) HITOUNUNUIDUNS

q

Tunsaii lulian lued (b) dauninilsznev 2-11(b) uaasiinsouniniladunalunsainiian

Tude

Input Neuron without bias Input  Neuron with bias
r 7 N r N7 A
r . w 1 b ,f a ’ r ° W ’2 n b f a ’
: lb ;
—/ \ J A J
a=fiwp) a=finp+b)

a d’d z'ﬁ a 1o U 3 a
Amilszneu 2-11 (a) aseuniimilsduna lagluihn luddinfa

(b) Hasouniniladunalasihm ludainaa [13]

nnamlsznew 2-11 wiiinldniinBunagndaru ﬁw'lﬂﬂmﬁ’wﬂ'm'aqﬁmﬁ’ﬂ
() BB’ hnusegluudas msgouse waguildegugd wp e 1dE s auy
alusaes I&naswiuveemit 18 ona1 a1 Net input (1) 31nifugndernu ldailafdunisoe
Tou (Transfer or activation function) Had 371 Ideenind Ae ANe1aNa (o) 1HutFinaainaid an

Yo

4
= 1 a o =~
simnsodeuaumsvesadunALazieIan A ldnail

a=f(wp+b) (2.9)
n=wp+b (2.10)
a = f(n) (2.11)

[ v A w A v 1 % @ 1 o Yy 1 3 A Y
ﬂ’]hlﬂﬂﬁllaﬂ}:lmg!WN@Uﬂﬂﬂ’]ﬂ')\iu’lwuﬂ !lﬁ‘ﬂgﬂ1ﬁuﬂclﬁllﬂ1lﬂu 1 1“ﬂ@uliﬂﬁu

E4
vie ludeanmsmvualiiinludanldiruiu arohaiimiinuazarludazgnisuldil

v o J o J ] A A Y [ U [ dﬁlg 1o =3 Y
ANuFNNUSAUTenFumMsne Touiaenly ﬂTi‘IJﬁ‘]JﬂTﬂ\‘lﬂﬂT’JuﬂJu@gﬂ‘Uﬂ'ﬂNﬁ"ﬂﬂiﬂcl‘L!ﬂ"l'ilﬁﬂuqﬁl
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1 g 1 d' Y A o zg LY % [ 3 A
Y93 IA3AUIBUU) 1Az MANUNIIIVOUDANAIL U OIAUTINTUNIT D18 ToU INT1ZRLUUNITIADN
d v [} <3 A 1 o 1 A d o [ .

WensumsnteTou g msuiludindnyessgafansun1sn1e Tou (Transfer function) 919
< Jd @ a I Jd @ 13 a I
FhudanF U Fady (Linear function) WeJuwansuuuu 13131191 dY (Non-linear function) 1

9 J o ] ag Y A Y ] 1 = J v 1 1 d' A 9
I8 Wersumsae Teuiilidon]Fogosraunning uatlsnsumsmeTouey 3 jUnvungmdenlsd

1 1 Y
@glﬁu@u],@g]juﬂ WaNFULUY Hard limit (hardlim(n)), Linear (purelin(n)) (8¢ Log-sigmoid (logsig(n))

Fludu

2.4.1.2 ﬁaseu'ﬁﬁwmaauw@ (Multiple input neuron)
A A Aa ] ° A AAo a ' a =
'L!’Jifz)u‘VIEJWmEJE)uwmﬂmmﬂma’éN‘L!’Jiﬂu‘lfmmu’luf)uﬂ@m1ﬂﬂ’ﬂ 1 aqu@] BN
< da = Y v dy A o a 14
Lﬂul’)ﬂlﬁ@jﬂuw‘ﬂ ﬁ'nﬂimﬂlﬂuu},ﬂﬂiu P> Py --- ,pRIﬂEm R LL“I/]“L!%1u3uﬂl@iﬁu1‘1ﬂﬂ1ul’)ﬂm®ﬁ
a a @ Ia 1o UL % Y g’/ U g’/
oung anFnnnadlunnnesdunauegiunaI i HIn W, W,,, ... W, 91010 UA1NIMNAE
o o A . . . Y A v . a o Y g 1 A YA 1
Qﬂuﬁﬂ‘i’nmu“l/l Summngunctlon a’]l]ﬂ'lllllaﬁﬂgﬂg Qﬂu']ll’]i"luﬂ"]ﬂ il i]ﬂu ﬂ']waﬁjllcﬂllﬂﬂﬂﬂ']
. @ g ] @ Jd v 1 A 1 4 = Y 1
Net mput ‘HEN%guu%’d\ihlﬂﬂiﬁiﬂ‘lmmimﬂiﬂu LW’EJTTWHL@WW!G] ﬁﬁJﬁﬂmjﬂuiﬂﬁlgiugﬂﬁﬂJﬂﬁ

