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(57) A method for determining a vascular endotheli-
um functionality of an artery of a person, the method com-
prising: acquiring measurement data associated with a
series of electrical measurements taken by an electrical
impedance spectroscopy device; extracting an imped-
ance time series associated with the impedance changes
of the of the medium intervening between each pair of
electrodes; filtering the impedance time series in the fre-
quency domain to extract at least a low pass frequency,

LPF, and a band limited frequency, BPF, component
waveforms for each pair of electrodes; processing the
LPF and BPF component waveforms obtained from each
pair of electrodes to extract a set of biomarker parameter
values, each biomarker parameter being indicative of a
particular aspect of the endothelium functionality of the
artery of the person; and determining an endothelium
functionality index indicative of the vascular endothelium
functionality of the artery of the person.
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Description

FIELD

[0001] The present invention relates to a system and a method for determining the vascular endothelium functionality
of an artery of a person.

BACKGROUND

[0002] It has been clinically confirmed that when cardiovascular risk factors exist (diabetes, hypertension, dyslipidemia,
smoking, obesity and severe family history) the normal endothelial function is disrupted and the vasoconstrictive, pro-
thrombotic and inflammatory activity of endothelium prevails. This condition is called endothelial dysfunction and assists
in mobilizing and maintaining the mechanisms of atherogenesis, thus increasing the long-term risk of future cardiovascular
events (e.g. coronary artery disease). The endothelial dysfunction is not limited to the coronary arteries, but covers the
whole vascular system and further has been found that there’s a strong correlation between endothelial function of
coronary arteries with peripheral arteries (e.g. brachial, radial artery). This created the need for determining the endothelial
functionality of peripheral arteries.
[0003] Methods for estimating and quantifying endothelial function are based on measurement of the endothelium-
dependent vasodilation induced by the release of nitric oxide (NO) produced in the endothelial cells. When the nitric
oxide is diffused into the smooth muscle cells of the artery it increases the concentration of cGMP (cyclic guanosine
monophosphate) which leads to a decrease in the intracellular concentration of Ca+2 ions and vasodilation. These
methods comprise invasive or non-invasive techniques.
[0004] Invasive techniques, such as when performing a coronary angiography, were initially used to measure endothe-
lial-dependent vasodilation in the coronary network before and after infusion of substances (acetylcholine) that cause
the release of NO from the endothelium of the coronary vessels. Invasive techniques have also been applied to the
peripheral arterial network by controlling the brachial artery via injection of endothelioactive substances into the brachial
artery.
[0005] Non-invasive techniques, such as Flow Mediated Dilation (FMD), determine brachial artery dilation using ul-
trasounds following a transient period of ischemia. However, existing techniques based on ultrasound analysis have
certain disadvantages. In particular, these techniques: 1) require an ultrasound device with high cost and specialized
personnel for measurements, 2) have a low image resolution relative to the size of the vessel, 3) have limited repeatability
and 4) shows insufficient imaging in obese persons.
[0006] Following the same medical principle, the endothelial functionality of brachial artery can be also assessed by
means of electrical signals, in an effort to achieve non-invasive diagnosis of coronary artery disease. A non-invasive
electrical impedance spectroscopy method is disclosed in EP3245947 and is based on the use of a device comprising
a set of two non-invasive electrodes, i.e. a single pair of electrodes, that are configured to be attached on the skin of the
person over and along a peripheral artery for obtaining a series of electrical measurements of the artery portion between
the two electrodes, which are subsequently digitally processed by a personal computer to determine the endothelium
functionality by comparing the electrical measurements taken before and after an ischemic cuff pressure is applied on
the skin portion of the person.
[0007] Further enhancing the accuracy and sensitivity of the known non-invasive technique would enable the detection
of changes in the endothelium functionality with greater sensitivity and accuracy, which would facilitate early detection
of a cardiovascular disease such as coronary disease.
[0008] Therefore, there is a need to provide an improved non-invasive solution to enable and facilitate early as well
as advanced and more accurate detection of endothelial dysfunction signs that would increase the risk of a person to a
particular disease such as coronary disease.

