
87

Original scientific paper

Real-time, Cuff-less and Non-invasive Blood 
Pressure Monitoring
Alireza Abolhasani, Morteza Mousazadeh, Abdollah Khoei

Urmia University, Microelectronic Research Laboratory, Urmia, Iran

Abstract: In in this study ultrasonic method was applied for the measurement of blood pressure (BP). First, a novel method is 
proposed to measure mean arterial pressure (MAP), diastolic blood pressure (DBP) and systolic blood pressure (SBP) using ultrasonic 
sensors. The proposed algorithm is implemented by measuring the diameter of the artery and the speed of blood flow based 
on Doppler physical phenomena so that the BP can be calculated. The results of the proposed algorithm for MAP, SBP, and DBP 
hypertension analyses were evaluated with the results of Association for the Advancement of Medical Instrumentation (AAMI 
standard) for all three cases and their mean error rate for the worst case was -0.233mmHg and the standard deviation for 422 samples 
taken from individuals in the worst case was 4.53 mmHg that meets the standard requirements. Also, according to the British 
Hypertension Society (BHS) standard, the proposed algorithm for the estimation of BP for all three cases of MAP, DBP, and SBP has 
Grade A, indicating its higher accuracy in measuring and using the most effective variables in the diagnosis of hypertension in the 
human body. The proposed algorithm in BP estimation is non-invasive, cuff-less which needs no calibration, and is only based on using 
the ultrasonic sensor.
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Neinvazivno merjenje krvnega tlaka v realnem 
času brez uporabe manšete
Izvleček: V članku je predstavljena metoda meritve krvnega tlaka z ultrazvočnimi senzorji. Najprej je predstavljena nova metoda 
merjenja povprečnega (MAP), diastoličnega (DBP) in sistoličnega tlaka(SBP) z uporabo ultrazvočnih senzorjev. Predlagan algoritem 
temelji na meritvi preseka žile in hitrosti pretoka krvi na osnovi dopplerjevega pojava. Razultati meritev so preverjeni z rezultati meritev 
po AAMI standardu. Povprečna napaka vseh treh veličin na najslabšem primeru je bila -0.233 mmHg s standardno napako 5.53 mmHg. 
Glede na britansko združenje BHS se metoda uvršča v razred A meritev krvnega tlaka. Metoda je ne invazivna brez uporabe manšete 
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1 Introduction

Cardiovascular disease (CVD) is one of the main caus-
es of death in the world. According to the European 
Heart Institute reports, 4.1 million people die from the 
disease each year [1]. Long-term hypertension is one 
of the most important risk factors for coronary artery 
disease, stroke, heart failure, atrial fibrillation, periph-
eral vascular disease, vision loss, chronic kidney disease 
and dementia [15-17]. The prevalence of hypertension 
in 2014 was 1.3 billion worldwide, and it is projected to 
reach 1.56 billion by 2030 [2, 3].

Blood pressure (BP) is one of the most important pa-
rameters of the human body where by its measure-

ment, very useful information can be provided for the 
physician. Repeated measurements of BP can lead to 
early diagnosis of the disease, which can be controlled 
and treated owing to the early diagnosis [4]. By defini-
tion, BP is the pressure exerted by blood on the walls of 
a blood vessel. Its value depends on the functional fac-
tors of the cardiovascular system, such as the strength 
of the cardiac extrusion, the flexibility, and the thick-
ness of the vessel wall [5]. This pressure applied to the 
vessel wall differs in the two modes of cardiac func-
tion and resting phase, which are termed the systolic 
pressure-maximum pressure (SBP) and the diastolic 
pressure-minimum pressure (DBP) respectively [6].
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According to the National Heart, Lung and Blood Insti-
tute (NHLBI), standard systolic and diastolic BP values 
are 120 and 80 mmHg, respectively. So, BP can be con-
sidered in a range which varies proportional to each 
heartbeat [7]. Another important factor in BP measure-
ment is obtaining the mean blood pressure (MAP) that 
can be calculated using equation (1). 

MAP = (2DBP + SBP)/3      (1)

In health centers, BP is generally measured with a cuff, 
which is the most common method for its estimation 
[8]. Although the measurement of BP using cuff-based 
methods is meticulously acceptable and reliable, this 
method is completely dependent on the ability of the 
one who performs the measurement. Furthermore, 
cuff-based methods cannot be directly and continu-
ously used because they require several minutes of 
interruption between each measurement [18]. Hence, 
the challenges of measurement using the cuff are: BP 
measurement during movement, the harmfulness of 
this type of pressure measurement for the patient’s 
cardiovascular system, the inability of the device in 
continuous measurement, The cuff weight itself, pa-
tients’ dissatisfaction with the use of cuffs under spe-
cific conditions, such as exercise testing and Ambula-
tory Blood Pressure Monitoring (ABPM) (ABPM) [5, 9, 
10].  In the last two decades, there have been extensive 
studies over non-invasive BP measurement without 
applying cuff that has led to good results. Amongst 
these technologies are wearable sensors used by typi-
cal people daily, such as smart watches, which provide 
useful information about vital signs of the body. Many 
sensors that are used to gather vital body information 
such as body temperature, heart rate, the amount of 
oxygen for blood saturation and blood sugar, etc. can 
be made of flexible and portable materials so that they 
are easy to use [24 to 29]. This article aims at present-
ing a novel method for measuring BP in a non-invasive 
way without using cuff. In order to measure BP without 
using cuff ,some  other methods have been proposed 
,in which  most of the mathematical relationships and 
estimation of BP are obtained  from one of the meas-
ured elements of the body by either using  sensors or 
by imaging the desired vessel   as well as  extracting 
their features using image processing techniques [72].