Y
1daan

n= w;p; +wy,p,+...+wigpr +b (2.12)
n=Wp+b (2.13)
a=f(Wp+b) (2.14)

Inputs Multiple-Input Neuron

4 N A
P71

P2 D n > f a
Ps

i e

Ppr 1
\ J

a=f(Wp+b)

Muilsznon 2-12 HIseUNIHAIEIUNA
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A = a = 9 Y = A
ﬁ]”lﬂﬂ1W‘]Ji$ﬂ’€l‘1J 2-12 UITDULWEIUITOULAIIUIN VU ‘1J§$ ﬂﬂﬂklﬂ@’mi”lﬂﬁzl’e)ﬂ@ﬂ

A A = 1 ~ ] a ° Ao o 3224 A
11']ﬂ3J'lEJL3J'ﬂW§]']5m']ﬂQIﬂ§\1Glnfl‘ﬂﬂigﬂ@uqﬂﬂgﬂuﬁiauﬂ']uquu']ﬂ UAIMTUIUUBITFUUING NUIY

o t4

2 A 4 A o &=~ Y o | . . A o Y '
518a$!ﬂﬂﬂﬁu1ﬂmu1ﬂ@ﬂ ﬂﬂuu%ﬂuﬂTﬁi"ﬁﬁ AaNYAU YD (Abbreviated notation) lW’E]‘ﬂAIGlW\TTEJ@@ﬂ’“‘JJ

o

lﬂTﬂ%LLﬁﬂQﬁQﬂWWﬂigﬂﬂﬂ 2-13

Input  Multiple-Input Neuron

4 N A
W -,
Rx1 1x1
=R n
11 f
- b
R 1x1 T
\ AN J

a=f(Wp+h)

Mnsznou 2-13 HIsouUNNBUNA R DUNAUULYD

' a ¢ Y A A = d Yy 9 A

1NNNYTZNBD 2-13 ABDUNAINADTUNUMIBUNITHASLTVUUIAIMIM U810

=\ S 1w o @ 4 (R g o = A U Y o [

Tvavesnaesimny Rx1 11 llgunbnnmesvesmananinin Fallvinamny 1xR udnim

o Ao U Y A . . . ] A 1 ,;’ < U

lusahiivuamny 1x1 nwanswldren Summing junction nouvz danasanil Fallvuramny
@ J v J 4 U J ddy 1 J A =) U

1x1 ldadansumsnieTowieln lanuoranasenin Tunsaitianerdnain Idve lvuiaminy 1x1

<3 14 ' o a ' a ' J { < J
Ahlnamaas uadiiihouiiaseuwnnn 1 dseunuodnaildaaziiuiSnanees

2.4.2 aodngnssuvedlnsaviglszan (Neural network architectures)
Y v
FUVITATIVI89L @152 NO VRIS NI1TIINAUVBIAIDIIUINITA Taun
=S 14 9 [ % ] ~
niziUMIAaaz MsINdeusgluglueainaes Wp msuandlen lued uaznsainasiui
Y o % ] g}z ~ 1 A wa A ~ 1 g.’: Y
lalddadansunsorelou ninuaina1mfoguaulana 115050021 U (Layer) 14
g = T A 1 & 5 4' 1 a [ gﬂ
mszazuud liusuna iy “<u” gluuumsiseuaevesiizseuniely naz sz

