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Abstract

Blood pressure (BP) is one of the most important physiological parameters and a vital

indicator of a person’s health, thus making it hugely important to monitor. This paper

presents a new method of estimating BP using a consumer grade camera and image

processing in Matlab. Four test subject’s arms were filmed following different physical

activities. Owing to the fact that the BP is linearly related to the pulse wave velocity

(PWV) the BP can be estimated through analysis and processing of the films. Results

indicate that the method works albeit, with a relatively low accuracy having an average

error of 16.95 ± 1.84 % for the systolic BP and 10.75 ± 3.0 % for the diastolic BP,

compared to a conventional cuff monitor. Although able to produce moderatly accurate

results, the method is in need of further improvements.
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1 Introduction

Blood pressure (BP) is one of the vital indicators regarding personal healthcare and it

has been proven useful in detecting several dieases and defects [1]. BP is defined as the

pressure which the blood exerts upon the walls of the blood vessels [2]. Most commonly,

BP is expressed as the systolic pressure (the pressure that arises from contraction of the

heart) over the diastolic pressure, (the pressure that arises from the expansion of the

heart) measured in mmHg [3].

A high BP can provoke arterial strains and over time the arterial tissue can be dam-

aged, whereas a low BP results in fatiuge and weariness. It is therefore crucial to monitor

BP regularly [4]. There are many ways of measuring BP however, most methods are not

optimal regarding patient comfort as well as accuracy.

Many attempts of measuring BP and heart rate using various optical sensors and

cameras have been made. In a paper published by Wu et al. a method used to amplify

subtle colour changes was presented. With this method they were able to detect colour

changes caused by the flow of blood through vessels in the head, thus being able to see

the pulse propagate through parts of the body. [5]

Anohter group of scientists, M. Younessi and M. Khalilzadeh, tested a BP measuring

method using optical sensors. Their approach was to measure the PTT using infrared

sensors and then measure the BP after various physical activities. Coefficients showing

the correlation between PTT and BP were calculated and the models were tested. [1]

In this study a new method of measuring BP is presented and evaluated. By combining

the two methods described above, using a camera instead of the optical sensors used by M.

Younessi and M. Khalilzadeh, a more practical BP measuring method can be developed.

Such a non-contact method would improve both comfort and availibility for the patients,

being a step towards an improved health care.
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2 Theoretical Overview

2.1 Methods of Measuring Blood Pressure

Today there are numerous ways of measuring blood pressure. Generaly, these are cate-

gorised into invasive and non-invaise methods.

When conducting an invasive BP measurement, a needle is inserted directly into

an artery. This arterial line is connected to electronic tranducers through which the

blood pressure can be monitored continously. Even though the invasive methods have a

comparatively high accuracy, these methods can be burdensome for the patients since they

involve the insertion of an arterial line into the arm. Moreover, invasive methods can cause

bleeding as well as an increased infection risk. [6] Non-invasive methods are in general

more simple, more comfortable for the patients and pose lower risks of complications.

On the other hand, they are generaly less precise. Although they have a relatively low

accuracy they do yield results that are accurate enough for routine examinations. This is

why the non-invasive methods are the most frequently used. [1]

An example of a non-invasive method is the sphygomanometer, more commonly know

as the cuff method. Cuff-based methods are relatively simple and comfortable, however,

the method is not ideal since it cannot measure the blood pressure continously. Further-

more, a sphygmomanometer has to be serviced and recalibrated often in order to provide

accurate results. [7]

2.2 Pulse Transit Time and Pulse Wave Velocity

There is a strong dependency between the BP and the Pulse Transit Time (PTT) [8]. The

PTT is the time required for a pressure wave to travel from the heart to another place in

the body within the same cardiac cycle (from the beginning of one heartbeat to the start

of the following). The difference in PTT, denoted by PTTD, can be measured directly by

comparing two points (such as a toe and a finger) [9]. The process of measuring PTTD

will be explained more thoroughly later in this paper.
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The Pulse Wave Velocity (PWV) is defined as the rate at which the blood pressure moves

down a blood vessel [9]. The PWV is related to the stiffness of arteries and has a direct

connection to the BP; it has been shown that an increase in PWV implies an increase in

