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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-p1, 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  mmHg in absolute value, 

and the standard deviation of the error has to be below mmHg 
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140/90 mmHg

 

 

  90/50 mmHg 

   

(Investigation cuffless blood pressure measurement)

(Photoplethysmograph, PPG) 

(Electrocardiogram, ECG) 

ECG PPG (Intensive care unit, ICU)
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1.2.1 A LabVIEW Based Measure System for Pulse Wave Transit Time [3] 

Pulse wave transit time (PWTT) PWTT 

PWTT R-wave ECG 

PPG 1-1 PWTT 

ECG PPG 

PCB,  1-2

Photoplethysmograph (PPG) Infrared Photodiode 

 0.01 

Hz 75 Hz 50 Hz ECG 
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PPG 

LabVIEW  

 PWTT 

PWTT (SBP) 

(Individual  linear regression)  

SBP 8.26 1.58 mmHg  

 

 
 

 1-1 PWTT [1] 

 

 
 

 1-2 ECG PPG  
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1.2.2 Cuff-less Estimation of Blood Pressure using Pulse Transit Time and Pre-ejection 

Period [4] 

Pulse arrival time (PAT)

PTT Pre-ejection-period (PEP) 1.1 

PAT PPG  PPG 

 ECG 1-3 

PEP PAT 

(SBP) 

(Individual  linear regression)  SBP 

11.61 2.7 mmHg  

 

                                                        (1.1) 
 

 
 

1-3 ECG, PPG PPG  
 

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

Healthcare [5] 

Pulse Transit Time (PTT) PPG 
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PTT R-wave 

ECG PPG (PTT_dp) 1-4 

PTT_dp (SBP) (R= 0.712) 

PTT_foot, Sys_t1, 2/3wt Diastolic time (Dia_t1) 

(DBP) (R= 0.764) PTT 

(SBP) (DBP) 

(Individual  linear regression) 

(Total linear regression) 

Individual  linear regression  SBP 

(Mean±sd) 14±9 9±7 mmHg   DBP 

10±6  6±5 mmHg  Total  linear regression

 SBP 11±8 4±2 

mmHg   DBP 10±6 

 5±4 mmHg   

 

 
 

1-4 ECG PPG 
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1-5 ECG PPG 

 

1.2.4 Noninvasive Cuffless Estimation of Blood Pressure from Pulse Arrival Time and 

Heart Rate with Adaptive Calibration [6] 

(Body area networks) 1-6 1-7 

Pulse arrival time (PAT) ECG 

PPG PAT 

MIMIC database

PAT 

PAT recalibration 

RLS adaptive algorithm ECG PPG 
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1-6  

 

 
 

1-7 PAT R-wave  

PPG PPG 

 

1.2.5 Comparative study on artificial neural network with multiple regressions for 

continuous estimation of blood pressure [7] 

 Pulse transit time ( PTT) Biometric

 PTT 

PPG Biometric , , BMI ,
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(Artificial neural network, ANN

 Multiple linear logistic regression 

1-8 

(Mean ± sd) KFDA

(4.53±2.68 mmHg)  

Multiple linear logistic regression (6.31±3.89 mmHg) 

Association for the Advancement of Medical Instrumentation (AAMI) Mean 

estimation error < |5| mmHg Standard deviation error < |8| mmHg 

 

 
 

1-8 2  

 

1.2.6 Effect of confounding factors on blood pressure estimation using pulse arrival time [ 8] 

Pulse arrival time (PAT) 

dicrotic peak PPG Time deri b   

1-9 PAT

r SBP 

0.949  0.749 DBP 

0.932 0.629  
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1-9 PPG 

 
1.2.7 Enhancing the estimation of blood pressure using pulse arrival time and two 

confounding factors [9] 

  

Pulse Arrival Time (PAT) 

dicrotic peak PPG Time deri b 1-10 

3 Application

SBP DBP 0.922  0.855  

SBP DBP 0.806  0.851

SBP DBP 

0.799  0.711

SBP DBP 0.779  0.746
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1-10  

 

 

 1-1  

 

  
 

 

1 Pulse wave transit 

time (PWTT) 

Individual  

linear 

regression 

¶ Maximum and minimum estimation 

error of SBP 8.26 and 1.58 mmHg 

2 Pulse arrival time 

(PAT) 

Individual  

linear 

regression 

¶ Maximum and minimum estimation 

error of SBP 11.61and 2.67 mmHg 

3 Pulse transit time 

(PTT_dp) for SBP 

Diastolic time 

(Dia_t2) for DBP 

Individual  

linear 

regression 

¶ Maximum and minimum estimation 

error of SBP 11±8 and 4±2 mmHg 

¶ Maximum and minimum estimation 

error of DBP 10±6 and 5±4 mmHg 

4 Pulse arrival time 

combination with 

heart rate 

Mimic 

database 

¶ Maximum and minimum of standard 

deviation error of  SBP and DBP 7.77 

and 4.96 mmHg  

5 Pulse transit time 

weight and arm length 

Artificial 

neural network 

¶ Minimum estimation error of SBP 

4.53±2.68 mmHg 
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6 Pulse arrival time, 