One of the most commonly used non-invasive BP 
measurements is Pulse Transit Time (PTT) [11]. The 
pulse transit time is when the heartbeat reaches the 
desired sensor mounted on the body. In many cases, 
researchers use electrocardiographic (ECG) signals and 
sensors (PPGs) to measure BP using this method. PTT 
measurements can be implemented by one ECG sen-
sor and one PPG sensor or two PPG sensors [12]. The 
proper reception of the ECG signal requires at least 
three electrodes at three different points of the body. 

Patient movement, poor electrode contact with the 
skin surface and electrode wires for prolonged recep-
tion can cause signal noise, which is a limiting factor for 
measuring BP based on this method [9, 13]. The high 
cost of using these different devices and sensors, the 
difficulties associated with installing sensors in differ-
ent parts of the body and their interconnection with 
the central control system is a great concern in using 
this method to measure BP. As has been frequently re-
ported, using PTT due to the dynamic nature of human 
muscles and hydrostatic changes cannot be a reliable 
method for measuring BP [20]. A simple and efficient 
way to directly measure BP using PPG sensors has been 
reported. In which they used a kind of regression mod-
eling between the amplitude of the signals obtained 
from PPG sensors to estimate BP [21]. The results of 
this method were promising for estimating systolic BP, 
but in the estimation of diastolic pressure did not have 
a good performance and had significant errors. Fur-
thermore, since regression has no memory, it cannot 
model the delay between the received PPG signal and 
the instantaneous BP which in turn, it can create some 
errors in the measurement [22]. Although this method 
is perfectly suited for modeling the portable systems, it 
has complex computations. In addition, the BP and the 
results of PPG sensors are not constant due to dynamic 
human muscle changes and hydrostatic vascular chang-
es, so the application of this method may be limited to 
certain conditions. Particularly, if somebody would like 
to estimate BP using PPG, considering the fact that this 
method is based on measuring the amount of oxygen in 
the blood and when there are disorders such as hypoxia 
(hypoxia), this method cannot be practically used [23]. 
In [31] a new method has been reported for extracting 
BP characteristics from the amplitude and frequency 
of the signal received from the body based on PTT and 
Fourier Series Transform (FFT). In all the studies based 
on the extraction of amplitude and frequency informa-
tion, after the formation of the characteristic vector and 
system training steps, using different machine learning 
algorithms such as regression algorithms, neural net-
work [33] and fuzzy logic [10] The BP estimation is pos-
sible. These methods, in which the features are extracted 
in the form of a signal, are called the parameter-based 
approach. This method has a lot of complexities and er-
rors, so it is desirable to use more accurate methods to 
obtain BP. All the above-mentioned methods estimate 
BP somehow by measuring one of the characteristics of 
the body’s blood transfusion system and generalizing it 
to different conditions.

It must be mentioned that the Bernoulli method can 
also be of interest for BP measurement. However, if we 
want to employ such a method, we need to measure 
the primary pressure. Therefore, it is not applicable for 
our purpose.

A. Abolhasani et al.; Informacije Midem, Vol. 50, No. 2(2020), 87 – 103



89

According to the points mentioned above, in all these 
methods the amount of BP is measured indirectly by 
measuring one of the effects of increasing or decreasing 
BP in different parts of the body. On the contrary to what 
has been said earlier, the method presented in this paper, 
for the first time, directly examines the effect of blood 
changes on the blood vessels to measure BP very accu-
rately. In the proposed method, the ultrasonic sensor is 
used to measure the transmitted and received waves, and 
after receiving the information from the ultrasonic sen-
sor, using the Doppler physical phenomenon the vessel 
diameter and blood velocity are obtained, and then using 
the presented equations the amount of BP is calculated. 
Due to the flexibility and elasticity of the blood vessels, as 
the blood passes through them, the diameter of the ves-
sels and then the volume of blood passing through the 
artery varies fully depending on the BP [14]. If the blood 
volume changes are accurately measured, they will have 
a waveform similar to Figure 1 and their frequency will 
be the same as the heart’s operating frequency [30]. The 
above signal can be divided into two parts. The upper part 
of the signal is related to the heart or systole, while the 
lower part is attributed to the diastole.