BP [10]. The relation between PWV and BP can be described:

PWV =

√
V∆BP

ρ∆V
=

1

cBP − c/4
(1)

where ∆BP and ∆V represent change in BP and blood volume, ρ is the density of

the blood and c is a normalising constant. Furthermore, the relation between PWV and

PTTD is:

PWV =
d

PTTD
(2)

where d is the distance between two points (for example from a finger to a toe). By

combining Equations (1) and (2) and using a Taylor series expansion, a linear relation

between BP and PTTD is obtained:

PTTD = d(cBP − c/4)⇒ BP = A+ (PTTD)B (3)

where A and B are constants that depend on the specific individual and therefore must

be determined for each test subject. [1]

2.3 Colour Images

Colour images are two dimensional matrices consisting of vectors called pixels, containing

three values; red, green and blue. A colour image can thus be separated into three different

layers: one red (R), one green (G) and one blue (B). Combinations of these three colour

layers can yield all the colours in the visible spectrum and are the building blocks of all

colour images [11]. Each of these components can have a value between 0 and 1. Red is

for example represented by the triplet {1, 0, 0} and white is represented by {1, 1, 1} [12].

3



3 Method

The method used to estimate BP in this study can be summarised with the two flowcharts

shown below in Figure 1:

(a) The constants A and B are determined us-
ing calibration films and BP values measured
with a cuff-based BP monitor.

(b) The constants A and B are used along
with the PTTDs obtained from reference
films to estimate the BP, denoted BPest

in the figure.

Figure 1: Flowchart diagram, overlooking the method used to estimate BP.

3.1 Data Collection

BP data and films were collected from two males and two females, all subjects being

around 18 years old. In order to vary the blood pressure all measurements were conducted

after various physical activites, such as running up and down stairs and doing push-ups.

All video data was collected indoors with ambient lighting and a desktop lamp aimed at

the arm, as shown in Figure 2a. The videos were shot with a GoPro Hero 3 Silver Edition

camera set to 60 frames per second (fps) at 720p resolution. All videos were filmed on

a desktop with a black background, approximately 15 cm above the table’s surface, the

duration of each video was roughly 30 s. Upon processing, all videos were separated into

individual frames using Adapter Video Converter [13].

In order to determine the coefficients A and B presented in Equation 3 one must obtain

BP data and corresponding PTTDs. After capturing each film, the BPs of the subjects

were therefore measured. All BP measurements were conducted using a cuff-based BP

monitor (Riester ri-champion N Digital). Five measurments were done for each subject,

filming the arm as shown in Figure 2a.
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(a) Setup used when obtain-
ing all films, close up.

(b) Setup used when obtain-
ing all films, from a distance.

Figure 2: Experimental Setup, showing how the filming of the arm was done.

3.2 Data Processing

To calculate the PTTDs two points of interest on the arm were chosen for comparison,

as shown in Figure 3. The two points of interest were cropped to 100 × 100 pixels each.

The frames from both points were processed in Matlab; R, G and B values of each pixel

were extracted from each frame and averaged.

Since there is some distance between the two points the colour shift caused by the blood

flow will reach the two points at different times. First, point 1 will be reached, after the

PTTD has passed, point 2 will be reached. By analysing the shift between the values

extracted from point 1 and 2, one can determine the PTTD. In order to do this the

averages first need to be normalised to have a mean around zero:

x′i(t) =
xi(t)− µi

σi
(4)

where xi(t) is the R, G or B average in frame t, µi is the mean of xi(t), σi is its standard

deviation and x′i(t) is the normalised value in frame t. The normalised values were then

run through a custom Matlab algorithm (Appendix A) to find the PTTD.
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Figure 3: Two points of interest (100 × 100 pixels) are manualy cropped in Matlab, one
from the bend of the arm, and one from the wrist.

3.3 Analysis Steps

The following is a description of the Matlab algorithm, converting the normlised values

to a PTTD in ms (see Appendix A for explicit details regarding the algorithm).