Fonn amilaenssvvedlasenedszaim ansouseeonla 3 uuufe
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Y
2.42.1 TA59NIBUUVFUIRLIUB91I5OU (A layer of neurons)
1 dy 9 a Jd ] a d' 1 I
Taseanenuuiazdsz neua18B uNAINIABS (p) uAaziilTouLy ouas 1184
. . . ~ a U H Y I LA o A U o w A U
Summing junction IAgHINA3 NFYDIAIDNHINUD (w) HumMNMrUaM I Fouae d1AUNTIFouAD
veatiIIou () Faumaziwadilsz a1misznoulUdrea1 1S d (5i), Summing node, WaRFUA1TDY
1 4 a o a Ao { T 1w o a
Tou () uazaneIdna(ai) Taelnaudiiuiuvesdunasisuun luimaosiuiuaesinsen (R
9 Zﬂ a YA Y ] d’ ] v 9 1 [ z'ﬁ =
% 5) wazaningoaiayuveiinseu 1N e Fun1sane TouNuana 19 nu 1M au i Falldnyas

1 { @ 4 U 4
Tasen1eNuuIunl 1IN0 IALDIANA

Inputs  Layer of S Neurons

o
W

o a9

T
by
1
Z e . f ag .
lb.s
1

AN A
a=jf(Wp+h)

Y v
ANUTLNoU 2-14 TATINSLUVFUASINTNITOUTIUIU S HITOU

H 4
tngnagluesasaanend s Hasou R duna ¥091AT9100ULTURGY @110

=S 1 1 1 F) [
[Weu Insevieeenees lalaaeaaninisene 2-15
Inpu'r Layer of § Neurons

Rl
SxR

hES!
Hlf

Sxl

. JI b J

a=/f(Wp+h)

v ]
AMNYsENoY 2-15 TASINPUULTULASINTHITOUTIUIN S HITOULLVED



31

Y
2.4.2.2 Tﬂix‘]“ll']flllﬂﬂﬁﬁ']fl‘h'u"llﬂﬂH’Jﬁ)u (Multiple layers of neurons)
1 dy A o g’/ 1 9 1 g.}; [ g.’: =\
I‘ﬂi\?"lﬂEJLL“U’UU’L’fﬂﬂﬁﬂiJﬁﬂl&’Ju‘]fu"U’ENIﬂi\i"lﬂﬂvlﬂlﬂﬂﬂ’ﬂ 1¥U Glmmaz%uﬂzm
a o v 3 o o ¢ ¢ ¢ ) g ' 1A a ¢ !
LUATNBUVNATD NUIHUD hl‘lJi’)i"f!fJﬂLSﬂ@i HAZIDIANALINIADT 114"]51!“’] HULFU w ABLUATNFUBDIAN
J 9; o & 1 a 4 U gé o H { o [ d o 1 3
020U NVBITUUTN AU w? ﬁf] lll@]iﬂ“]f‘ll’ﬁ]\iﬂ1ﬂ’)\1u'lﬁuﬂ‘llf)\1‘]51!’17] 2 @UanNHUA ﬂﬁT’J‘ﬁLLﬁ'ﬂ\‘l

v 4 9 9
pglunmilsznon 2-16 BT UOENINLA 3 $U (5907 Three-layer network

Inputs Layer 1 Layer 2 Layer 3
N/ \ / \ 4 A
fwl‘:l. n', " d, W, n', |5=2| W ﬂxn 3 azl
b P2 y Dinn i D s Dl g
' 3 1w B,
| 1 1
P ”IZ , GII n - azz ?332 - asz
)X f Z f ) '
P:s l b, 5 l ¥, . l v, :
PN L [ Lo
Pp L T 4 e ag ne 1 99
e 2 f b3 r T
.y | 5 | a2
W g, bl§ Iw £.5 b.'sz Iw A sza
1 1 1
—/ \ / \ J \ J/
a' =f'(IW"p+b) a’= ' (LW"a'+b) o= (LW7a'+p)

a’ = LW F LW T aW" p+b)+b)+b)

k4
Amlszneu 2-16 Taseaneuuy 3 ¥u

= 1 1 1 Y v
gnsaeu 1nseveeeaee Ilﬂﬂ\iﬂ”l‘l"l‘llig'ﬂ@‘ﬂ 2-17

Input First Layer Second Layer Third Layer
N N S N N
IR W
B 1 ] ‘\’ 3
shei r; 1; st
| 5=l
1+ b b —/\J
R sha 531
VAN J
al =fl(Wip+ph a’ =i (Wihp+bh) a’ =f (Wip+b)