SUMMARY OF THE INVENTION

[0009] An aim of the present invention is to provide an improved system and method for assessing of the vascular
endothelium functionality of an artery of a person, with greater sensitivity and accuracy. As a result, the improved system
and method enable early, convenient and reliable detection of changes and disruptions in the endothelial function which
may be indicative of early signs of a cardiovascular disease.
[0010] The aim of the present invention is achieved according to the invention with the system and method showing
the technical characteristics of the respective independent claims. Preferred embodiments of the present invention are
disclosed in the dependent claims.
[0011] According to an aspect of the present invention, there is provided a computer implemented method for deter-
mining a vascular endothelium functionality of an artery of a person, the method comprising the steps of:
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acquiring measurement data associated with a series of electrical measurements obtained by an electrical impedance
spectroscopy device using at least one pair of electrodes attached to a skin portion of a limb of the person along a
portion of an artery under assessment, the electrical measurements being obtained over a period of time at different
frequencies while the impedance spectroscopy device operates an ischemic cuff positioned on the limb of the person
between a normal state, where no pressure is applied on the limb of the person, an ischemic state, where a desired
pressure is applied on the limb of the person to restrict the flow of blood in the artery under assessment, and a
hyperaemic state, where the pressure applied during the ischemic state is released;

extracting, from the measurement data, an electrical impedance time series associated with the impedance changes
of a medium intervening between each pair of electrodes, the medium comprising the portion of the artery, surrounding
tissue, the skin portion, and blood flowing in the artery during the normal state, ischemic state, and hyperaemic state;

filtering the electrical impedance time series in the frequency domain to extract at least a low pass frequency, LPF,
component waveform and a band limited frequency, BPF, component waveform for each pair of electrodes; and

determining the vascular endothelium functionality of the artery of the person by performing the steps of:

processing the LPF and BPF component waveforms obtained from each pair of electrodes to extract a set of
biomarker parameter values, each biomarker parameter being indicative of a particular aspect of the endothelium
functionality of the artery of the person; and

determining, based on the biomarker parameter values, an endothelium functionality index indicative of the
vascular endothelium functionality of the artery of the person.

[0012] The method of the present invention provides a spectral separation of the LPF and BFP components of the
electrical impedance time series associated to the electrical measurements obtained by each of the pair of the electrodes.
By filtering the electrical impedance time series in the frequency domain, certain characteristics of the LPF and BPF
component waveforms are highlighted. The LPF and BPF component waveforms provide critical information for the
assessment of endothelium functionality, an advantage which pre-existing techniques lacks. The method benefits of
component waveforms obtained from each pair of electrodes to extract a set of biomarker parameter values associated
with different aspects of the endothelium functionality and accordingly, based on the biometric parameters values de-
termine an overall endothelium functionality index indicative of the vascular endothelium functionality of the artery of the
person. As a result, the method provides, by means of the calculation of the biometric parameter values, a measurable
indicator that more accurately reflects the internal state of the artery under assessment. Therefore, the present invention
enables the accurate assessment of the endothelium functionality by extracting key information from the electrical
measurements obtained from the electrode pairs. The information extracted from the LPF and BPF component waveforms
are used to determine a set of biometric parameters associated with associated endothelium functionality during the
operation of the ischemic cuff between the normal, ischemic, and hyperaemic states. In this way, it is possible to observe
the endothelium functionality under different conditions and accordingly determine any changes that could attributed to
a cardiovascular disease. Therefore, the present invention provides an improved, more convenient and accurate as-
sessment of the endothelium functionality when compared to known non-invasive solutions.
[0013] Furthermore, the method presented herein, can measure with high sensitivity changes in electrical impedance
caused by ischemic binding and reactive hyperaemia, but also signal fluctuations due to pulsed blood flow of the artery.
As a result, the information obtained from the present invention can be used to provide an improved clinical evaluation
of the endothelium functionality.
[0014] According to an embodiment of the present invention, the step of determining the vascular endothelium func-
tionality further comprises the step of comparing the endothelium functionality index with a reference index.
[0015] According to an embodiment of the present invention, extracting the set of biomarker parameter values com-
prises the step of:

detecting from the measurement data the electrical impedance time series corresponding to each electrode pair
used by the impedance spectroscopy device to take the electrical measurements; and

wherein if more than one pair of electrodes is detected performing the step of:
determining the value of each biometric parameter in the set by averaging the corresponding biometric parameter
values obtained from the LPF and BPF component waveforms extracted from each detected pair of electrodes.

[0016] Accordingly, the present method is configured to facilitate the determination of the endothelium functionality
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based on electrical measurement data obtained from a plurality of pair of electrodes e.g. four, six and the like. For
example, the electrical impedance spectroscopy device may be provided with two pair of electrodes positioned on the
skin portion of the person, to facilitate an improved detection of changes in the endothelium functionality. Accordingly,
the present solution would extract and average the biometric parameter values extracted from the pair of electrodes to
obtain a master set of biometric parameter values, which are used to determine the endothelium index. As a result, a
more accurate assessment of the endothelium functionality is performed, which can facilitate the early diagnosis of
cardiovascular diseases.
[0017] According to an embodiment of the present invention, the extraction of the impedance time series from the
electrical measurements obtained from each pair of electrodes is obtained by:
filtering the measurement data using a digital zero-phase filter to obtain filtered data comprising an Infinite Impulse
Response, IIR, Butterworth filter.
[0018] According to an embodiment of the present invention, step of extracting the impedance time series further
comprises:
digitally processing the filtered data to obtain recovered data by performing the steps of:

generating an envelope signal of the filtered data by calculating absolute data of the filtered data;

digitally filtering the envelope signal using a digital low-pass filter with a standard cut-off frequency of 100Hz to
obtain the recovered data, wherein the digital low-pass filter is Chebyshev Type I IIR filter; and

processing the recovered data to determine the impedance time series.