In Figure 4a, the average of the red (R) colour layer in each frame is plotted against

the frame number. The blue curve represents the R values from point 1 in Figure 3 and

the red curve the R values from point 2 in the same figure. Given these two curves it is

possible to find a horisontal shift in frames between the two, a shift caused by the pulse

reaching one point before it reaches the other. However, calculating this shift is difficult

given the rough curves presented in Figure 4a. To resolve this problem the data points

are approximated using a Fourier series, yielding the smoothened curves shown in Figure

4b.
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(a) Averaged and normalised values from
the red colour layers of the two points pre-
sented in Figure 3, plotted for each frame.

(b) Averaged and normalised values from
the red colour layers of the two points pre-
sented in Figure 3 approximated using a
Fourier series, plotted for each frame.

Figure 4: Averaged and normalised values from the red colour layers of the two points
presented in Figure 3 plotted for each frame before and after Fourier series approximation.

To determine the duration of the shift, the two curves are moved horisontally, one frame

at a time, and the sum of the squares of the distances between the two curves is plotted

after each frame. This yields a curve, to which a second degree polynomial is fitted, see

Figure 5a. The latter is done in order to achieve a more precise value compared to the

values given by the number indices. The minimum of the parabola is the point were the

two curves are as close as possible. The shift required to reach this point is the PTTD

in frames. The number of frames shifted at each minimum is plotted, which is shown in

Figure 5b. Subsequently this is done for all R, G and B values, generating three curves.

Next, the entire process is repeated with more terms in the Fourier series. As is apparent,

the curves stabilise close to a certain value for high numbers of Fourier terms; the PTTD.

Finally, the PTTD is converted from frames to ms.
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(a) A second degree polynomial plotting the
sum of the square of the distances between
the curves, as a function of how many frames
the curves have been shifted horisontally.

(b) Number of frames the R, G and B curves
need to be shifted to minimise the distance
between them, this value is equal to the
PTTD.

Figure 5: Averaged and normalised values from the red colour layers of the two points
presented in Figure 3 plotted for each frame before and after Fourier series approximation.

Using Matlab’s polyfit function, the PTTDs obtained from each subject’s videos were

plotted against their coherent BP values and fitted to the linear model shown in Equation

3. In this way coefficients A and B are derived. Therefrom, in the aspect of accuracy, each

model was evaluated using five reference films from each subject. Two models are fitted

for each subject; one for the systolic BP (SBP) and one for the diastolic BP (DBP). In

Figure 6 an example of a regression between diastolic BP and PTTD is shown.

Figure 6: An example of a linear regression, plotting diastolic BP and PTTD taken from
one of the test subject’s data. In this manner constants A and B are derived.
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4 Results

Both the systolic and diastolic correlation coefficients (Asys, Bsys, Adia and Bdia) were

determined for each subject. In Table 1 the correlation coefficients for systolic BP and

PTTD are shown for each subject along with error calculations. In the same manner,

Table 2 contains the coefficients for the diastolic BP of each subject. Additionally, the

mean and standard deviation (σ) was calculated for all data.

Table 1: Constants A and B, showing the correlation between systolic BP (SBP) and
PTTD with error calculations. SBPcuff is the systolic BP measured with the monitor and
SBPest is the systolic BP estimated with the model.

Subject Asys [mmHG] Bsys [mmHG/ms] |SBPcuff - SBPest|[mmHG] Error (%)
1 135.4 -1.1 14.9 16.3
2 125.3 -0.7 22.6 19.7
3 100.3 3.2 18.6 16.0
4 138.4 0.4 19.0 15.8
Mean ± σ 124.85 ± 14.98 0.49 ± 1.68 18.77 ± 3.15 16.95 ± 1.84

Table 2: Constants A and B, showing the correlation between diastolic BP (DBP) and
PTTD with error calculations. DBPcuff is the disatolic BP measured with the monitor
and DBPest is the diastolic BP estimated with the model.