2 = W Wi whp+bh+phH +pd)

9
AMYszneu 2-17 Tasennauuy 3 ¥ULUVEe
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] H dy I Y Aa v 9 o Y
IﬂiﬂGIHEJLL‘UiJﬁaWEJ“HuuﬁHJTiﬂ‘ﬂigQﬂﬁclflﬂu ﬂ?illﬂ{]ifgﬁ TNUANUYUEDUNU "I,@

= 1 1 & o J @ = Y ' 9 v
ﬂﬂ')’liﬂiﬂslﬂﬂlﬂ_l‘]_l‘]fu!ﬂﬂ'] Llagﬁ'llﬂﬁflu'lulﬂﬂigQﬂﬁﬁ?uﬂﬂﬂ’lilﬁﬂuguﬂﬂuw5ﬂ5$i]1flfl'E]Uﬂa1J
(Back-propagation) 1@onaae

2.4.3 9ANBINUMSUNINAD (Back-propagation)

Inputs Hidden Layer 1 Hidden Layer 2 Ciuitput
I 1T 1T !
1 & 3
04 LR T - f-l 311 WE'|.'| -;1 fz 9 W ";‘ - f(} a1 "
', bt |6,
Pz 1 1 1
- 1 3% - 3y 3
S o f S
Fl:J ||5‘2 |b22 |h:|2
1 1 1
) 31 1 3’2 i JS1
i (G——1 = o ] o D e e IOl e A e
W R ""233 ""35 R
| b' ! | b ! |h3 !
| 1 | | 1 ] | 1
o = B(Wla’ + bR 2 = PWiat + )

al=fw'lp + 1Y)
2 = Pt £t o + b + 1D + B9

alseney 2-18 Taseviedsanieuu uunsna
Y
MINMUIaNoI NUMIUNITNaDE 19 1A59908 2 FuaInIwlseno 2-18 115U

' ) % 2 & 3 a d o = a Yy
mewwmwu mmnmawuwuwzﬂmmﬂuaummawuﬂﬂ"lﬂ Glf\?’c’fnﬂiﬂ@ﬁ‘iﬂﬂulﬂﬂ’lﬂ
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Sig. (2-tailled) .000 .000 A22 .000 .008 124 .000
N 100 100 100 100 100 100 100 100
PAT2Z  Pearson Correlation 761 8851 1 -.388" -.254™ =027 -.354™ -137
Sig. {2-tailed) .000 .000 .000 .003 791 000 A72
N 100 100 100 100 100 100 100 100
HRcal Pearson Correlstion -.381*1 -.158 -.288™M 1 041 227 8351 A72
Sig. (2-tailed) .000 22 .000 682 023 000 .087
N 100 100 100 100 100 100 100 100
SBP Pearson Correlation -.355 -.532" -. 234 041 1 £81*1 039 .858*1
Sig. (2-tailed) .000 000 .003 .883 000 .700 .000
N 100 100 100 100 100 100 100 100
DBP Pzarson Corrzlation -.138 -.2651 -.027 227 86171 1 .260*1 .953*1
Sig. (2-tailed) AB7 .008 791 023 .000 .009 .000
N 100 100 100 100 100 100 100 100
MAP Pearson Correlation -.342 -.155 -.384™ .835™ 038 .260™ 1 194
Sig. (2-tailed) .000 124 .000 .000 700 008 053
N 100 100 100 100 100 100 100 100
HR Pearson Correlation -.240° -.387 -137 472 .858™ 853 154 1
Sig. (2-tailed) 018 .000 A73 .087 .000 .000 053
N 100 100 100 100 100 100 100 100