[0019] The use of an infinite Impulse Response, IIR, Butterworth filter, significantly reduces the Electromagnetic in-
terferences (EMI) observed in the electrical measurement data obtained from the electrode pairs. As a result, by removing
the EMI from the electrical measurement data, a more accurate detection of small fluctuations in the electrical meas-
urement data may be detected e.g. in the order of ~0.01%. it has been found that the use of an IIR Butterworth reduces
width fluctuations in the transit zone and further provides very high and effective rejection of EMI due to its very large
attenuation characteristics e.g. of 180dB at 6kHz. In general, the IIR digital filters exhibit non-linear phase digital distortion.
This results in a number of advantages such as: (a) the cancellation of phase distortion by the IIR filter which would
otherwise lead to the appearance of a phase difference in the initial signal and (b) doubling the order of the Butterworth
filter making the total rejection at 360dB at 6kHz, with the practical result that the interference outside the transit zone
is completely discarded. As a result, the use of an IIR Butterworth filter ensures removal of EMI, thereby improving the
quality of the electrical signals, which leads to the accurate detection of fluctuation in the impedance values of the medium
intervening between the electrodes, i.e. the artery portion, surrounding tissues and muscles, the skin portion, and blood
flow in the artery under different conditions e.g. normal state, ischemic state, hyperaemic state. A Chebyshev Type I IIR
digital filter may be used to further improve the quality of the measurement data and remove unwanted noise.
[0020] According to further aspect of the present invention, there is provided a system for determining vascular en-
dothelium functionality of an artery of a person comprising:

an ischemic cuff configured to be positioned on a limb of the person;

an electrical impedance spectroscopy configured to obtain a series of electrical measurements over a period of time
at different frequencies associated with the endothelium functionality of an artery under assessment, the impedance
spectroscopy device comprising at least one pair of electrodes configured to be attached to a skin portion of the
limb of a person along a portion of the artery under assessment to obtain the series of electrical measurements of
a medium intervening each pair of electrodes, the medium comprising the portion of the artery, surrounding tissue,
the skin portion, and blood flowing in the artery during the normal state, ischemic state, and hyperaemic state,
wherein the impedance spectroscopy device is configured to operate, during obtaining the series of electrical meas-
urements from the at least one pair of electrodes, the ischemic cuff between a normal state, where no pressure is
applied on the limb of the person, an ischemic state, where a pressure is applied on the limb of the person to restrict
the flow of blood in the artery under assessment, and a hyperaemic state, where the pressure applied during the
ischemic state is released;

a processing unit communicatively coupled to the impedance spectroscopy device and configured to perform the
method of any one of claims 1 to 13; and

a display configured to display the endothelium functionality index determined by the processing unit, which is
indicative of the vascular endothelium functionality of the artery of the person and/or the results of a comparison
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between the determined endothelium functionality index and a reference endothelium functionality index.

[0021] According to an embodiment of the present invention, the electrical impedance spectroscopy device comprises
a first pair of electrodes and a second pair of electrodes, wherein the second pair of electrodes is placed between the
first pair of electrodes.
[0022] With the addition of second pair of electrodes with very high input resistance in the order of GΩ and in combination
with the VCCS stimulation, parasitic currents are practically non-existent, and the measured voltages are more stable
than those obtained with a single pair of electrodes. In addition, with this configuration the second pair of electrodes is
not affected by the electrical resistance that exists between the electrode and the skin, because there is no stimulation
current flow Iout between the electrodes . It should be noted that further pair of electrodes could be added to further
improve the electrical measurements.
[0023] According to further aspect of the present invention, there is provided a computer program loaded on a memory
of a processing unit, which when executed causes the processing unit to assess the endothelium functionality according
to embodiments of the present invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0024] Embodiments of the invention will now be described, by way of example, with reference to the accompanying
drawings, in which:

Figure 1 illustrates a schematic diagram showing an exemplified system for determining the vascular endothelium
functionality of an artery of a person according to embodiments of the present invention;

Figure 2 illustrates a schematic diagram of an exemplified electrical impedance spectroscopy device comprising a
single pair of electrodes E1 and E2 according to embodiments of the present invention;

Figure 3 illustrates an electrical schematic of the electrical impedance spectroscopy device shown in figure 2 ac-
cording to embodiments of the present invention;

Figure 4 illustrates an exemplified electrical schematic of the electrical impedance spectroscopy device using a
modified and improved VCCS circuit for AC, according to an embodiment of the present invention;

Figure 5 illustrates a schematic diagram of the electrical impedance spectroscopy device comprising two pair of
electrodes according to an embodiment of the present invention.