Subject Adia [mmHG] Bdia [mmHG/ms] |DBPcuff - DBPest| [mmHG] Error (%)
1 70.8 -0.4 4.5 7.2
2 70.5 -0.3 14.4 11.1
3 87.2 -0.7 7.9 10.3
4 81.0 -0.3 9.7 14.4
Mean ± σ 77.38 ± 8.17 -0.43 ± 0.17 9.13 ± 4.12 10.75 ± 3.0
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5 Discussion

5.1 Result Analysis

For the systolic BP the results show an average difference, between the estimate and

the cuff measurement, of approximately 19 mmHg which translates to an average error of

17%. The diastolic BP estimates were determined with a higher accuracy, with an average

difference of 9 mmHg and a mean error of roughly 11%.

The results show a maximum error of 20 % for SBP and 14 % for DBP which is accept-

able when only a moderatly accurate estimation is needed. Although the method might

have potential, based on the results, it is not yet precise enough for medical standards.

It is apparent that the coefficients (A and B) vary depending on the test subject.

Exactly what causes this variation is not obvious. Many factors, such as age, diet, gender,

height and weight, most likely have an influence. On the other hand, these variations

might as well be a consequence of errors in the experiments such as insufficient lighting

or movement while filming. Another trend that was observed was that the BP seems to

decrease as the PTT increases. This is what one would expect judging by the fact that

BP increases linearly in respect to the PWV.
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5.2 Sources of Error and Flaws

In contrast to other studies this study has one major limitation; that is the cuff method

utilised during the calibrations. This is a major source of error since the accuracy of the

BP estimation is directly dependent on the accuracy of the calibration. Moreover, when

calibrating the system more films should have been made; five subjects is not enough to

establish a result with high accuracy.

An additional source of error is that during the 30 s time of filming prior to the BP

measurement, the BP will change thus making the measured BP and obtained PTTD

slightly incoherent.

The algorithm used to compute the PTTD was found to be computationally intensive

and inefficient, taking almost 30 minutes to run through one 30 s film. Moreover, the

program could only run through images, meaning that the films first had to be converted

into images, taking up unecessary amounts of space.

5.3 Future Work

A question worthy of investigation pertains in the problem issued above; the algorithm

utilised to convert a film of the arm to a PTTD value is in need of optimisation. Fur-

thermore, the algortihm involves a few non-automated steps, for one, the cropping of the

images as shown in Figure 3 has to be done manually. This is a major limitation since it

prohibits an automation of the process.

Another topic of future research is the factors affecting the coefficients. M. Younessi

and M. Khalilzadeh have already studied how age affects the coefficients and they con-

cluded that the PTT was linearly related to the age of the subject, decreasing as the age

increases [1]. However, there are far more factors yet to be examined and if these factors

are accounted for the estimation models can be made even more complex, yielding even

more precise estimations.
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Something to consider is if it were possible to find general correlation coefficients, i.e.

coefficients that were applicable on any person. However, estimating BP with such coef-

ficients could never yield a value as precise as one from an individually adjusted model.

Nonetheless, it would facilitate the process to a great extent.

In this study data obtained from the measurements were adapted to a linear model as

shown in Equation 3, however this is not necessarily the best adaptation. Some authors

have reported a non-linear correlation between the PTT and BP [14, 15]. This is a topic

that could be investigated further to optimise and amend the estimations even more.
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A Matlab Code

The code consists of three parts; one function used to crop the image, extract RGB values

and average them, one to load the images, and finally, a main code used to loop through

all frames and finding the PTTD. See comments in the code for explicit details.

A.1 Main Code

1 f o r i =1:1200

2 p i c=Load ( i ) ; %Ca l l s f unc t i on "Load" to load an image

3 rgb=RGB( pic , 100 ,200 ) ; %Zooms the image g iven the x coo rd ina t e s

4

5 r_1( i )=rgb ( 1 , : ) ; %Sto r e s the r , g and b va lue s in l i s t s

6 g_1( i )=rgb ( 2 , : ) ;

7 b_1( i )=rgb ( 3 , : ) ;

8 end

9 ========================================================================

10 f o r i =1:1200 %Same as above except f o r the wr i s t patch

11 p i c=Load ( i ) ;

