
Submit Manuscript | http://medcraveonline.com

Introduction
Currently, there are no methods available for non-invasive 

measurement of both blood pressures and velocities through 
electrical modeling of arteries. Through this method, we can measure 
hemodynamics such as blood velocities just by knowing the physical 
network of the artery. With the help of the physical network the 
electrical circuits are stitched all along to the point where there is 
necessity to find the blood pressures. Based on the values obtained 
it can be predicted, when the aneurysm is going to be rupture or it 
can know the criticality of the aneurysm. Python-based simulation 
of whole physical network is done using Windkessel Models. The 
physical network given is divided into uniform segments based on 
radius, with some tolerance. Each segment of the artery is replaced by 
analogous electrical circuit with current source representing incoming 
blood velocity. The electrical circuit for each segment is decided 
based on the diameter, elasticity, thickness of each arterial segment. 
The obtained electrical circuits are stitched one-one forming a chain 
of electrical circuits whose impedance can be found, which in turn is 
used to find the blood pressure and velocities at any segment of the 
given network. The fact that only ordinary differential equations are 
used to solve hemodynamics may be the reason for lesser accuracy. 
Thus, the present paper has predicted them non-invasively which is a 
break-through.

Relevant paper work and contributions

Windkessel Model was first designed by German physiologist 
Otto Frank. He described it as closed hydraulic circuit of heart and 
arterial system visualizing a water pump connected to chamber.1 
filled with water except for a pocket of air. As the water is pumped, 
water compresses the air in the pocket and pushes water out of the 
chamber, which circulates back to the chamber. This is in analogy 
with the functioning of the heart. The resistance water encounters 
while leaving the chamber, simulates the resistance (R) which is 
referred to as Peripheral Resistance (R).2 The effect of elasticity of 
the artery shown on the blood during the blood flow is referred to as 
Arterial compliance (C).2 The inertia of the blood to flow is simulated 
as Inductance (L).2 

Windkessel1=Windkessel is a German word for air chamber.

Aneurysm=An aneurysm is an excessive localized enlargement of 
an artery caused by weakness in the arterial wall.

Windkessel models (WM)

Windkessel Models are used to model hemodynamic state and 
estimate the blood flow properties. Frank’s 2 element model (Figure 
1) justifies the compliance and resistance offered by the blood. But 
the 2-element model ignores the inertia of the blood, resistance 
offered by the aortic valves and wave effect. To solve this a 3-element 
Windkessel model (Figure 1) was proposed by Westerhorf3-adding 
a series resistance which simulates the characteristic impedance of 
the artery and also an Inductance3 element proposed by Gnudi et 
al.2 later modified as 4-element Windkessel model. These models 
thus help us in prediction of the blood pressures, velocities and 
diagnosing the complications in the artery. The arterial resistive 
properties are determined mainly by the small arteries and arterioles, 
and Compliance (C) is determined mainly by the elastic properties 
of the large arteries, in particular of the aorta. The lumped models 
defined in Figure 1 describe the geometry of the artery and flow of 
blood through three simulation parameters - Peripheral Resistance, 
Compliance, and Inductance. These parameters are estimated using 
Poiseuilli’s equation and Bernoulli law with some approximations -- 
Laminar flow, in viscid nature of blood and optimal elasticity of the 
artery. 

Figure 1 Three windkessel models.

2-element WM 3 element WM 4 element WM

Methodology
R, L, C values of the above circuits are calculated from the below 

formulae4
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Abstract

This paper aims at non-invasive prediction of blood pressures and velocities in 
arteries at any part of the body given the entire physical network of the artery and 
the blood pressure and velocity values at another point in the artery by constructing 
the analogous electrical circuit using Windkessel Models. Solving the circuit thus 
obtained gives blood velocities and also blood pressures at different segments of the 
artery. These lumped electrical models are validated with ultrasound images of the 
carotid artery of different patients. Through this method, we can measure the blood 
velocities and blood pressures in difficult places like brain where much complexity is 
involved to find the velocities and only the physical network can be found. With the 
help of these measured values, we can also predict when the aneurysms are going to 
be ruptured, which is going to be the future work.
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Resistance R = 
4

8 l

R

η

π
 		                                                         (1)

l: Length of the arterial segment considered for simulation 

η: Blood viscosity

R: Radius of the segment (obtained from the ultrasound images 
using formula (5))

Blood viscosity is a measure of the resistance of blood to flow, 
which is being deformed by either shear stress or extensional stress.