Figure 6 illustrates an electrical schematic of the electrical impedance spectroscopy device shown in figure 5 ac-
cording to an embodiment of the present invention;

Figure 7 illustrates a method for determining a vascular endothelium functionality of an artery of a person according
to embodiments of the present invention, using up to two pairs of electrodes;

Figure 8 shows an exemplified LPF waveform extracted from measurement data obtained during the operation of
the ischemic cuff by an electrical impedance spectroscopy device according to embodiments of the present invention;

Figures 9 to 12 show exemplified LPF component waveforms and the relevant key parameters for the calculation
of the biometrics, obtained using the method of Figure 7 from people showing signs of cardiovascular disease (a)
and corresponding waveforms from people considered to be healthy (b) according to embodiments of the present
invention;

Figures 13 shows an exemplified BPF waveform component extracted from measurement data obtained during the
operation of the ischemic cuff by an electrical impedance spectroscopy device according to embodiments of the
present invention; and

Figures 14 and 15 show exemplified BPF component waveforms and the relevant key parameters for the calculation
of the biometrics, obtained using the method of Figure 7 from people showing signs of cardiovascular disease (a)
and corresponding waveforms from people considered to be healthy (b) according to embodiments of the present
invention.
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DETAILED DESCRIPTION

[0025] The present invention will be illustrated using the exemplified embodiments shown in the figures, which will be
described in more detail below. It should be noted that any references made to dimensions are only indicative and do
not restrict the invention in any way. While this invention has been shown and described with reference to certain
illustrated embodiments thereof, it will be understood by those skilled in the art that various changes in form and details
may be made therein without departing from the scope of the invention.
[0026] Figure 1 is a schematic diagram showing an exemplified system 100 for assessing the vascular endothelium
functionality of an artery of a person according to embodiments of the present invention. At a high level, the example
system 100 includes an ischemic cuff 130, an electrical impedance spectroscopy device 120 and a display module 140
that are communicatively coupled to a processing unit 110.
[0027] The processing unit 110 may include one or more processing components, which may be referred to as "proc-
essors" or "central processing units" (CPUs), configured to execute instructions for the assessment of endothelium
functionality. In some implementations, the processing unit 110 can be configured to output the result of the processing,
such as a measurement report or an endothelium functionality index. The processing unit 110 can be configured to
receive information, such as electrode measurements from the impedance spectroscopy device 120 and/or other infor-
mation. The processing unit 110 can also include other auxiliary components, such as random-access memory (RAM)
and read-only memory (ROM).
[0028] The example system 100 further comprises a communication interface 150 configured to interface with a network
200 for communicating the result of the processing performed by the processing unit 110 to a remote server 300 or a
user device 400.
[0029] The electrical impedance spectroscopy device 120 comprises at least one pair of electrodes configured to be
attached on the skin of a person along a portion of the artery to generate a series of electrical measurements of the
medium intervening between these electrodes, which includes, but not limited, to the vessels surrounded by the human
tissues and skin, and blood flowing in the artery under the different conditions. The electrical measurements can be
impedance measurements Zm or voltage measurements Vm using at least one pair of electrodes attached to the skin
of a limb of the person along a portion of an artery under assessment. The electrical impedance spectroscopy device
120 operates an ischemic cuff 130 configured to be positioned on a limb of the person e.g. around the arm, to restrict
the flow of blood in the artery under assessment. The electrical measurements are obtained by the impedance spec-
troscopy device 120 during the operation of the ischemic cuff between a normal state, where no pressure is applied on
the limb of the person, an ischemic state, where a desired pressure is applied on the limb of the person to restrict the
flow of blood in the artery under assessment, and a hyperaemic state, where the pressure applied during the ischemic
state is released.
[0030] The impedance spectroscopy device 120 is not limited to the geometry of electrodes, which can be vary and
include rings, flat surfaces or any other type of geometry.
[0031] Figures 2 to 6 provide exemplified implementation of an electrical impedance spectroscopy device 120 according
to embodiments of the present invention.
[0032] Reference is now made to figure 2 where there is provided a schematic diagram of the device 120 comprising
a single pair of electrodes E1 and E2. The electrical schematic of the impedance spectroscopy devices 120 is shown
in figure 3. This device 120 additionally comprises a voltage controlled current source (VCCS) that is controlled by a
signal generator (voltage source). The VCCS is a component that converts any type of voltage source, such as sinusoidal,
square, triangular, or pulse waves etc., of any voltage amplitude and frequency, into a current source. The VCCS is
placed between the signal generator and the electrode E1 to provide the required AC current signal of a desired width
and frequency as determined after frequency scanning (spectroscopy technique).
[0033] As will be appreciated, the AC current signal provided by the VCCS causes a voltage drop between electrodes
E1 and E2 when obtaining electrical measurement of the skin. The voltage drop can be obtained as: 