Heart rate and

time_deri_b 

Individual 

multiple 

regression 

 

¶ Maximum and minimum correlation 

coefficient (R) of SBP 0.949 and 0.749 
¶ Maximum and minimum correlation 

coefficient of DBP 0.932 and 0.629 

7 Pulse arrival time, 

Heart rate and

time_deri_b 

Individual 

multiple 

regression 

 

¶ Dental anesthesia 

Mean correlation coefficient (R) of  SBP 

and DBP 0.922 and 0.855 
¶ Toilet seat application 

Mean correlation coefficient (R) of  SBP 

and DBP 0.806 and 0.851 
¶ Computer desk application 
Mean correlation coefficient (R) of  SBP 

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

and DBP 0.779 and 0.746 

Purposed 

method 

Pulse arrival time 

from three physical 

examinations and 

Heart rate 

Artificial 

neural network 

¶ Maximum and minimum estimation 

error of SBP 4.53±3.67  and 1.97±2.9 

mmHg 

¶ Maximum and minimum estimation 

error of MAP 1.56±2.04  and 3.58±3.24 

mmHg 

 

  

PAT 

PAT 

(Artificial neural network) 

(linear regression) (Multiple regression) 
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1.3  

1.3.1 Pulse arrival 

time (PAT) 

1.3.2 PAT 

 

1.4  

1.4.1 PAT 15 100 

(SBP), 

 (DBP) (MAP) 

1.4.2 PAT  

20-30  
 

1.5  

  1.5.1  

2 (Invasive blood 

pressure, IBP) 

(Non-invasive blood pressure, NIBP) 

NIBP 

 
 

1.5.2 ECG PPG 

ECG PPG 

PAT PAT 

PAT R-wave 

PPG  
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1.5.3 ECG PPG PAT  

ECG standard limb lead II 

, 

1-11 PPG Nellcor DS-100A 

finger sensor  

 

 
 

1-11 ECG 

 
1.5.4 LabVIEW ECG, PPG PAT 

LabVIEW ECG PPG 

PAT LabVIEW 2 

ECG PPG PAT  

 

1.5.5 PAT SBP MAP 

PAT SBP MAP 

(Supervised learning) 

(Back propagation) (Principle 

component analysis, PCA) 

Multilayer neural network Transfer function 

Tansig Purelin 

 
1.5.6  



14 
 

1.6  

1.6.1 

 PAT 
1.6.2  

Association for the Advancement of Medical Instrumentation (AAMI) 
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PTT 

PAT 1)  2) 

ECG PPG  3) 

 4)  5) (Principle component 

analysis, PCA) 

 

2.1  
2.1.1  

  6,000 

(Plasma)  (Red blood cells), 

(White blood cells) (Platelet)

(Hemoglobin) (Heme) 

 (Oxyhemoglobin) 

(Deoxyhemoglobin) 

[10] 

  

2.1.2  [11] 
  

2-1 3   (Artery), 

(Capillary) (Vein)  

1. 
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2. 

  

3. 

  

 

2-1  
  

2.1.3   
   (Arterial blood 

pressure)  (Systemic circulation) 

  

 [12] 2-2  
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(Pulmonary circulation) 4 

[13] 

1.  (Systolic blood pressure, SBP) 

2.  (Diastolic blood pressure, DBP) 

3. 
(Pulse pressure) 

4.  (Mean arterial pressure, MAP) 

  120 mmHg 

80 mmHg 

  

  2 

(Invasive blood pressure, IBP) 

(Non-invasive blood pressure, NIBP) 

 [12] 

 

 
 

2-2  
[ http://www.ipecp.ac.th/cgi-binn/Circulatory/program/unit p _ html] 
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2.1.4 [14] 
  Photoplethysmograph (PPG)

  

2-3 (Pc) 

(Pmap)

 

 

 
 

2-3  
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2.1.6  [14] 
Electrocardiography (ECG) (potential) 

depolarization repolarization  depolarization 

depolarize polarized  

P, Q, 

R, S T 

2-4 

 

 
 

2-4  

 

P Depolarization

0.08-0.11  

QRS Depolarization 

Q R

QRS 0.06-0.10 P R (P-R

interval) 0.12-0.20  

T Repolarization 

1 8  2 3 R Q T 0.20-

0.40   
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(Lead system) 

 (Summation) 

 (Bipolar leads)

 (Unipolar leads) 

 (Electrode)

 (ECG) 2 

 

Indifferent electrode Exploring 

electrode  

12  (Lead) 6 

6 

3  (Plane) Frontal plane, 

Horizontal plane Saggital  plane 

 (Standard Limb Lead Bipolar leads) Lead I, II 

III Frontal plane Einthoven 

 (+)  (-) ,  2  

Lead I (-) (+) 