Inductance L=
9
4
l
A
ρ

		                                                    (2)

 ρ: Blood Density

 A: Area of Cross Section of the arterial segment

 Inductance measures the inertia of the blood to flow.

Capacitance C =
33

2
l R

Eh
π  		                                                                                  (3)

E, h are Elasticity and thickness of arteries respectively.

Units R: mmHgs/cm3

L: mmHgs2/cm3 

C: cm3/mmHg

P: mmHg

Q: ml/s

These RLC values obtained from above are in terms of Pa, mmHg 
.So they are converted to Ohm, Henry and Farad through the following 
conversions.4 Please refer Appendix for the normal range of cerebral 
parameters.

0.01ml/Pa:1μF (compliance≥ capacitance)

1 Pa.s2/ml:1μH (inertia≥ inductor)

1 Pa.s/ml:1kΩ (resistance≥ resistance)

1mmHg:1volt (pressure≥ voltage)

133416 ml:1A (volume≥ charge)

Input signal

Input signal: (Supposedly at carotid artery): Amplitude of the signal 
is varied according to the patient’s blood velocity from the Dicom 
image.

2 3
*( ) ( )j t j t j tf t amp Ae Be Ceω ω ω= + +

A: 4-4.5j

B: 3-3j

C: 0.87 

Ω: 7.54 rad/s (average value)

A, B, C values are decided on trial and error basis to get on to the 
plot similar to blood pressure/velocity waveform. 

The ‘amp’ value is the input velocity and calculated as below:

2 3 2 3Re(max( )
 

) min( )jwt jwt jwt jwt jwt jwtAe Be Ce Ae Be
P

C
SVamp

e+ + − + +
=

PSV is the Peak Systolic Velocity obtained from the Dicom images 
and considered as real part of the peak to peak value in the above 
graph similar to the denominator of ‘amp’. Here after, we mention 
only the PSV values.

For example,

Considering the fact that average heart rate of human being is 
72beats/min, frequency is 72.

Frequency=72beats/min=1.2beats/s 

ω: 2*π*frequency~7.54 rad/s

Similarly, frequency can take any value according to the patient’s 
heart rate and ω is calculated and substituted in the above formulae 
to get the results. 

Assumptions: Laminar flow, optimal values of elasticity of the artery, 
in viscid nature of blood are assumed and Poiseuille’s law, Bernoulli 
principle are used to get to the simulation parameters R,L,C. Linear 
relationships of R, L, C with physical parameters is assumed and 
proceeded further. To overcome these assumptions and get very 
accurate results, we need to find pressure dependence relationships 
between them and use them in place of these formulae.1–3

Implementation

Similar to that of circuit in Figure 2, different combinations of 
circuits can be stitched according to given arterial segments to obtain 
the accurate velocities along different points in the artery. Given the 
whole circuit (blood vessel network), we find the analogous electrical 
network as shown in Figure 3, calculate the total impedance of the 
network and further divide the flow rates according to each segment’s 
compliance. Compliance plays a role here, similar to the behavior of 
capacitor in a circuit of charging and discharging, because of elasticity 
of blood vessels, blood flow (Q) in arteries also exhibits the similar 
property of storing of some blood for an instant and pumping the rest. 
So flow rate in a long artery without branching, also varies a little 
because of varying elasticity along the length across each segment. 
Hence the velocity of blood flow is calculated by dividing Q obtained 
at each segment with the area of cross section of that segment of the 
artery.

Figure 2 Plot of blood velocity (cm/s) as a function of time(s) on Y-axis and 
X-axis respectively.
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Figure 3 Combination of different windkessel circuits-Figure 1 are stitched 
together to get the near approximation of artery segment.5

Velocity of Blood Flow = Q/A 	                                                             (4)

Flow rate
2*

4
Velocity DQ π

=

Q: Flow Rate

A: Area of cross section of the artery

Input dicom images 

In the demo version of Sante Dicom Viewer we can measure the 
radius only in pixels. To convert that to centimeters, calibration length 
of the image is considered and correspondingly a conversion factor is 
multiplied to get diameter in centimeters. 

Conversion (pixels to cm):	

( ) ( )* .       
  

365
CL No of pixels measured using Measuring tool

Diameter cm =

                                                                                                                  
(5) 

CL: Calibration length, which is 7cm in the image below.

365 is the measured length of the rectangle in pixels where the 
blood vessel is shown in ultrasound image (Figures 4-6).