12 rgb=RGB( pic , 900 ,1000) ;

13

14 r_2( i )=rgb ( 1 , : ) ;

15 g_2( i )=rgb ( 2 , : ) ;

16 b_2( i )=rgb ( 3 , : ) ;

17 end

18 ========================================================================

19

20
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21 R1 = r_1 ;

22 R2 = r_2 ;

23

24 R1 = (R1−mean(R1) ) / std (R1) ; %Normal i ses the R va lues

25 R2 = (R2−mean(R2) ) / std (R2) ;

26

27 f r amed i f f sR = [ ] ; %Creates a matrix f o r l a t e r use

28

29 f o r i = 1:200

30 [ a1 , b1 ] = Fs e r i e s ( 1 : l ength (R1) ,R1 , i ) ;

31 f i t 1 = F s e r i e s v a l ( a1 , b1 , 1 : l ength (R1) ) ;

32 %Approximates a curve f o r the data from point 1 us ing Four i e r

s e r i e s

33

34 [ a2 , b2 ] = Fs e r i e s ( 1 : l ength (R2) ,R2 , i ) ;

35 f i t 2 = F s e r i e s v a l ( a2 , b2 , 1 : l ength (R2) ) ;

36 %Approximates a curve f o r the data from point 2 us ing Four i e r

s e r i e s

37 f i g u r e (1 )

38

39 d i f f s = [ ] ;

40 f o r j =−10:10

41 d i f f s = [ d i f f s , sum( ( f i t 1 (20+ j : end−20+j )− f i t 2 ( 2 0 : end−20) ) .^2) ] ;

42 end

43 %Sh i f t s the curves and saves the sum of the squares o f the

d i s t an c e s between the two curves in va r i ab l e " d i f f s "

44

45 parabola = p o l y f i t ( 1 : l ength ( d i f f s ) , d i f f s , 2 ) ;

46 inp = l i n s p a c e (1 , l ength ( d i f f s ) ,10000) ;

47 appr = parabola (1 ) ∗ inp .^2 + parabola (2 ) ∗ inp + parabola (3 ) ;
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48 %Fi t s a parabola to the data in " d i f f s "

49

50 [M, I ] = min ( appr ) ;

51 I = I / l ength ( inp ) ∗21−10;

52

53 f r amed i f f sR = [ f ramedi f f sR , I ] ;

54 %Finds the minimum d i s t ance between the curves and saves i t in a

l i s t

55

56 end

57

58 f i g u r e (18) ; hold o f f ;

59 p lo t ( f ramedi f f sR , ’ r ’ ) ; hold on ;

60 ========================================================================

61 %Same as above except f o r the green va lue s

62 G1 = g_1 ;

63 G2 = g_2 ;

64

65 G1 = (G1−mean(G1) ) / std (G1) ;

66 G2 = (G2−mean(G2) ) / std (G2) ;

67

68 f ramed i f f sG = [ ] ;

69

70 f o r i = 1:200

71 [ a1 , b1 ] = Fs e r i e s ( 1 : l ength (G1) ,G1, i ) ;

72 f i t 1 = F s e r i e s v a l ( a1 , b1 , 1 : l ength (G1) ) ;

73 [ a2 , b2 ] = Fs e r i e s ( 1 : l ength (G2) ,G2, i ) ;

74 f i t 2 = F s e r i e s v a l ( a2 , b2 , 1 : l ength (G2) ) ;

75 f i g u r e (1 )
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76

77 d i f f s = [ ] ;

78 f o r j =−10:10

79 d i f f s = [ d i f f s , sum( ( f i t 1 (20+ j : end−20+j )− f i t 2 ( 2 0 : end−20) ) .^2) ] ;

80 end

81

82 parabola = p o l y f i t ( 1 : l ength ( d i f f s ) , d i f f s , 2 ) ;

83 inp = l i n s p a c e (1 , l ength ( d i f f s ) ,10000) ;

84 appr = parabola (1 ) ∗ inp .^2 + parabola (2 ) ∗ inp + parabola (3 ) ;

85 [M, I ] = min ( appr ) ;