Figure 1: The volume of blood vessels in one cardiac 
cycle

2 Hypothesis and objectives 

The main idea behind the paper was to introduce a 
continuous-time, cuff-less method for the measure-
ment of the BP. According to the provided expressions 
in this study, the main parameters such as error, blood 
density and the diameter of the artery are supposed to 
have constant values.

3 Materials and methods

How to describe and measure the elastic behavior of 
the arteries is of a great importance, since from the as-

pect of basic physiology in the clinical domain, the risk 
of cardiovascular disease has been more prevailing. In 
1960, Patterson is. [34]

 
( )P

P   E  D / D
∆= ∆       (2)

In Patterson equation (Ep), P and D represent the pres-
sure and the diameter respectively. The reverse of 
equation 2 was introduced in 1975 as the “arterial com-
pliance” [2].

 ( )D / DC P
∆= ∆

      (3)

Since then, however, various authors have used the 
term “distensibility” for such cases which led to a great-
er association between mechanics and medical sci-
ence. Accordingly, the authors recommend that this 
difference in terms all referring to the inverse of the 
elastic modulus be disregarded Instead, they had bet-
ter use some terms which are well-defined and appro-
priately used in various disciplines and replace “elastic 
modulus” and “compressibility” with “compliance” and 
“distensibility”[36-38].

In classical physics, the “elasticity” is measured by in-
creasing the force, the amount of deformation of the 
isotropic sample, and finally, using these values the 
stress-strain curve is obtained. The amount of deforma-
tion of a specimen will depend on the elastic modulus 
and its geometry (length and cross-section). In engi-
neering designs, the information about the behavioral 
properties of materials is required, regardless of their 
geometry. Thus, to eliminate the effect of geometry, 
the existing data is converted to other parameters. For 
this purpose, the amount of tensile or applied compres-
sive force and the deformation values are converted to 
stress and strain respectively. The relationship between 
stress and strain is linear until the material reaches the 
Yield strength. Ep represents the slope of this part of 
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Figure 2: Stress-strain diagram
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the curve which is identified by Young’s modulus or the 
modulus of elasticity that can be used to calculate Ep of 
material by Hook’s law as shown in Figure 2.

ΔVvolume the change in volume Vvolume from the isotrop-
ic material that is created in response to the pressure 
change ΔP, the value of Vvolume ×∆P⁄∆Vvolume is known as 
the “volume elasticity coefficient” and is usually denot-
ed by the letter K.

In [39-40], in expression was driven for the forward go-
ing velocity of the pressure pulse, ∆P, in an infinitely 
long, thin-walled elastic tube filled with an essentially 
incompressible fluid and with the elasticity of the tube 
wall was considered to be isotropic. This has been 
known as the characteristic pulse wave velocity as 
shown in the equation below if we consider blood as 
the expected fluid and the artery equivalent to a very 
long tube with thin walls;

 KPWVc ρ=     (4)

In this equation, ρ is the density of blood and K is the 
elastic modulus of luminal volume change, per unit 
length of the artery (artery containing refined blood), 
which is calculated from equation 5.[78]

 PK V VVolume
Volume

∆= × ∆      (5)

It may be noted that since  34V πR3Volume =  where R is  
the luminal radius and, and                                        if we 
consider ΔVvolume to be small enough 
 volume volume

volume volume

 dV V 3 R 3 D
V V R D

∆ × ∆ × ∆= = =  then equation
2 can be written as following.

 

volume

volume

P PK 3 D V
D V

∆ ∆= =× ∆ ∆     (6)

Using Young-Laplace Equation Theory of Young-
Laplace Equation and for thin-walled tubes, it can be 
concluded  that the stress of the T-ring on the arterial 
wall with thickness t and radius R depends on the lu-
minal pressure P and is obtained using the following 
equation [40].

 P RT t
×=         (7)

If we rewrite this equation based on the pressure, then 
the Barlow’s Formula will be obtained.

 T tP R
×=         (8)

If the pressure P changes with a little value change as 
ΔP, then the stress will change with the little change 
value of ΔT using the following equation.

 P RT t
∆ ×∆ =          (9)

Therefore, Einc can be defined for static incremental 
Young’s modulus for arterial wall type:

 

inc

P R
tstress  E strain R

R

∆ × 
 ≡ = ∆ 

 
      (10)

 2
inc

P D   E  2t D 2
K D

t
×∆ ×= =× ∆ ×

                 (11)

Since then the relation of pulse wave velocity can be 
written as follows:

 
incE tPWV 3 R ρ

×= × ×
                   (12)

Relation 12 refers to the Moens-Korteweg equation [41-42]. 
This equation assumes that the arterial wall is isotropic and 
experiences isometrics changes with the pulse pressure.

A detailed study of the structure of the arterial wall re-
veals that the three main components of arterial wall 
elasticity are: collagen, elastin, and smooth muscle, 
which cause different K values.[43-46] Thus, the value 
of K for each artery will vary with the pressure and the 
amount of stress applied [47-49]. As a result, a constant 
K value cannot be used in the analyses and accordingly 
in the estimation of BP because the K value is directly 
related to the individual, the material of vessels and 
many other factors that are unique to each individual.