Lead II    (-) (+) 

Lead III   (-) (+) 

3 

Einthoven triangle 

Einthoven I, II III  

Lead II = Lead I + Lead III 

P wave Lead II P wave P 

 Lead   

  ECG PPG 

(Intensive care unit, ICU) 
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ECG PPG 

ECG PPG  

 

 2.2 ECG PPG  [14] 

 ( Diederik Korteweg 

Moens-Korteweg (Moens-Korteweg equation) 2.1 

 

 

                                                                  (2.1) 
 

    u    

  d  

  T  

  E0  

    

  P (MAP) 

    

  h  

    

  r   

 

2.1 (u Pulse wave 

velocity, PWV) (T Pulse transit time, PTT) 

 (P Mean arterial blood pressure, MAP) 

2.2 PTT 

PTT  
 

    (2.2) 
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Pulse arrival time (PAT) 

(ECG) 
(PPG) 2-5 

 

 
 

2-5 PAT 

 

PAT PTT 2.3

Pre-ejection period (PEP) PEP 

,   

 

                         (2.3) 
 

2.3  
2.3.1  

(Photodiode) 

Rf 

[15] 
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2-   

  

2.3.2 (Inverting Amplifier) [16] 

2-  Kirchhoff Current Law

2.4

PPG  

 

                                                               (2.4) 
 

  
 

2-  Inverting Amplifier 
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2.3.3  [16] 
 (Filters)  2

(Passive filters) Active filters)

, ,

Low pass filter, LPF) High pass filter , HPF)

(Order)  1, 2, 3, 4  n 

Second order)  

 

 

2.3.3.1  (Passive)  

 

 
 

2-  

 

      (2.5) 
  

2.3.3.2 (First order) 

2-

(fc) 

 2.6 
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2-   
  

                         (2.6) 
 

2.3.3.3 (Second order) 

  
2-14 Sallen and Key 

cut off frequency, fc) 

2.7  

 

 
 

2-1   
 

         (2.7) 
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R1 = R2 = R C1 = C2 = C 2.7)  

 

                              (2.8) 
 

2.4  [18] 

  

  

  

 (Electrochemical)  

 (Input)   (Weight) 

  (Processing 

elements)   (Neurons)  (Units)  (Cells)   

(Nodes) (Axon) 

 (Output)    

 (Excitatory synapse)  

 (Inhibitory)  

   

(Pattern recognition)  (Signal processing)  

 3   

 

(Neuron model) 

1.1 (Single input neuron) 

1.2 (Multiple input neuron) 

2.  (Neural network architectures) 

2.1 (A layer of neurons) 

2.2 (Multiple layers of  neurons) 

(Back-propagation) 
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 2.4.1 (Neuron model) 
2.4.1.1 (Single input neuron)  

  (p)

   2-1 (a) 

 (b)  2-1 (b) 

 

 

 
 

2-1 (a)  

(b)  [13] 

 

2-1    

(w)   wp  

  Net input (n) 

 (Transfer or activation function)   (a)  

 

 

       (2.9) 
                                 (2.10) 

                                (2.11) 
 

  1 
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 (Transfer function) 

 (Linear function)  (Non-linear function) 

   3 

 Hard limit (hardlim(n)), Linear (purelin(n))  Log-sigmoid (logsig(n))

 

 

(Multiple input neuron) 

 1  

  p1, p2 R  R 

  W1,1 W1,2 ,  ,W1,R 

 Summing junction     

Net input   

 
 

                                 (2.12) 
                                                                             (2.13) 

                                                                      (2.14) 
 

 
 

 2-1   
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 2-1   

  

  (Abbreviated notation) 

 2-1  

 

 
 

 2-1   R  

 

 -   

 R×1   1×R 

 1×1  Summing junction   

1×1   1×1 

  1  

 

  (Neural network architectures) 
   

 Wp  

   (Layer)  

   

   3  
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(A layer of neurons) 

(p)

Summing junction (w)  

 (i)  (bi), Summing node, 

 (f) (ai) (R 
 S)  

  
 

 
 

 2-1   S   

 

 S  R   

 2-1  

 

 
 

 2-1   S  
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(Multiple layers of neurons) 

 1  

      1w  

  2w    2 

 2-1   3  Three-layer network 

 

 
 

 2-1   3  

 

 2-1  

 

 
 

 2-1  3  
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(Back-propagation)   

 

 (Back-propagation) 
 

 
 

-  

-  

 

 

 m  , n-1 (2.15) 
 

m 

 

 

                     (2.16) 
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                              (2.17) 
 

 a =  

   w =  

   b =  

 
5  (Principal component analysis  PCA)   

 (Covariance matrix)  

 (Eigen Faces)  

 1  

 1  1   2  

2   n  n   A 

 n  i  j  i   j   2.27 

 

11 12 13 1

21 22 23 2

31 32 33 3

1 2 3

. . .

. . .

. . .

. . . . .

. . . . .

. . . . .