=*. Correlstion is significant at the 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed).
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0.4276 0.4416 0.4208 74.6632 116 69 75 84.66667
0.4085 0.4115 0.3982 76.7537 136 79 73 98

0.4451 0.4612 0.4401 64.0618 133 82 62 99

0.4184 0.4331 0.4041 62.7633 124 78 63 93.33333
0.4099 0.4219 0.3987 68.9921 129 68 64 88.33333
0.3986 0.4182 0.3849 79.036 130 75 81 93.33333
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0.4156 0.4256 0.4091 63.7562 126 69 61 88

0.4298 0.4435 0.4129 61.2891 122 71 61 88

0.4048 0.4345 0.3988 64.6533 122 69 62 86.66667
0.4001 0.4167 0.3837 72.8913 125 72 73 89.66667
0.4175 0.4325 0.3916 75.7678 127 78 74 94.33333
0.4412 0.4715 0.4279 74.7621 119 7 74 91

0.4331 0.453 0.4012 80.8709 107 64 79 78.33333
0.3984 0.4172 0.3848 77.5578 143 79 78 100.3333
0.4266 0.4584 0.426 61.8982 100 60 62 73.33333
0.4137 0.4359 0.4184 65.1466 103 61 60 75

0.4255 0.5075 0.4145 90.7716 100 75 93 83.33333
0.4311 0.4748 0.4096 83.5412 103 69 81 80.33333
0.4179 0.4143 0.4447 76.8738 140 85 77 103.3333
0.4369 0.4598 0.44 71.8371 145 84 67 104.3333
0.4652 0.5064 0.45 64.8088 100 53 59 68.66667
0.459 0.4869 0.4587 65.2331 101 58 64 72.33333
0.4483 0.4909 0.4617 68.0132 102 57 64 72

0.4662 0.5029 0.4607 61.8769 102 57 64 72
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A novel method to evaluate non-invasive blood pressure using cuff-less
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Abstract

This paper presents a novel method to evaluate non-invasive
blood pressure using cuff-less for continuous blood pressure monitoring
based on the pulse arrival time (PAT). The 15 healthy males, aged 25
+ 5, are the subjects with 85 records. The electrocardiogram (ECG) and
photoplethysmograph (PPG) signals are captured and processed to PAT
with LabVIEW. The experimental result shows that there are
statistically correlation between PAT-p and SBP (r = - 0.499, p < 0.01)
and MAP (r = - 0.339, p < 0.01), respectively. But, there is no
statistically correlation between PAT-p and DBP (r=- 0.221, p < 0.05).

Moreover, the evaluated SBP from PAT-p is + 6.06 mmHg.

Keywords: blood pressure, electrocardiogram, PPG, PAT
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Abstract: This paper aims to present a novel method
to evaluate non-invasive blood pressure without arm cuff.
The propose method investigates the blood pressure from
the photoplethysmogram (PPG) and the
electrocardiogram (ECG) based on the pulse arrival time
(PAT). The LabVIEW is involved to record the ECG and
the PPG and process to the pulse arrival time (PAT) and
the heart rate (HR). PAT and HR are used to analyze for
evaluating SBP and mean arterial blood pressure (MAP)
by artificial neuralnetworks. The 15 healthy males, aged
25 + 5, are the subjects with 100 records. The
experimental results show that using two inputs (r
=0.8675, r =0.7557) will have higher correlation than
onlyoneinput (r =0.7796,r =0.6843). The results confirm
that adding HR in our experiment can lead to increase the
accuracy for evaluating blood pressure.

Key Words: blood pressure, electrocardiogram, PPG,
PAT, artificial neural networks

1.INTRODUCTION

Most countries confront high and increasing rates of
cardiovascular disease (CVD) that is a major cause of
death [1]. In fact, the worldwide increase in the heart
disease is rather than the cancer. Moreover, not only the
elderly but also the youth have a high risk as well. It is
the most common cost of long term care, of which a vast
minority if cost fir medication The World Health
Organization (WHO) has forecasted that there will be
more than 20 million globally people died because of
CVD in 2015 [2]. The most common form of
cardiovascular disease is hypertension, which is a
significant risk factor for the development of others,
including congestive heart failure and cerebrovascular
disease. Thus, the blood pressure (BP) is an important
vital sign for monitoring the vascular and heart functions.