Therefore, it is proposed to describe the tensile behav-
ior of the arterial walls, namely the elastic modulus for 
the volume change per unit length of the lumen and its 
inverse, that is, the amount of compression.

4 The proposed method

According to the explanations given in the previous 
sections, and knowing the pulse velocity equation, we 
can rewrite equation 12 as equation 13.[79-80]

 
Velosity

tEV
dρ

=                      (13)

In this equation , Vvelocity is the velocity of blood passing 
through the vessel and t is the thickness of the artery, E 

 2
volume dV 4πR dR= ×
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is the Young’s  module, d is the diameter of the vessel, ρ 
is the density of blood, and in this regard ,the value of 
E can be substituted by 14, where E0 is the value of the 
Young’s module at the  pressure of zero and it is always 
about 33.7 to 63.7mmhg and also the coefficient α of 
the arteries that is always in the range 0.016 to 0.018 
mmhg-1.[74-75]

 
0

pE E eα=                     (14)

Substituting the relation 15 [76-77] into relation 14, will 
have:

 
0. .
.

p

Velosity
t E eV

d

α

ρ
=                    (15)

Then, after several steps of simplification and obtaining 
the parameter p from the relation 15, we will have:

 2

0

1 ln VelocitydV
P

tE
ρ

α
 

=   
                (16)

The relation 16 is presented as the final relation for 
measuring the BP in which ρ is the density of blood 
with a value of 1080 kg⁄m^3 and t is the approximate 
thickness of the vessels which is 0.46mm.

If we obtain the values of VVelosity for the velocity of 
blood flow through the artery and also the value of d 
for the diameter of the arterial vessels, we will be able 
to find the BP. The description given is shown as below:

Figure 3: Artery and its related parameters

Therefore, in order to obtain BP, we need to find the diam-
eter of the artery and the velocity of blood flow, but since the 
method presented in this article is a non-invasive method; 
both of these quantities should be measured non-invasively.

The best way to measure the blood velocity is using ul-
trasound and Doppler methods because ultrasonic waves 
are one of the least dangerous methods for measuring all 
kinds of vital quantities and the simplest imaging meth-
ods in the medical world. The procedure is carried out by 

sending a wave having a particular frequency to the tissue 
or the target part of the body and depends on the quantity 
being measured either by discrete Doppler method or by 
continuous Doppler method, the measurements are im-
plemented. According to clinical trials, the best frequency 
to measure blood flow through the artery is 4.63MHz, and 
the frequency of ultrasonic waves transmitted to measure 
vessel diameter is 5MHz because of having the highest 
rate of reflection by blood and arteries walls [73]. In rela-
tion 16, the parameters ρ and t are different for different 
individuals as the blood density and thickness of the ves-
sel will change as the age goes up. Thus, to prove the va-
lidity of the presented relationship and also to show that 
the presented relationship has the least error, these two 
factors are identified as the causes of error in the meas-
urement results and then the error caused by the effect 
of these two parameters on the measured pressure value 
was obtained. If we determine the amount of changes in 
blood density with Δρ and the changes in artery thickness 
with Δt, then we will have:

 ( )
( )

22

0 0

1 1ln ln
dVdVP

tE t t E
ρ ρρ

α α
   + ∆

= =    + ∆   
 

2
2

0
0

1 1
1 1ln ln

11

dV
dVP tt tEt E

tt

ρ ρρ
ρ ρ ρ

α α

  ∆ ∆+ +    = = × ∆∆   ++    
 

2

0

1
1 ln ln

1

dVP ttE
t

ρ
ρ ρ

α

∆ + 
=  + ∆ +

  

    (17)

The second term in the above equation is equal to the 
error arisen from the density and the thickness so we 
will have:

 
1 1

ln ln ln 1
1 1 1

t t t
t t terror t t

t t

ρ ρ ρ
ρ ρ ρ

ρ
ρ

∆ ∆ ∆ ∆ ∆ ∆   + + + − −   
= = = +   ∆ ∆ ∆   + + +

   

 (18)

Concerning the Taylor expansion of the logarithmic 
function, we can write:

 
( )

2 3

ln 1
2 3
u uu u+ = − + −…

 2 3

1 1
  

2 31

t t
t t
t tt
t tterror

ρ ρ
ρ ρ

ρ
ρ

ρ
ρ

∆ ∆ ∆ ∆   − −   
   ∆ ∆∆ ∆    + +−
   

= − + −…∆+

(19)
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If ∆ρ/ρ and ∆t/t have the same signs, then the numera-
tors of the fractions are reduced and the error value is 
reduced. If ∆ρ/ρ and ∆t/t have opposite signs, then we 
will have the highest amount of error: There are two 
states for having opposite signs, in the first case when 
∆ρ/ρ is positive and ∆t/t is negative, there will be:

 

1

t
terror t
t

ρ
ρ

∆ ∆+
= ∆−

                 (20)

The numerator of the fraction will be positive and the 
denominator of the fraction will be less than one, and 
as the subsequent statements are subtracted, the error 
will be reduced.