. . .

m

m

m

n n n nm

A A A A

A A A A

A A A A

A A A A

è ø
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ùê ú

 m = w * h; n =                  ( ) 

 

  

 

2.5 1  

 

                                 ( ) 
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2.5   
 

         ( )  
 

2.5  

 

               (2.30) 
 

2.5   

 

             (2.31) 

 

2.5 5  

 

                                            (2.31) 

 

 

 

   2  

(correspondence)   

    

 

                                       (2.32) 
 

    
   

 (1st eigen Package) 
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3 

 

 

 

5 1) ECG 2) PPG 3) 

LabVIEW ECG, PPG PAT 4) ECG PPG 

5)  

 

3.1  

ECG PS420 Multimeter simulator

PS420 Multimeter simulator

ECG PS420 Multimeter simulator

ECG  

 

3.1.1  
1. PS420 patient multimeter simulator

60 /   

2. simulator ECG 

 

3. ECG  

 

3.2 PPG 

PPG (Nellcor DS-100A) 3-1

 3-2 DS-100A  
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3-1 PPG DS-100A 

 

   
 

 3-2 DS-100A 

 

3.2.1 PPG 
PPG 

PPG , low-pass filter, 

high-pass filter inverting Amplifier  

 

3.2.2 PPG 

1. PPG PPG 

(DS-100A)  

2. PPG PPG 

 

3. PPG  
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3.3 LabVIEW ECG, PPG PAT  

  LabVIEW 2 

ECG PPG 

PAT  

 

3.3.1 ECG, PPG  

  ECG PPG 

3-3 3-4  

1. ECG PPG DAQ (data 

acquisition) Labview 

2. 2 

(gain) PPG 10 PPG 

(amplitude)  

3. ECG PPG peak detector 

amplitude 

ECG PPG 

 

4. 3 

PAT-p PAT-f 
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3-3  
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ECG PPG

DAQ

ECG PPG

2

Gain PPG

10

ECG PPG

peak detector

peak first (ECG) <

peak first (PPG)

No

Yes

 
 

3-4  
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3.3.2 PAT  

  PAT-p 

PAT-f 3-5 

3-6  

1.  

2. PPG 

smoothing   

3. ECG peak detector 

PPG peak detector 

 

amplitude ECG amplitude 

PPG  

4. PAT-p PAT-f PAT-p

PPG 

ECG PAT-f 

PPG ECG 

5. PAT-f PAT-p 

 

 
 

3-5 PAT 
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ECG PPG

2

PPG filter

smoothing

ECG PPG

peak detector

PAT-f

PAT-p

PAT-p PAT-f

 
 

3-6 PAT 
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3.3.3 LabVIEW 

LabVIEW 4 

ECG, PPG 3-7 

amplitude ECG 3-8 

, amplitude PPG PAT-p 3-9 

, amplitude PPG PAT-f 

3-10 

 

 
 

3-7 ECG PPG  
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3-8 peak ECG 

 

 
 

3-9 peak PPG PAT-p 
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3-9 valley PPG PAT-f 

 

3.4 ECG PPG  
3.4.1  

15 100 

15 25±5 3 

3-11, 3-12 3-13   

 

3.4.1.1  

1. 5   

2. ECG PPG PAT  

3. OMRON SEM-1 
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3-11  

 

 
 

  3-12  

 

 
 

3-13  
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3.5  

  

 

(Supervised learning) 

(Principle component analysis, PCA) 

Multilayer neural network 

,

Tansig Purelin 3-14 100 

2 (Learning)

80 (Test) 

20 PAT-p1, PAT-p2, PAT-p3 

HR_cal ( LabVIEW) 

(Target) SBP MAP  

     

 
 

3-14   
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4 
 

 
 

4.1 ECG) 
ECG ECG 

4-1                   

78 / 3.1 

ECG 4-2  

  

                                                    (3.1) 
  

 HR_cal =  
f2 =  
f1 =  

    

 
 

4-1 ECG  
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4-2 ECG ECG  

 

4.2 PPG 
PPG 

PPG 4-3 4-4 

PPG 

4-5 

     

 
 

4-3 PPG  
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4-4 PPG  

 

 
 

4-5 PPG PPG  
 

4.3  SPSS  
  

Algorithm 

  

SPSS PAT-p1, PAT-p2, PAT-p3 

HR_cal ( ) SBP, DBP MAP  

  1  SBP PAT-p1, 

PAT-p2 PAT-p3 -0.359, -0.532 -0.294 

0.01 (p<0.01) DBP PAT-p2 

-0.265 0.01 (p<0.01) MAP 

PAT-p1 PAT-p3 -0.342 -0.364 

0.01 (p<0.01) HR_cal PAT-p1 PAT-p3 

-0.381 -0.388 0.01 (p<0.01) 
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(SBP, DBP MAP) 

SBP 

SBP  PAT-p MAP 

MAP PAT-p1 PAT-p2 DBP 

MAP PAT-p2  
 

4-1 SPSS 
 

 
 