[0034] The measured impedance measured by the electrodes E1 and E2, is the magnitude of Zm and can be simply
calculated as the ratio of the differential voltage (voltage drop) between E1 and E2 and output current Iout: 

[0035] The device 120 further comprises an optional resistor Rcm for the measurement of the output current Iout. The
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voltage difference VCM at the resistor Rcm can be obtained as: 

[0036] Resolving the above equation per ICM, the voltage drop Vm between electrodes E1 and E2 can therefore be
described as: 

[0037] Wherein Zm is the equivalent impedance as measured by the two electrodes E1 and E2. The phase shift/dif-
ference ΔΦ of the waveform can obtained as the phase angle of the ratio between Vm and VCM. The phase difference
Δφ can thus be obtained as follows: 

[0038] In the condition where there’s no phase shift, the impedance Zm is transformed to resistance Rm. The voltage
difference VE1-VE2 is the measured key parameter (Iout is constant), because it is directly affected by the impedance
variation due to blood flow in the artery.
[0039] The VCCS is a transconductance device and the most common use is as transconductance amplifier (TA)
which design is shown in the electrical schematic of figure 4, according to an implementation. The transconductance
amplifier is like a typical voltage amplifier but the amplified output is a current. It is an amplifier because the magnitude

of the transfer function is  , where Io is the output current and Vi is the input voltage. For the application
of the present invention on humans and because of safety reasons and regulations, the excitation current does not
exceed 2mA. Therefore, the majority of biomedical devices operate with a stimulation current having a typical value of
0.1mA. As a result, the practical implementation of the VCCS would require the current output to be in mA range and
the voltage input in V range. Hence the magnitude of the transfer function of VCCS |Hvccs| would be far less than one: 

[0040] As regards the application of present invention on humans, the magnitude of the transfer function or gain is
set to be: 

[0041] With that gain, 1V of the voltage source is transformed (converted) into 1mA current excitation passing through
the electrode E1. In the case that it is considered necessary, the VCCS gain could be adjusted (increased or decreased)
at any desired value. The VCCS is essentially a high impedance current source and many alternative designs of current
sources and VCCS exist. Most of the designs are for current sources controlled by a DC voltage source. But for the
demanding application of endothelium functionality detection of peripheral artery and consequently of the coronary artery
network a versatile and reliable alternating current source (AC current) is needed, with high output impedance and wide
frequency range. The gain in the VCCS circuit is set by R3 and ratio of R1/R2 (which is typically 1/1). In this design, the
ratio of (R5+R4)/(R6+R3) should be matched with R1/R2 for proper biasing of the operational amplifier, so: 

[0042] The gain then is: 
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[0043] Consequently, low values for R3 can be used and have all the other resistors high in value, such as 100 kΩ or
1 MΩ, as shown in figure 4. Based on Equations 8 and 9, the value of the resistor would be R3=1kΩ (R3 value may be
decreased, if increased detection sensitivity is required). Therefore, the output impedance of the current source is very
high, and even for typical operational amplifier with CMRR of 60dB, the output impedance would "degrade" to 10 MΩ
(acceptable value in biomedical applications). The majority of commercial operational amplifiers have CMRR (Common
Mode Rejection Ratio) higher than 80dB, so the impedance is increased even more. This circuit can supply many
milliamperes (or as low as microamperes) depending on the input voltage and VCCS gain. Also, with a power supply of
at 612V DC (nominal voltage values), the maximum resulting voltages caused by the output current, can be as large
as 10 V, with good efficiency. If higher resulting voltages are needed, the power supply voltage can be increased.
[0044] The operation amplifier is the integrated circuit LF351D, which is a JFET operational amplifier, with internal
frequency compensation, high CMRR 100dB, high slew rate 13V/ms, low noise and distortion 0,003% (typical). Test
measurements have shown that even for the case of a high value 1kΩ load, the gain is dropped only about 0.4% and
a phase shift of -5.7° is observed. But these deviations are negligible and do not affect the accuracy of the measurements
because when applying the technique, a baseline measurement is always taken.
[0045] Reference is now made to figures 5 and 6 which provide schematic diagrams of an exemplary electrical im-
pedance spectroscopy device 120. The device 120 shown in these figures is substantially similar to that described with
reference to figure 2 to 4, although, in this case the device 120 comprises two pair of electrodes. In particular, the device
120 comprises an additional second pair of electrodes E21 and E22 which is placed between the first pair of electrodes
E1 and E2 as shown in the schematic diagram of figure 6.
[0046] In this exemplary device, the AC current signal of a desired frequency and amplitude is applied by the VCCS
to the input electrode E1 and two differential voltages are obtained. The first differential voltage Vm is obtained between
the first pair of electrodes E1 and E2 as Vm = VE1 - VE2 whereas the second differential voltage V2 is obtained between
the second pair of electrodes E21 and E22 as V2 = VE21 - VE22. The measured impedance of the medium Zm2 as
measured by the electrodes E21 and E22, can be obtained as the ratio of the differential voltage between the electrodes
E21-E22 and output current Iout: 