In the second case, if ∆ρ/ρ is negative and ∆t/t is posi-
tive, we will have:

 

1

t
terror t

t

ρ
ρ

∆ ∆− −
= ∆+

                 (21)

The numerator will be negative and the denominator 
of the fraction will greater than one, so we will have the 
highest rate of error.

If ∆ρ/ρ and ∆t/t is considered to be equal, then we will 
have:

 
2

1

t
terror t
t

∆

= ∆−

 ( ) ( )2 3 21
1
x x x x x x x
x

= − + +… = − + +…
+

 
2 32

 2 2
1

t
t t t tterror errort t t t t

t

∆−  ∆ ∆ ∆ ∆     = = − − + +… ≅ =      ∆        +

  (22)

5 The measurement of the blood flow 
velocity in the artery using Doppler 
theorem

The Doppler phenomenon was originally proposed 
for frequency variations of the sound source in clas-
sical physics. According to this effect, whenever the 
receiver of the audio source is moving relative to an 
audio transmitter, the receiver receives a frequency 
other than that sent one by the audio source. Taking 
into account the relativity theorem, there is no differ-
ence in the movement of the sound transmitter rela-

tive to the sound receiver or the sound receiver toward 
the sound transmitter. In this case, the received wave-
length will be different from the transmitted one. In the 
Doppler theorem in the above relations, is C the veloc-
ity of sound moving in the desired environment, λ is 
the wavelength, and F is the ultrasonic wave frequency. 
Now if the generator source moves at the speed of V:

  cf λ=

 ( )c vc v c v
cf c

λ
λ

λ

±± ±= = =′

 c c v
f f

λ
′

±= =′

 
( )

' cf f
c v

=
±

 
( )

' 
s

vf f
v v

=
±

                 (23)

In equation 23, F is the frequency of the sent signal to-
wards the moving fluid, V is the velocity of the move-
ment of the waves in the desired environment, VS is the 
velocity of passing fluid and is the received frequency 
belonging to the reflected signal from the moving fluid, 
which can be readily obtained by knowing the veloc-
ity of movement in the body and the frequency of the 
signals being transmitted and received. This is related 
to the condition that the transmitter and receiver are 
beside each other without having any angles relative 
to each other But in construction of two sensor side by 
side, one has the role of transmitter and the other one 
the role of the receiver, there will always be an angle 
with the blood flowing through the artery, and having 
this angle would give a better and more accurate meas-
urement. Using the following equation, we also include 
this angle in our analyses to give a more accurate meas-
urement so the relation about the Doppler theorem for 
measuring blood flow velocity can be rewritten as fol-
lows: [69-71]  

 
2 1

1

 
2cos

F FcV
Fθ

 −=   
                 (24)

In equation 24, V is the velocity of the passing blood, 
F1 the frequency of the transmitted signal and F2 is the 
frequency of the received signal, and the difference be-
tween these two frequencies is known as Doppler shift.  
Also, in the equation above, θ is the angle between 
the ultrasonic signal transmitted and the blood flow-
ing through the artery which will be adjusted once the 
device is constructed and it will be fixed, and C is the 
rate of movement of ultrasonic waves in body tissues. 
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The operation of the above system is shown in Figure 
3, where the signal is transmitted from the transmitter 
sensor to the target vessel and it is reflected in the ar-
tery after moving through the blood. Then, the receiver 
sensor receives the reflected signal, and the Doppler 
shift can be obtained by detecting the frequency of the 
received signal. The accuracy of the system is very high 
because the only vessel near the elbow through which 
blood passes is the arterial vessel. It should be noted 
that there are other vessels at the location of measure-
ment, but due to their small diameter or sub-arteries, 
they will have a smaller Doppler shift compared to the 
main vessel, and accordingly, to solve this problem, 
the receiver takes into account the highest difference 
of the received frequency. So, this problem is resolved 
automatically and what we have in the output is the 
velocity of the blood passing through the target artery.

Figure 4: How to apply Doppler theorem to measure 
the blood velocity in an artery

How to select the desired vessel from the vessels at the 
site of measurement is based on the selection of the 
highest frequency difference. Since there are no other 
vessels near the target vessel, even if the sensor is not 
positioned in the proper location, it will still be possible 
to detect the passage of blood correctly because the 
vessel has the highest rate of passing through it, and 
the adjacent arteries are much slower than the main 
artery and have a very little impact on the transmitted 
frequency. Then, by performing a maximization step, it 
practically filters out the effect of the other veins and 

the resulting change in the received frequency is due to 
the main artery and our target vessel, as shown in Fig-
ure 4. The method of measuring blood velocity will be 
as in the block diagram of Figure 5, in which the block 
diagram sends a number of ultrasonic sensors acting 
as a transmitter and transmits a sound having the fre-
quency of 4.63MHz to the target artery. This frequency 
is generated by the generator signal block. Another 
ultrasonic sensor that plays the role of the receiver re-
ceives the frequency-shifted signal from the blood flow 
and sends it to the divider block after passing through 
an amplifier step. At the output of this block, we also 
have the frequency resulting from the division of the 
transmitted and the received signals. The output of the 
subtractor output is sent to the processor where along 
with the other required components, the desired pro-
cess is performed and the blood flow rate is extracted.