4.4 SBP MAP 

 

PAT-p1, PAT-p2, PAT-p3 (SBP MAP)

SBP MAP Multilayer neural network 

Tansig 

Purelin 
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SBP  4-2, 4-3, 4-4 4-5 

MAP 4-6, 4-7, 4-8 4-9  

 

4-2  target  

 PAT-p1, PAT-p2  PAT-p3 SBP 

 

Node R 

3-16-13-1 0.9256 

3-6-1 0.8642 

3-4-1 0.8423 

3-2-2-1 0.7699 

 

4-3  target  

 PAT-p1  PAT-p2 SBP 

 

Node R 

2-15-12-1 0.8975 

2-8-6-1 0.7839 

2-4-4-1 0.7773 

2-2-2-1 0.6684 

 

4-4  target  

 PAT-p1  PAT-p3 SBP 

 

Node R 

2-15-12-1 0.8772 

- - -   

- -   

- - -   
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4-5  target  

 PAT-p2  PAT-p3 SBP 

 

Node R 

2-15-12-1 0.9106 

2-8-6-1 0.7842 

2-6-1 0.7377 

2-2-2-1 0.6769 

 

4-6  target  

 PAT-p1, PAT-p2  PAT-p3 MAP 

 

Node R 

3-16-13-1 0.9011 

3-8-6-1 0.8821 

3-4-1 0.7993 

3-2-2-1 0.7929 

 

4-7  target  

 PAT-p1  PAT-p2 MAP 

 

Node R 

2-15-12-1 0.9218 

2-8-6-1 0.8454 

2-4-4-1 0.7694 

2-6-1 0.7214 
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4-8  target  

 PAT-p1  PAT-p3 MAP 

 

Node R 

2-15-12-1 0.8106 

2-8-6-1 0.7417 

2-9-1 0.7002 

2-2-2-1 0.6267 

 

4-9  target  

 PAT-p2  PAT-p3 MAP 

 

Node R 

2-15-12-1 0.8195 

2-8-6-1 0.8550 

2-4-4-1 0.7499 

2-6-1 0.7126 

 
4.5 SBP MAP 

 

PAT-p1, PAT-p2, PAT-p3 HR_cal (

LabVIEW) (SBP MAP)

SBP 4-10, 4-11, 4-12, 4-13, 4-14, 4-15 4-16 

MAP 4-17, 4-18, 4-19, 4-20, 4-21, 4-22 4-23  
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4-10  Target  

 PAT-p1, PAT-p2, PAT-p3  HR_cal  SBP 

 

Node R 

4-16-13-1 0.9365 

4-6-1 0.8933 

4-4-1 0.8650 

4-2-2-1 0.8409 

 

 
 

4-6  Target 

4-16-13-1 
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4-11  Target  

 PAT-p1, PAT-p2  HR_cal  SBP 

 

Node R 

3-15-12-1 0.9170 

3-4-4-1 0.8420 

3-6-1 0.8378 

3-4-1 0.8265 

3-4-2-1 0.7964 

3-2-2-1 0.7844 

 

 
 

4-7  Target 

3-15-12-1 
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4-12  Target  

 PAT-p1, PAT-p3  HR_cal  SBP 

 

Node R 

3-15-12-1 0.8776 

3-8-1 0.8228 

3-4-1 0.8069 

3-3-1 0.7535 

3-4-2-1 0.7454 

3-2-2-1 0.7087 

 

 
 

4-8  Target 

3-15-12-1 
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4-13  Target  

 PAT-p2, PAT-p3  HR_cal  SBP 

 

Node R 

3-15-12-1 0.9076 

3-6-1 0.8342 

3-4-1 0.7930 

3-2-2-1 0.7822 

 

 
 

4-9  Target 

3-15-12-1 
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4-14  Target  

 PAT-p1  HR_cal  SBP 

 

Node R 

2-15-12-1 0.8575 

2-10-8-1 0.8044 

2-5-4-1 0.7425 

2-8-1 0.7189 

 

 
 

4-10  Target 

2-15-12-1 
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4-15  Target  

 PAT-p2  HR_cal  SBP 

 

Node R 

2-15-12-1 0.8973 

2-5-4-1 0.8441 

2-8-1 0.8087 

2-4-1 0.7588 

 

 
 

4-11  Target 

2-15-12-1 
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4-16  Target  

 PAT-p3  HR_cal  SBP 

 

Node R 

2-15-12-1 0.7760 

2-8-1 0.6534 

2-4-1 0.6204 

 

 
 

4-12  Target 

2-15-12-1 
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4-17  Target  

 PAT-p1, PAT-p2, PAT-p3  HR_cal  MAP 

 
Node R 

4-16-13-1 0.9511 

4-8-6-1 0.9318 

4-4-3-1 0.8751 

4-4-1 0.8738 

4-2-2-1 0.8458 

 

 
 