The gold standard for BP measurement is to stabbing
catheter into an artery. This can be measured
continuously and precisely, but it takes the risk of
infection and complications. On the other hand, the non-

invasive blood pressure monitoring using wrapped cuff
around an upper arm is widely employed because of
convenience and ease [3], [4], [5] and [6]. This method
can interpret a systolic blood pressure (SBP) and a
diastolic blood pressure (DBP) from blood flow of
brachial artery.

This paper proposes a novel method to evaluate non-
invasive blood pressure without arm cuff. Our method
investigates  the  blood pressure from  the
photoplethysmogram (PPG) and the electrocardiogram
(ECG). The custom-made instrumentation amplifiers are
used to capture ECGand PPG. The LabVIEW is involved
to record the ECG and the PPG and process to the pulse
arrival time (PAT) and the heart rate (HR). The PAT is
defined by the time interval between the R wave of ECG
and peak of PPG within the same cardiac cycle;
meanwhile the HR is defined by the time interval of the R
wave of ECG between the current cardiac cycle and the
next cardiac cycle.

2. THEORY

2.1. Hectrocardiogram (ECG)

An electrocardiogram is a detecting of the small
electric waves being generated during heart activity.
Heart muscle will squeeze the required electrical
stimulation from right atria to down ventricles. While
electricity through the heart muscle heart muscle will
contract and followed by relaxation. The heart is
squeezing blood out from atrium to ventricle mutually.
Electrodes are placed on your chest to record
electrocardiogram signal [7].

2.2. Photoplethys mograph (PPG)

Photo-plethysmograph (PPG) is a non-invasive
method to detect cardio-vascular pulse wave that
propagates through the body by a light source and a
detector. PPG signal indicates the volume changes in the
blood vessels. PPG sensor is put on finger-tip to acquire
the reliable and stable PPG signal from people as
illustrated in Fig. 2. [8].



Fig. 1. Illustration ofthe electrocardiogram signal

Infrared LED

Original PPG

Fig. 2. Illustration ofthe PPG Sensor on finger-tip

2.3 THE RELATIONSHIP BETWEEN ECG AND
PPG TO ESTIMATED BLOOD PRESSURE

The theoretical framework that outlines the
relationship between PTT and blood pressure has been
presented by W. Chen [6]. Moens—Korteweg’s formula
connects the pulsewave velocity with the dimensions of
the vessel and the distensibility of the vessel wall as
follows equation 1.

u= %= V (EqeP*h) /2pr, (1)

uis pulse wave velocity (PWV)
d is the length ofthe vessel
T is pulse transit time (PTT)
E, is the modulus of wall elasticity (Young’s
modulus)
P is blood pressure arterial blood Mean)
(pressure
a is coefficient ranging from 0.016to 0.018
(mmHg™)
h is the vessel thickness
p is density of the contained blood within the
vessel
ris the inner radius ofthe vessel

Where

PTT is typically measured indirectly through a
related quantity known as Pulse Arrival Time (PAT).
PAT is calculated as the delay between the R peak of
ECG and valley of the photoplethysmogram (PPG)
signal (see in Fig. 3.). PAT is related to PTT as follows
equation 2 [5].

PAT = PEP + PTT @)

Where PEP is a non-constant additive delay, which
changes rapidly in response to stress, emotion and
physical efforts.

Systolic blood pressure (SBP) and Diastolic blood
pressure (DBP) are related to Mean arterial blood
pressure (MAP) as follows equation 3.
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MAP = DBP + 25— 3)

ECG

PPG \/\/
:PAT ;

Fig. 3. Illustration of the definition of PAT

2.4. ARTIFICIAL NEURAL NETWORK

Artificial Neural Network (ANN) is type of
massively parallel computing architecture based on brain
like behaviors. In other words, ANN is attempt to create
a machine that work in a similar way as human brain
using components that behave like biological neuron.
The human brain computes in an entirely different way
to the highly successful conventional digital computer,
yet it very efficiently. The brain basically learns from
experience. In ANN, learning is typically achieved
through progressive adjustment of the weighted
interconnections of neurons and other network
parameters, guided by learning algorithm [10].