Figure 5: Block diagram of detection of the blood ve-
locity

6 The measurement of vessel diameter 
using Doppler theorem

As mentioned before, applying the ultrasonic system 
and the Doppler theorem can be done in two ways 
of continuous Doppler discrete Doppler. The Dop-
pler transmits the ultrasonic waves continuously and 
the other sensor receives the reflected signal, and by 
synthesizing the received signal and extracting its fre-
quency, the desired measurement can be made. This 
method based upon Doppler theorem is very useful 
for velocity measurement, and in the medical world, 
and especially in sonographic devices, this technique is 
used to find the rate of blood flowing through different 
parts of the body, as well as to detect vascular conges-
tion and even blood flow in the fetus.

An ultrasonic signal is sent to the desired location to 
measure the diameter of the artery, and with respect to 
the reflections made from different interior and exterior 
walls and so on the depth as well as the distance from 
the desired part to the sensor and body surface as well as 
the thickness can be measured and even it is feasible to 
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obtain a three-dimensional shape of the desired body by 
considering the differences between the reflections made 
from different parts. We used this technique in this article 
to measure the vessel diameter. The procedure is done in 
this way that using the signal with specific frequency af-
ter being transmitted by the transmitter sensor and the 
reflections made from the vessel walls; the diameter of 
the vessel can be detected. According to clinical trials, the 
vessel wall with the frequency of 5 MHz has the highest 
response and the highest reflection as well. In this case, 
the time difference between the signals with the high-
est amplitude (the arteries with thicker wall diameters 
have more reflection at the desired frequency and reflect 
the transmitted signal more) will be equal to the sweep 
time of the signal from the vessel walls and then through 
which the diameter of the vessel can be calculated. The 
schematic function of the measurement of the vessel di-
ameter system is shown in Figure 6 and the block diagram 
of the vessel diameter detection system is shown in Fig-
ure 7. Since, however, the material the arterial wall is made 
of differs from that of the vein, and the frequency chosen 
to be transmitted toward the artery to measure artery 
diameter is proportional to the structure and material of 
the arteries, and most of the reflection is made from the 
arterial wall, not the vein, so, the selection of the arterial 
vessels will be done with a high accuracy.

According to Figure 7, the system functions in this way 
that the signal is transmitted by the transmitter sensor at 
a frequency of 5 MHz and after colliding with the outer 
wall of the vessel, some portion of the signal is reflected 
and the rest continues its way and colliding with the 
other wall of the vessel, it will be reflected. By having the 
time difference between the first reflected signal and 
the second reflected signal and the wave velocity in the 
body tissues using equation 25, we can obtain the de-
sired artery diameter. Here, d is the diameter of the de-
sired artery, C is the velocity of ultrasonic movement in 
the body and Δt is the time difference between the two 
signals reflected from the two vessel walls. The signals 
reflected through the vessel wall pass through an ampli-
fier block and go into the Level Detector block. In this 
block, by detecting amplified signal edges, a counter is 

applied and starts counting at a specified frequency that 
can be obtained by measuring the amounts counted to 
obtain the diameter of the vessel.

Figure 7: The block Diagram of the Measurement of 
artery Diameter

 .
2
C td ∆=                       (25)

7 The implementation of the total 
system of blood pressure measurement

The block diagram of the total system for measuring 
the BP will be in figure 8. In this figure, the solid lines are 
related to the control path and the continuous lines are 
belonging to the data path. According to the descrip-
tions above, using the ultrasonic sensors of the receiver 
the desired signal after being received is amplified and 
loaded into the Frequency detector and Time Detector 

 

Figure 6: The mechanism of the measurement of ar-
tery diameter
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block and then, from these blocks the velocity and the 
diameter of the blood artery are extracted. Finally, in the 
Processor block, the necessary processes are performed 
according to equation 17 and the BP is obtained.

To demonstrate the correct performance of the pro-
posed equations, we used MATLAB software; we con-
sidered the blood velocities in the range of 30-50 cm/s 
and the vessel diameter 1.6-3.4mm to be variables, as-
suming that the other parameters in the equation 18 
were constant. Also, we considered the value of α as a 
constant coefficient of the vessel to be 0.017mmHg-1, 
E0 Young’s modulus at zero pressure to have the con-
stant value of 4.5kPa, ρ representing the blood density 
of1080 kg⁄m^3 and the approximate thickness of the 
vessels to be 0.46mm. [73] After simulating the above 
relationship, the ranges of high and low BP changes 
were obtained as 135mmHg and 73mmHg, respec-
tively. The effect of instantaneous changes in the artery 
diameter and blood flow velocity that are inversely cor-
related is clearly shown in Figure 9.