4-13  Target 

4-15-12-1 
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4-18  Target  

 PAT-p1, PAT-p2  HR_cal  MAP 

 
Node R 

3-15-12-1 0.9213 

3-8-6-1 0.8809 

3-6-1 0.8491 

3-4-4-1 0.8353 

3-2-2-1 0.7672 

 

 
 

4-14  Target 

3-15-12-1 
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4-19  Target  

 PAT-p1, PAT-p3  HR_cal  MAP 

 

Node R 

3-15-12-1 0.8965 

3-9-1 0.7910 

3-4-4-1 0.7743 

3-6-1 0.7320 

3-4-1 0.7087 

 

 
 

4-15  Target 

3-15-12-1 
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4-20  Target  

  PAT-p2, PAT-p3  HR_cal  MAP 

 

Node R 

3-15-12-1 0.9118 

3-8-6-1 0.8568 

3-4-4-1 0.8095 

3-6-1 0.7964 

 

 
 

4-16  Target 

3-15-12-1 
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4-21  Target  

 PAT-p1  HR_cal  MAP 

 

Node R 

2-15-12-1 0.7557 

2-10-8-1 0.6877 

2-5-4-1 0.6866 

2-8-1 0.6359 

 

 
 

4-17  Target 

2-15-12-1 
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4-22  Target  

 PAT-p2  HR_cal  MAP 

 

Node R 

2-15-12-1 0.8773 

2-10-8-1 0.8081 

2-9-1 0.7962 

2-4-1 0.7281 

 

 
  

4-18  Target 

2-15-12-1 
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4-23  Target  

 PAT-p3  HR_cal  MAP 

 

Node R 

2-15-12-1 0.7408 

2-8-6-1 0.6498 

2-9-1 0.6088 

2-4-1 0.5108 

 

 
 

4-19  Target 

2-15-12-1 
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4.6 
 

  

4-20 

SBP 

MAP  

 

 
 

4-20  
 
4.7 

 

(Supervised learning) 

(Principle component analysis, PCA) 

2 

80 

20 PAT-p1, PAT-p2, PAT-p3 HR 

(Target) SBP MAP 
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Association for the Advancement of Medical Instrumentation (AAMI) mean of 

estimation error |5| mmHg standard deviation estimation error |8| mmHg   

4-21 4-22 SBP 

MAP SBP 

MAP AAMI 

0.8  

0.8 

4-23  

 

 
 

4-21 SBP  
 

 
 

4-22 MAP  
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4-23  

 

 
4.8  
  3  

1. 4 PAT-p1, PAT-p2, PAT-p3 HR  

2. 3 3  

a. PAT-p1, PAT-p2 HR 

b. PAT-p2, PAT-p3 HR  

c. PAT-p1, PAT-p3 HR  

3. 2 3  

a. PAT-p1 HR  

b. PAT-p2 HR  

c. PAT-p3 HR 
  4-24 4-25 

SBP MAP 4 

3 2 2 

PAT-p2 HR  
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4-24  

SBP  
 

 
 

4-25  

MAP  
 



 
 

72 
 

5 
 

 
 
5.1  
  

AAMI 

  

4 

2 16 13 

AAMI 2 

2 2 4 

3 PAT 

2 PAT-p2 HR 2 

2 

15 12 

AAMI 2 

10 8 

4  
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5.2  
 5.2.1  
  

25±5

 

  

 5.2.2  
  

  
5.2.2.1 

 

5.2.2.2 

 

(arterial 

stiffness) 
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1. ECG PPG oscilloscope  
  PAT PAT 

ECG PPG 

oscilloscope -1 PAT-f PAT-p 

oscilloscope -2 -3 

 

 
 

-1 ECG PPG   

 

 
 

-2 PAT-f   
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-3 PAT-p   

 

  PAT-p1, PAT-p2 PAT-

p3 SBP, DBP MAP (linear regression)

oscilloscope 

PAT-p PAT-f 10 

ms 

-4 R-squares PAT-p1, PAT-p2 PAT-p3 SBP 

0.1841, 0.1902 0.2168 R 0.429, 0.436 0.466 

  -5 R-squares PAT-p1, PAT-p2 PAT-p3 DBP 

0.0002, 0.0085 0.00003 R 0.014, 0.092 

0.001  -6 R-squares PAT-p1, PAT-p2 PAT-p3 

SBP 0.0362, 0.0181 0.0476 R 0.19, 0.135 

0.218   
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-4 PAT-p SBP  

 

 
 

-5 PAT-p DBP  
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-6 PAT-p MAP 
 

2. ECG PPG  LabVIEW  

  oscilloscope 

PAT-p1, PAT-p2 PAT-p3 

PAT-p1, PAT-p2 

PAT-p3 SBP -7 R-squared PAT-

p1 SBP 0.1159 R 0.34 -8 R-

squared PAT-p2 SBP 0.2589 R 0.509 

-9 R-squared PAT-p3 SBP 0.0674 

R 0.26 PAT-p1, PAT-p2 PAT-p3 

oscilloscope  
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-7 PAT-p1 SBP 

 

 
 

-8 PAT-p2 SBP 
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-9 PAT-p3 SBP 
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1.  
 