2.5 Back-propagation

The most widely used method is the back propagation
algorithm and is a learning rule for multi-layered Neural
Networks.  Back-Propagation networks are fully
connected, layered, feed forward networks, in which
activations flow from the input layer through the hidden
layer(s) and then to the output layer. Back propagation
uses supervised learning in which the network is trained
using data for which inputs as well as desired outputs are
known. In order to train a neural network to perform
some task, the weight of each unit must be adjusted, in
such a way that the error between the desired output and
the actual output is reduced. [11]

3. EXPERIMENTAL

3.1 Experimental design
The 15 healthy males, aged 25 + 5, are the subjects
with 100 records. Placed in the left arm to heart level.
LabVIEW Software used to collect signals ECG, PPG
and calculate the PAT in this experiment will take 10
seconds to collect and record the signal.
The experiment is conducted in following steps.
1) Let the subject relax for about 5 minutes
2) Measure Lead II ECG along with finger PPG
and store data for 10 seconds.
3) Measure BP with digital BP monitor

3.2 Structure of Artificial Neural Network

The ANNused in this study is a standard feed-forward
back-propagation neural network. The multi-layer perceptron
(MLP) with back-propagation (BP) training is used to
determine correlation between the inputs (PAT and HR)
and the targets (SBP and MAP) with supervised learning
process. The transfer function for the input layer and the



hidden layer are defined as the tansig, whereas the
transfer function for the output layer is defined as the
purelin. ANN consists of input layer, hidden layer and
output layer, in our study. The example of ANN
architecture has 2 input neurons (PAT and HR) in the
input layer, 5 and 4 hidden neurons in the hidden layer
and 1 output neurons (SBP) in the output layer as
shown in Fig. 4.

s
I Output
: layer !
‘l J 1 e ="
| Hidden :
L. S

Fig. 4. Illustration of the structure of ANN

4. EXPERIMENTAL RESULT

4.1 RELATIONSHIP BETWEEN INPUT (PAT AND
PAT WITH HR) COMPARE WITH TARGET (SBP)

Table 1. Experimental results

SBP
PAT and HR PAT
2-15-12-1 0.8675 1-15-12-1 0.7796
2-10-8-1 0.8044 1-10-8-1 0.7326
2-5-4-1 0.7425 1-5-4-1 0.6520

Table 1 show that the case of two inputs (PAT and
HR) maximum correlation and minimum correlation are
equal to 0.8675 and 0.7425 respectively. However in
case of one input (PAT) maximum correlation and
minimum correlation are equal to 0.7796 and 0.6520
respectively.

4.2 RELATIONSHIP BETWEEN INPUT (PAT AND
PAT WITH HR) COMPARE WITH TARGET
(MAP)

Table 2. Experimental results

MAP
PAT and HR PAT
2-15-12-1 0.7557 1-15-12-1 0.6843
2-10-8-1 0.6877 1-10-8-1 0.6117
2-5-4-1 0.6866 1-5-4-1 0.5113

Table 2 shown that the case of two inputs (PAT and
HR) maximum correlation and minimum correlation are
equal to 0.7557 and 0.6866 respectively. However in
case of one input (PAT) maximum correlation and
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minimum correlation are equal to 0.6843 and 0.5113
respectively.

5. CONCLUSION AND DISCUSSION

The results show that there are correlation between
PAT-p and HR with SBP (r =0.8675) while PAT-p and
HR with MAP (r=0.7557). In case of using only one input
(without HR), there are correlation between PAT-p with
SBP (r =0.7796) while PAT-p with MAP (r =0.6843). We
found that using two inputs will have higher correlation
than only one input. Therefore, adding HR in our
experiment can lead to increase the accuracy for
evaluating blood pressure.
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