In order to verify the correct operation of the proposed 
method and its equations, clinical testing was per-
formed at Urmia Shams Cardiology Center (Iran). The 
test was performed simultaneously on one person in 
two ways; one using a Finapres BP monitor NOVA (Fi-
napres Medical Systems, Enschede, Netherlands) and 
the other one using an ultrasonic sensor.

The NOVA device is able to measure the BP at the mo-
ment, so it records the person’s BP momentarily and 
simultaneously we can simultaneously obtain the ves-
sel diameter using the ultrasonic sensor and blood 

velocity and later, applying the proposed method we 
obtained the person’s BP. We compared the results of 
the systolic and diastolic BP measurements and MAP 
for 60 seconds with the NOVA device and the proposed 
method, and the curves presented in Figure 10 show 
the results of these measurements.

The test was performed on the person in two different 
ways, one when the person was holding his or her breath 
and the other one when the person was breathing nor-
mally. In the curves in Figure 10, the dashed lines (blue) 
are the results obtained from the NOVA and the solid 
lines (red) are the results of the instantaneous measure-
ment of BP by the proposed method. By examining the 
results of the two methods, one can clearly show the ac-
curacy of the measurement using the presented system.

 

0 10 20 30 40 50 60

32
34
36
38
40
42
44
46
48
50

1.6
1.8
2

2.2
2.4
2.6
2.8
3

3.2
3.4

60

80

100

120

140

Ve
lo

ci
ty

(c
m

/s)
 

D
ia

m
et

er
   

(m
m

) 

Time (s) 

Bl
oo

d 
Pr

es
su

re
   

  (
m

m
hg

) 

Table 1: The comparison of mean and standard deviation values measured by Sphygmomanometer desktop device 
using the proposed method

MEAN(mmHg) SD(mmHg) Min (mmHg) Max(mmHg)

Measure with RDMS device
DBP 65.16 10.31 51.3 112
SBP 110.47 10.50 90.6 146
MAP 80.3 10.18 65.1 122.2

Measure by proposed method
DBP 65.04 10.91 47.82 114.40
SBP 110.24 11.28 90.63 148.49
MAP 80.11 10.47 63.31 124.50

Table 2: The comparison of the results of the proposed method with the AAMI standard.

MEAN(mmHg) SD (mmHg) Subject
Proposed Method Results DBP 0.118 4.218 211

MAP 0.015 3.235 211
SBP -0.233 4.538 211

AAMI[58] BP  ≤ 5  ≤ 8 85 ≤ 

Figure 9: The simulation of BP due to changes in the 
velocity and diameter of the artery
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Figure 10: The results of a person’s BP test in two different ways

8 Database

The number of patients selected for measuring the BP 
was measured was 211, from whom 122 were males 

and 89 were females. For each individual, Sampling 
was taken twice. Hence the number of samples was 
422. This test was performed at various medical and 
clinical centers, and for all individuals, both systolic 
and diastolic BPs were measured using the Riester Dip-
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lomat Mercury Sphygmomanometer (RDMS) desktop 
monitor and the proposed method. The results of this 
review are presented in Table 1. The histogram diagram 
of this test with the desktop device is also shown in 
Figure 11. To demonstrate the correct performance of 
the proposed method, these results are compared with 
two of the most important and accepted standards in 
this field.

The validity of the proposed method was evaluated in 
the Association for the Advancement of Medical Instru-
mentation (AAMI) standard, based on ME (Mean Error) 
and SD (Standard Deviation). According to this stand-
ard, if the proposed method is experimented on at least 
255 separate samples, the results will be reliable. This 
standard also allows a maximum of 3 samples per per-
son, so at least 85 people must take the test. According 
to this standard, the validity of a method is confirmed 
when the measured ME is less than 5 mmHg and the 
SD is less than 8 mmHg. By comparing the values ob-
tained from the measurements using the proposed 
method and the standard requirements of AAMI, it is 
revealed that all cases are acceptable and the values 
of SD and ME are lower than the expected values and 
the number of people tested is higher than the num-
ber of people required by the standard. In addition, the 
accuracy of the proposed method was also evaluated 
by the British Hypertension Society (BHS) standard. In 
this standard three different grades are reported based 
on the cumulative error percentage. From the samples 
at least 85 should be examined, which is similar to the 
AAMI standard. The acceptable error values according 
to the BHS standard [59] along with a comparison of 
the results obtained from the method presented un-
der this standard are presented in Table 3. By compar-
ing the results of BHS standard and proposed method 
in all grades the results have much better conditions 
than the standard requirements and they are true for 
all three SBP, DBP, and MAP cases. Therefore, the pro-
posed method meets the requirements of both BHS 
and AAMI standards. Figure 12 presents the rates of the 
errors created between the measurements using the 
RDMS model mercury Sphygmomanometer desktop 

and the proposed barometer. The graph shows that 
the error rates in the various measurements of SBP, DBP, 
and MAP have the highest correlation with the actual 
pressure value.