  

HR_cal 

 
PAT-p1 PAT-p2 PAT-p3 SBP DBP HR MAP 

0.4084 0.455 0.3856 73.3676 126 60 68 82 

0.4184 0.4658 0.3787 71.736 126 59 65 81.33333 

0.4273 0.45 0.393 62.7032 119 58 64 78.33333 

0.4222 0.4573 0.3969 62.4285 117 65 64 82.33333 

0.4234 0.4426 0.3894 73.0816 115 61 78 79 

0.4242 0.434 0.4167 65.1891 111 62 66 78.33333 

0.4559 0.4344 0.3854 81.6412 120 68 85 85.33333 

0.4399 0.4589 0.4142 77.821 111 64 74 79.66667 

0.4404 0.4575 0.414 74.5931 112 67 75 82 

0.4468 0.4739 0.4123 69.5975 108 66 73 80 

0.4469 0.461 0.4445 69.8782 115 70 70 85 

0.4487 0.4675 0.4449 62.0333 108 56 61 73.33333 

0.4445 0.4762 0.4385 65.9413 125 61 63 82.33333 

0.4407 0.4751 0.4252 62.2084 114 58 60 76.66667 

0.4544 0.4901 0.4287 60.5013 115 59 59 77.66667 

0.4467 0.4732 0.4512 61.5474 114 54 61 74 

0.4621 0.4944 0.4488 63.9591 110 59 63 76 

0.4069 0.4301 0.4257 78.982 118 68 73 84.66667 

0.438 0.4583 0.4379 68.5793 118 67 65 84 

0.4519 0.4538 0.4504 69.4364 116 71 70 86 

0.4391 0.4746 0.4395 65.9341 116 66 63 82.66667 

0.4494 0.471 0.4612 67.0616 109 66 68 80.33333 

0.4404 0.4462 0.4233 69.5249 135 84 64 101 

0.4623 0.4627 0.4522 64.2674 135 85 62 101.6667 

0.4685 0.4789 0.4508 63.2986 131 79 64 96.33333 

0.4696 0.4793 0.4478 62.7878 128 78 65 94.66667 

0.4284 0.4512 0.4066 77.8816 124 60 74 81.33333 

0.4408 0.4507 0.4061 79.1666 109 60 74 76.33333 

0.4337 0.4438 0.4159 73.991 126 67 71 86.66667 

0.4317 0.4373 0.4036 69.8035 113 58 68 76.33333 
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0.4263 0.4517 0.4268 67.273 112 62 69 78.66667 

0.4333 0.4429 0.4121 69.6774 127 79 62 95 

0.4202 0.441 0.4378 70.6252 135 85 72 101.6667 

0.4341 0.4645 0.4196 74.3648 129 85 76 99.66667 

0.4391 0.461 0.429 77.4417 117 74 71 88.33333 

0.4303 0.4621 0.4297 72.8942 125 73 67 90.33333 

0.4385 0.4605 0.4555 74.551 123 80 76 94.33333 

0.4226 0.4591 0.4152 80.8716 130 88 80 102 

0.4326 0.4699 0.4458 79.5756 119 74 83 89 

0.45 0.4666 0.4173 66.3309 125 75 62 91.66667 

0.4377 0.4758 0.4375 61.9124 121 78 56 92.33333 

0.4231 0.4273 0.4227 64.5621 130 81 63 97.33333 

0.4288 0.4805 0.4334 81.081 107 63 76 77.66667 

0.4419 0.4799 0.4354 84.1121 113 67 76 82.33333 

0.4253 0.4657 0.4167 78.0996 109 64 75 79 

0.4265 0.4676 0.4343 80.0019 108 73 79 84.66667 

0.4295 0.4685 0.425 76.2308 113 68 83 83 

0.4232 0.4561 0.419 76.882 123 78 77 93 

0.4323 0.4639 0.4263 75.6533 112 75 76 87.33333 

0.4302 0.475 0.4283 73.5595 116 70 71 85.33333 

0.4027 0.4238 0.3875 85.9031 119 64 87 82.33333 

0.3962 0.4245 0.389 84.0336 115 65 83 81.66667 

0.4225 0.4476 0.4031 75.5747 116 64 77 81.33333 

0.4176 0.4489 0.4052 80.9536 116 76 82 89.33333 

0.4209 0.4472 0.3951 79.2777 117 69 77 85 

0.443 0.4757 0.4243 84.9858 114 72 79 86 

0.4244 0.4691 0.4106 87.9567 112 75 86 87.33333 

0.4474 0.4613 0.4163 82.5783 109 74 83 85.66667 

0.4708 0.487 0.4309 67.3703 111 71 68 84.33333 

0.4642 0.4906 0.4483 69.2201 113 74 67 87 

0.4666 0.4976 0.4382 72.1562 122 68 74 86 

0.4558 0.4988 0.4573 65.6934 114 71 67 85.33333 

0.4365 0.4508 0.4218 72.7613 121 70 73 87 

0.4244 0.4412 0.4167 68.1246 123 69 66 87 
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0.4119 0.4322 0.4068 64.0547 119 70 64 86.33333 