[0047] Accordingly, the total resistance Zm of the medium is the sum of the individual resistances:

where Zt1 is the equivalent impedance of the medium between electrodes E1 and E21 and Zt2 is the equivalent impedance
of the medium between electrodes E2 and E22. The output current Iout via VCM, and output voltages VE1, VE21, VE22
and VE2 are recorded by the data acquisition card having high sampling rate (500kS/s) and resolution (24bit), providing
two important advantages: a) measurement of electrical signals with maximum frequency in the order of several hundreds
of kHz (typical frequency range 1 - 250kHz) due to the high sampling rate and b) measurement of extremely low voltages
in the order of microvolts due to high resolution of 24bit. With the present invention, the measurement sensitivity is

improved several orders of magnitude, providing capability for detection of small impedance fluctuations  and 
in the order of ~0.01%. Thus, it is possible to detect extremely small variations of the measured impedance due to the
flow of blood in the artery under assessment with unprecedented sensitivity.
[0048] Various modification will be apparent to those skilled in the art. For example, the device 120 may comprise
more than two pair of electrodes attached to the skin of a limb of the person along a portion of the artery under assessment.
[0049] Figure 7 is a flowchart showing an exemplified process 800 for determining the vascular endothelium functionality
of an artery of a person. The process 800 can be implemented by the processing unit 110 communicatively coupled to
the electrical impedance spectroscopy device 120. The processing unit 110 may further be in the form a remote server
or equivalent.
[0050] The exemplified process 800 begins at 802, whereby the processing unit 110 acquires measurement data
associated with a series of electrical measurements taken by an impedance spectroscopy device. In this case the data
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is voltage Vm and/or Vm2.
[0051] Alternatively or in addition the process 800 may be configured to directly acquire at 802 impedance measurement
data associated with a series of impedance measurements taken by an electrical impedance spectroscopy device. In
this scenario, the voltage measurements Vm and/or Vm2 are processed to obtain respective impedance of the medium
Zm and/or Zm2 before acquisition. The processing can be performed by an additional or existing processing unit of the
system 100.
[0052] In the example process 800, the electrical measurements are associated with a series of voltage measurements
taken by an electrical impedance spectroscopy device, such as the impedance spectroscopy device 120 shown in figures
1-6 The electrical measurements are taken using at least one pair of electrodes attached to the skin of a limb of the
person along a portion of an artery under assessment. These measurements are obtained over a period of time at
different frequencies while the impedance spectroscopy device operates an ischemic cuff positioned on the limb of the
person, such as the ischemic cuff 130 shown in figure 1. The ischemic cuff is operated between a normal state, ischemic
state and a hyperaemic state as described with reference to figures 1-7.
[0053] After acquiring measurement data, the process 800 proceeds at 804, whereby the number of electrode pairs
of the impedance spectroscopy device is detected from the voltage measurement data. For example, the processing
unit 110 can be configured to detect from the measurement data the time series corresponding to each electrode pair
used by the impedance spectroscopy device to take the electrical measurements. If the number of electrode pairs of
the impedance spectroscopy device is one (the impedance spectroscopy device has two electrodes, E1 and E2), the
process proceeds at 806 whereby the voltage/impedance measurement data is filtered using a digital non-linear zero-
phase filter to obtain filtered data. The filter may comprise an Infinite Impulse Response, IIR, Butterworth filter.
[0054] In the next steps the filtered data is digitally processed to obtain recovered data. In particular, at step 808 the
process generates an envelope signal of the filtered data by calculating the absolute value of the filtered data. The
absolute data is then digitally filtered at 810 through the software by means a low-pass digital filter such as a Chebyshev
type I digital low-pass IIR filter with a standard cut-off frequency of about 100Hz. At this point recovered data is obtained
and the process 800 can continue by processing the recovered data to determine the impedance time series at step
812. The impedance time values can be obtained by applying the equation 2.
[0055] It is appreciated that if the process in 810 directly acquires impedance measurement data associated with a
series of impedance measurements taken by the impedance spectroscopy device, the process does not require further
processing the recovered data to determine the impedance time series using equations 2 or 10.
[0056] The example process 800 proceeds at 814 in which impedance time series are extracted from the measurement
data associated with the electrical measurements for each pair of electrodes (in this case one pair). The process 800
further perform filtering of the impedance time series in the frequency domain. In this way the process extracts at least
a low pass frequency, LPF, component waveform and a band limited frequency, BPF, component waveform for each
pair of electrodes. The LPF component includes the calculated mean impedance (0 Hz frequency) of the impedance
time series. The BPF is known as cardiac component of the impedance time series. The LPF is a slow varying component
with respect to cardiac component, because the period of the shortest LPF signal is at least two times longer than the
longest period of BPF signal. In addition, at 814 the processor 800 may further perform filtering of the impedance time
series in the frequency domain to extracts a high frequency, HPF, component waveform. This component comprises
high frequency waveform of the impedance time series having frequency greater than 10Hz. The HPF component
comprises harmonics of the cardiac component and measurement noise.
[0057] The filtering of the impedance time series in the frequency domain may include applying a set of filters having
the following characteristics:

1) For the LPF component the filter may be a low pass filter IIR Butterworth of 4th order with a cut-off frequency of
-3dB at 0.5Hz.

2) For the BPF component the filter may be a band pass filter of 4th order IIR Butterworth with a lower cut-off
frequency of -3 dB at 0.5Hz and upper cut-off frequency at 10Hz.

3) For the HPF component the filter may be a 4th order IIR Butterworth high-pass filter with a cut-off frequency of
-3dB at 10Hz.

[0058] After filtering, the process 800 proceeds at step 816 in which the components are stored in a memory of the
system 100. In addition or alternative, the isolated components may be displayed by means of a display module 140 or
may be transmitted to another terminal, such as a remote device or server 300.
[0059] In the next steps, the process determines the vascular endothelium functionality of the artery of the person
using the LPF and BPF component waveforms obtained from the pair of electrodes E1 and E2. In particular, the process
800 proceeds at step 820 whereby the LPF and BPF component waveforms are processed to extract a set of biomarker
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parameter values. Each biomarker parameter is indicative of a particular aspect of the endothelium functionality of the
artery of the person.
[0060] Reference is now made to figures 8 to 12 which show LPF component waveforms obtained from each pair of
electrodes. These figures show how the LPF component waveform transitions between the normal state, the ischemic
state and the hyperaemic state, as shown in Figure 8.
[0061] By processing the LPF component waveform, a set of biomarker parameter values are obtained.
[0062] The set of biomarker parameter values may comprise biometric parameter value mn, which is determined as
the change in an impedance value of the LPF component waveform measured during a transition of the ischemic cuff
from the normal state to the ischemic state: 

 wherein Δlmpinitial is a change in impedance of the LPF component waveform associated with a transition from the
normal to the ischemic state.
[0063] The biomarker parameter value mn, has been studied by means of clinical trials which gathered preliminary
clinical data from a poll of persons affected by coronary heart disease and healthy persons. The clinical data has been
evaluated using the sensitivity and specificity of the clinical parameters. The sensitivity of a clinical data refers to the
ability of the clinical test to correctly identify persons with coronary heart disease. Clinical trials have shown a sensitivity
parameter of about 82% for people suffering of coronary heart disease and, in this case, the mn value was lower than
0.8. In contrast, the specificity of a clinical data refers to the ability of the test to correctly identify persons without the
disease. Clinical trials have shown a specificity parameter of about 80% for healthy people and, in this case, the mn
value was greater than 1.5, which indicates healthy endothelium functionality.
[0064] The set of biomarker parameter values may further comprise the determination of biometric parameter value
mv which is determined as the ratio between: (i) a change in an impedance value of the LPF component waveform
measured during a transition of the ischemic cuff from the normal state to the ischemic state, and (ii) a change in an
impedance value of the LPF component waveform measured during a transition of the ischemic cuff from the ischemic
state to the hyperaemic state. Accordingly, the mv parameter can be defined as: 

wherein:

Δlmpinitial is a change in impedance of the LPF component waveform associated with the transition from the normal
to the ischemic state; and

Δlmpfinal is a change in impedance of the LPF component waveform associated with a transition from the ischemic
to the hyperaemic state.