It should be noted that the database used in this work 
contains SBP and DBP pressure data measured by 
RDMS and Aixplorersonographic probe manufactured 
by Supersonic Imagine to measure blood velocity and 
diameter of patients in different wards of Shams hos-
pitals in Urmia city. But the research data in [65] and 
[67] were collected from healthy people. The results of 
the proposed method will undoubtedly be improved if 
healthy people’s data are added to the database. Better 
convergence results can be obtained provided that the 
number of samples in a database increases. According 
to the AAMI standard, one person’s data can be used 
up to three times in the database, but in this study we 
used the data belonging to 211 persons and each per-
son was sampled twice and with increasing it to three 
times the accuracy of the result can be amended unlike 
other studies, as in [12] and [66], that used fewer peo-
ple with more sampling. In many studies, calibration 
has been used to improve results, but our proposed 
method does not require any calibration. Table 4 shows 
a comparison between the proposed method and 
the other methods. Figure 13 illustrates the measure-
ment of vessel diameter and blood velocity using an 
ultrasound probe and these results were analyzed us-
ing MATLAB software. At the same time, we measured 
BP using a Sphygmomanometer desktop device. Both 
methods had similar results for systolic and diastolic BP.

9 Acknowledgments

Special thanks to the respected physicians of Shams Heart 
Hospital and Seyyed-al Shohada University   Heart Hos-
pital and Imam Khomeini Hospital in Urmia, including Dr. 
Rasoul Abbas Gholizadeh, Dr. EhsanMozafari, Dr. Mehdi 
MehdiZadeh, Dr. Kamal KhademVatan and Dr. Muham-
madi as cardiologists, and Dr. Siahi, Dr. Khashti and Dr. 
Sanei, as radiologists who have assisted in this research.

Table 3: The comparison of the results of this paper with the BHS standard.

Cumulative Error Percentage
≤ 5 mmHg ≤ 10 mmHg ≤ 15 mmHg

BHS Standard [59] Grade A 60% 85% 95%
Grade B 50% 75% 90%
Grade C 40% 65% 85%

Proposed Method Results SBP 164(78.09%) 197(93.8%) 207(98.6%)
DBP 162(77.2%) 202(96.2%) 209(99.5%)
MAP 191(90.6%) 209(99.5%) 210(100. %)

A. Abolhasani et al.; Informacije Midem, Vol. 50, No. 2(2020), 87 – 103



98

 

0

10

20

30

40

50

60

70

80

90

N
um

be
r 

of
 P

at
ie

nt

Pressure (mmHg)

Histogram of Database (DBP)

50           60           70           80           90           100          110         120
0

20

40

60

80

100

120

N
um

be
r 

of
 P

at
ie

nt

Pressure (mmHg)

Histogram of Database (SBP)

80           100           110           120           130            140           150

0

10

20

30

40

50

60

70

N
um

be
r 

of
 P

at
ie

nt

Pressure (mmHg)

Histogram of Database (MAP)

50           60            70          80            90           100         110         120

Figure 11: The Histogram diagram for the database presented in this article

Table 4: The comparison between the proposed method and the other methods.

MAPSBPDBP
RecordSubjectWork

RMSE*SDMERMSE*SDMERMSE*SDME
-5.873.85-7.684.77-5.693.67767832[63]
----6.850.16-4.720.033000-[61]
----7.080.06-4.660.016969[62]
-10.449.3E-7-13.81-1.9E-16-9.457E-15113113[64]
---10.9--5.8--910-[14]
----4.23.8----10[65]
---------700019[12]
----2.912.32-2.471.92250-[33]
---------15000-[60]
---------700032[66]
----4.35.1-4.34.67865[67]
-10.35-3.38-19.35-2.98-8.69-3.6553708572[68]

3.223.2350.0154.534.538-0.2334.204.2180.118422211This

* Root Mean Square Error.
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10 Conclusions

In this paper, a new method based on the use of ultra-
sonic signals for BP measurement is presented, which 
is a non-invasive and continuous method and does 
not require calibration. In this study, the problems of 
previous methods such as different PTT-based meas-
urements with PPG and ECG sensors or BP estimation 
methods that only estimate BP by measuring one quan-
tity of vessels have been resolved. The proposed meth-
od was measured by calculating the diameter of the 
artery and the velocity of the blood passing through 
using ultrasonic waves, and then we obtained the BP 
using the presented equations. Finally, the compara-
tive results show that the proposed algorithm is better 
than previous methods for accurate measurement of 
BP considering the results obtained for all three param-
eters of DBP, SBP, and MAP. This method fully meets the 
requirements for AAMI and BHS standards, which are 
valid in this field.
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Figure 12: The histogram of the measured error based on the proposed method compared to the RDMS desktop 
device

Figure 13: Measurement of vessel diameter and blood 
velocity instantaneously using Aixplorer ultrasound, 
the proposed method, and RDMS
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