0.4285 0.4369 0.4204 63.2156 125 75 64 91.66667 

0.3999 0.4112 0.3867 86.5489 128 78 88 94.66667 

0.4105 0.4309 0.3864 83.7612 130 84 84 99.33333 

0.4034 0.4156 0.3976 65.6146 127 76 64 93 

0.4175 0.4304 0.3996 60.7657 131 78 61 95.66667 

0.468 0.4815 0.4406 63.6513 112 78 62 89.33333 

0.471 0.4835 0.4657 62.2732 114 76 62 88.66667 

0.4467 0.4509 0.4348 63.1673 113 72 64 85.66667 

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 

0.4102 0.4236 0.3892 78.4381 122 77 79 92 

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 77 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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0.432 0.4466 0.4052 60.1321 102 56 57 71.33333 

0.4287 0.4347 0.4199 59.5487 103 63 55 76.33333 
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A novel method to evaluate non-invasive blood pressure using cuff-less 
,  

 

074-282000 E-mail: Soros.eng@gmail.com 

 
 

pulse arrival time (PAT) 

85 

15 25 ± 5 

(electrocardiogram, ECG)  photoplethysmograph (PPG) 

LabVIEW 

PAT-p 

 
(r = -0.499,  p < 0.01)  (mean arterial blood 

pressure, MAP) (r = -0.339, p < 0.01)  

(diastolic blood pressure, DBP) (r = -0.221, p < 0.05)  PAT-p 

6.06  

mmHg 

 

: , , PPG PAT 

 

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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3.  

3.1  

15 25 ± 5 

5  

ECG , PPG Nellcor DS-

100A finger sensor PAT-p 

Omron SEM-1 

LabVIEW 

ECG, PPG PAT-p 

10 

ECG PPG 

LabVIEW 4

LabVIEW . 
 

4.  

4.1 PAT-p 

SBP, DBP MAP  
 

1 PAT-p SBP, DBP MAP 
 

 
 

 
 

4 ECG PPG  

1 PAT-p 

SBP MAP (r)  
-0.499  -0.339 0.01  

(p < 0.01) PAT-p 

DBP (r) -0.221 

0.05 (p < 0.05)

 
 

4.2 PAT-p 

SBP, DBP MAP 

 2 PAT-p 

SBP, DBP MAP 

 

PAT-p SBP 

(mean ± sd) 6.06 ± 4.73 mmHg

PAT-p DBP 

6.91 ± 4.31 mmHg 
 

2  
PAT-p SBP, DBP MAP 

 

Correlation Error (mmHg) 

PAT-p SBP 6.06 ± 4.73 

PAT-p DBP 6.91 ± 4.31 

PAT-p MAP 6.33 ± 4.05 
 

5.  

2 

PAT-p SBP, DBP MAP 

PAT-p 

SBP MAP 3 

SBP MAP DBP 

PAT-p 

SBP MAP DBP 

1 Association for the Advancement of 

Medical Instrumentation (AAMI)

mean of estimation error |5| mmHg 

standard deviation estimation error 8 mmHg 

SBP DBP 2 

PAT-p SBP, 
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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 neural networks.  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 
only one input (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 ECG and 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. Electrocardiogram (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 s ignal from people as 
illustrated in Fig. 2. [8].   
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pulse arrival time 

Soros Engsombun1, Sawit Tanthanuch, Booncharoen Wongkittisuksa 
Prince of Songkla University, Faculty of Engineering, Thailand  

15 Kanjanawanit Rd. Hatyai, Songkhla, 90110 email: soros.eng@gmail.com1 



94 

 
 

 

 
Fig. 1. Illustration of the electrocardiogram signal 

 
 

Fig. 2. Illustration of the 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
connects the pulsewave velocity with the dimensions of 
the vessel and the distensibility of the vessel wall as 
follows equation 1. 

 

,           (1) 

 
Where u is pulse wave velocity (PWV)  
                d is the length of the vessel 

T is pulse transit time (PTT)  
E0 

modulus) 
P is blood pressure 

 
to 0.018 

(mmHg-1) 
h is the vessel thickness  

  is density of the contained blood within the 
vessel 

r is the inner radius of the vessel 
 

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]. 
 

(2) 
 

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. 

 
   (3) 

 
 

 
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 ANN used 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          
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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.  

 

 

Fig. 4. Illustration of the structure of ANN 

4. EXPERIMENTAL RESULT 

4.1 RELATIONS HIP 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 RELATIONS HIP 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 

minimum correlation are equal to 0.6843 and 0.5113 
respectively.  

 
5. CONCLUS ION 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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