Figure 4 Ultrasound image of Internal Carotid Artery.

Figure 5 Ultrasound Image of Carotid Artery showing the bifurcation of 
CCA (Common Carotid Artery) into ECA (External Carotid Artery) and ICA 
(Internal Carotid Artery).

Figure 6 Bifurcation of Carotid Artery and the segments considered for 
Simulation.

*

*

3.0 55( )
365 2

Diameter D = cm=0.220602cm

After getting the input velocity (PSV) from the dicom images, 
we convert it to flow rate from the formula4 and as the current flows 
through the above circuit, flow rate at each segment is calculated and 
converted back to velocities to get the blood flow velocities. Similar to 
the above ultrasound image, 5 images at different points in CCA, ICA, 
and ECA respectively of the same patient were taken. And velocities 
at the points L2, L5 and L3 were calculated given velocities at L1 
and L4 with ±5% errors based on the flow rate division with different 
Windkessel models stitched along the artery with the calculated 
radius from the images and assuming an average elasticity, thickness, 
viscosities and densities of the blood Figure 7.

Figure 7 Different Windkessels are stitched to form a circuit.

Results
This Tables 1 & Table 2 shows the simulated results of a patient. 

The subjects are registered from NIH. Using the estimated L2 and 
L5, velocities at L3 were predicted for 10 different patients who were 
accurate with less than 5% errors Tables 3. The tabulated results show 
us that the predicted results are very accurate and can thus be used in 
diagnosis of aneurysms in brain from the estimated blood pressure 
and velocity values.

https://doi.org/10.15406/ijbsbe.2017.02.00038
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Table 1 Compares the velocities obtained by simulation (Est. velocity) and the 
observed velocities from Ultrasound image of CCA

Velocity@
L1(cm/s) (CCA)

Est. velocity 
at L2

Observed 
velocity at L2 Error

116.17 124 121 2.50%

Table 2 Compares the velocities obtained by simulation (Est. velocity) and 
the observed velocities from Ultrasound image of ECA of the same patient as 
tabulated in Table 1

Velocity at 
L4(cm/s) (ECA)

Est. velocity 
at L5

Observed 
velocity at L5 Error

230 108.65 109 -0.30%

Table 3 Compares the velocities obtained by simulation (Est. velocity) and 
the observed velocities from Ultrasound image of ICA of the same patient as 
tabulated in Table 1

Est. velocity at L3 (cm/s) Observed velocity at L3 Error

191.44 192.5 -0.50%

Conclusion
In this paper, we have proposed a non-invasive methodology to 

measure and predict hemodynamics.5 Simulated results are validated 
with ultrasound images of patients near carotid arteries and values are 
accurate up to 5%. Although Windkessel models used in this paper 
were developed by many researchers earlier, the innovative part of 
this paper lies in the way of stitching them one to one, simulating 
the whole arterial system and thereby predicting the blood pressures 
and blood velocities. Through this method, we can also predict the 
blood velocities, in difficult places like brain where much complexity 
is involved and only the physical network can be found (through 
angiograms). Our future work has this great potential of detecting 
when the aneurysm in an artery is going to be ruptured or the criticality 
involved, based on the predicted blood velocities which is the primary 
goal of this paper and hence pre-diagnosis can be done and patient can 
be saved before-hand (Appendix).

Appendix

Cerebral parameter Normal range

Blood density 1.055 -1.066

Blood radii (brain avm) 422±136microm (mean ± SD)

Blood wall thickness: 54±14 microm 54±14microm

Blood viscosity:  (48.264 – 65.371) centipoise

Cerebral parameter Normal range

Blood vessel elasticity: (1.672 - 1.978)

Cerebral blood vessel elasticity: (0.708 - 1.942)

Blood volume range in brain vessel 2.4 to 4.25 mL

Blood flow velocity - cerebral arteries

Middle arteries 
60±8, 
Anterior52±9, 
Posterior42±6, 
Vertebral39±8 
Basilar48±8cm/sec 
Average values of blood flow 
velocities 
in cerebral capillaries: 0.5 to 
1.5mm/sec.

Normal cerebral blood flow rate is 45-50ml 100g-1 min-1

Intracranial pressure (icp)

50 mmHg and 150 mmHg for 
Auto regulation 
Lower range of ICP : 7–15mm 
Hg; 
Upper range of ICP 20–25mm 
Hg

Length of the vessel
Arterioles-10um to 0.3cm 
Capillaries-8-10um 
Venules - 8-100um
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