86 I = I / l ength ( inp ) ∗21−10;

87

88 f ramed i f f sG = [ framedi f f sG , I ] ;

89

90 end

91

92 f i g u r e (18) ;

93 p lo t ( f ramedi f f sG , ’ g ’ ) ; hold on ;

94 ========================================================================

95 %Same as above except f o r the blue va lue s

96 B1 = b_1 ;

97 B2 = b_2 ;

98

99 B1 = (B1−mean(B1) ) / std (B1) ;

100 B2 = (B2−mean(B2) ) / std (B2) ;

101

102 f r amed i f f sB = [ ] ;

103

104 f o r i = 1:200
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105 [ a1 , b1 ] = Fs e r i e s ( 1 : l ength (B1) ,B1 , i ) ;

106 f i t 1 = F s e r i e s v a l ( a1 , b1 , 1 : l ength (B1) ) ;

107 [ a2 , b2 ] = Fs e r i e s ( 1 : l ength (B2) ,B2 , i ) ;

108 f i t 2 = F s e r i e s v a l ( a2 , b2 , 1 : l ength (B2) ) ;

109 f i g u r e (1 )

110

111 d i f f s = [ ] ;

112 f o r j =−10:10

113 d i f f s = [ d i f f s , sum( ( f i t 1 (20+ j : end−20+j )− f i t 2 ( 2 0 : end−20) ) .^2) ] ;

114 end

115

116 parabola = p o l y f i t ( 1 : l ength ( d i f f s ) , d i f f s , 2 ) ;

117 inp = l i n s p a c e (1 , l ength ( d i f f s ) ,10000) ;

118 appr = parabola (1 ) ∗ inp .^2 + parabola (2 ) ∗ inp + parabola (3 ) ;

119 [M, I ] = min ( appr ) ;

120 I = I / l ength ( inp ) ∗21−10;

121

122 f r amed i f f sB = [ f ramedi f f sB , I ] ;

123

124 end

125

126 f i g u r e (18) ;

127 p lo t ( f ramedi f f sB , ’b ’ ) ; hold on ;

128 ========================================================================
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A.2 Load Image Function

1 f unc t i on [ rgb ] = Load ( i )

2 t ( i , : )= [ ’ a ’ num2str ( i ) ’ . png ’ ] ;

3 f i l ename=[ ’ /Di rec to ry / t ( i , : ) ’ ] ;

4 %Def ines the d i r e c t o r y in which the images are s to r ed

5

6 y=imread ( f i l ename ) ;

7 %Reads image

8

9 y=double ( y ) ;

10

11 b=y ( : , : , 3 ) ;

12 g=y ( : , : , 2 ) ;

13 r=y ( : , : , 1 ) ;

14 %Seperate s R, G and B va lue s

15

16 r=r /max(max( r ) ) ;

17 g=g/max(max( g ) ) ;

18 b=b/max(max(b) ) ;

19 %Sca l e s the va lue s

20

21 rgb ( : , : , 1 )=r r ;

22 rgb ( : , : , 2 )=gg ;

23 rgb ( : , : , 3 )=bb ;

24 %Reassembles the image

25

26 end
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A.3 RGB Extraction Function

1 f unc t i on [ rgb ] = RGB( bi ld , x_1 , x_2)

2 im=b i l d ;

3 %Reads the image

4

5 y_1 = 400 ;

6 y_2 = 500 ;

7 %In what i n t e r v a l should the image be cropped

8

9 bildzoom=im(y_1 : y_2 , x_1 : x_2 , : ) ;

10 %Assembles a new , zoomed image

11

12 r=bildzoom ( : , : , 1 ) ;

13 g=bildzoom ( : , : , 2 ) ;

14 b=bildzoom ( : , : , 3 ) ;

15 %Extracts R, G and B from the image

16

17 r_mean = mean(mean( r ) ) ;

18 g_mean = mean(mean( g ) ) ;

19 b_mean = mean(mean(b) ) ;

20 %Averages

21

22 rgb=[r_mean ; g_mean ; b_mean ] ;

23 end
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