[0065] With reference to this biomarker parameter value, clinical trials have shown a sensitivity parameter of about
75% for people suffering of coronary heart disease as shown in Figure 10a and, in this case, the mv value was lower
than 0.4. In contrast, the specificity parameter was about 88% for healthy people and the mv value was greater than
0.6, as shown in Figure 10b, which indicates healthy endothelium functionality. Figure 9a and Figure 9b show an example
of the LPF response associated with people suffering from a cardiovascular disease and healthy people respectively.
[0066] The set of biomarker parameter values may further comprise the determination of biometric parameter value
mr which is determined as a gradient of an impedance value of the LPF component waveform measured during a
transition of the ischemic cuff from the normal state to the ischemic state: 

wherein:
initial is the gradient of the impedance of the LPF component waveform associated with the transition from the normal
to the ischemic state.
[0067] With reference to biomarker parameter value mr, clinical trials have shown a sensitivity parameter of about
93% for people suffering of coronary heart disease, and, in this case, the mr value was lower than 0.002, as shown in
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Figure 11a. In contrast, the specificity parameter was about 82% for healthy people and the mr value was greater than
0.006, which indicates healthy endothelium functionality, as shown in Figure 11b.
[0068] The set of biomarker parameter values may further comprise the determination of biometric parameter value
ma, which is determined as a ratio between: (i) a gradient of an impedance value of the LPF component waveform
measured during a transition of the ischemic cuff from the normal state to the ischemic state, and (ii) a gradient of an
impedance value of the LPF component waveform measured during a transition of the ischemic cuff from the ischemic
state to the hyperaemic state. Accordingly, the ma parameter can be defined as: 

wherein:

initial is the gradient of the impedance of the LPF component waveform associated with the transition from the
normal to the ischemic state; and
αfinal is the gradient of the impedance of the LPF component waveform associated with the transition from the
ischemic state to the hyperaemic state.

[0069] With reference to biomarker parameter value ma, clinical trials have shown a sensitivity parameter of about
89% for people suffering of coronary heart disease and, in this case, the ma value was lower than 0.5, as shown in
Figure 12a. In contrast, the specificity parameter was about 82% for healthy people and the ma value was greater than
0.8, which indicates healthy endothelium functionality, a shown in Figure 12b.
[0070] Reference is now made to figures 13 to 15 showing BPF component waveforms obtained from the electrodes.
These figures show the amplitude of the waveform during the normal state the ischemic state and the hyperaemic state,
as shown in Figure 13. Further biometric parameter values are extracted from the BPF component waveform, which are
combined with the biometric parameters obtained from the LPF component waveform, as described previously.
[0071] The set of biomarker parameter values extracted from the BPF component waveform may comprise biometric
parameter value mi which is determined as a ratio between: (i) an amplitude value of the BPF component waveform
measured during the operation of the ischemic cuff in the ischemic state; and (ii) an amplitude value of the BPF component
waveform measured during the operation of the ischemic cuff in the normal state. Accordingly, the mi parameter may
be defined as: 

wherein:

Amplischem. is an amplitude of the BPF component waveform associated with the ischemic state, as shown in Figures
14a and 14b; and

Amplinitial. is an amplitude of the BPF component waveform associated with the normal state, as shown in Figures
14a and 14b.

[0072] With reference to biomarker parameter value mi, clinical trials have shown a sensitivity parameter of about 75%
for people suffering of coronary heart disease and, in this case, the mi value was greater than 0.3. In contrast, the
specificity parameter was about 72% for healthy people and the mi value was lower than 0.2, which indicates healthy
endothelium functionality.
[0073] Reference is now made to figures 15a and 15b which shows BPF component waveform as a function of
frequency and time after applying a Continuous Wavelet Transform, CWT, with Morlet basis function, for people suffering
from cardiovascular diseases (CAD) and healthy people respectively.
[0074] From the BPF component waveform shown in figures 15a and 15b biometric parameter value mw is determined
as a ratio between: (i) an amplitude value of the CWT of the BPF component waveform extracted from measurement
data obtained during the operation of the ischemic cuff in the hyperaemic state, and (ii) an amplitude value of a CWT of
the BPF component waveform extracted from measurement data obtained during the operation of the ischemic cuff in
the normal state. Accordingly, the mw parameter may be defined as:
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wherein:

Magfinal is a width of the CWT of the BPF component waveform associated with the hyperaemic state; and

Maginitial is a with of a CWT of the BPF component waveform associated with the normal state.

[0075] With reference to biomarker parameter value mw, clinical trials have shown a sensitivity parameter of about
78% for people suffering of coronary heart disease and, in this case, the mw value was lower than 1, a shown in Figure
15a. In contrast, the specificity parameter was about 74% for healthy people and the mw value was greater than 1.2
indicating healthy endothelium functionality, as shown in Figure 15b.
[0076] It will be appreciated that the set of biomarker parameter values can include one or more of the biomarker
values ma, mi, mw, mn, mv and mr described above.
[0077] Reference is now made again to the process 800 in figure 7. In response to extracting the set of biomarker
parameter values from the LPF and BPF component waveforms, the process 800 proceeds at step 822 in which it is
determined, based on the biomarker parameter values, an endothelium functionality index indicative of the vascular
endothelium functionality of the artery of the person. For example, the index may be extracted based on all or a selection
of biomarker parameter values extracted from the LPF and BPF component waveforms, as mentioned above. For
example, for the determination of coronary disease the six biomarker parameters ma, mi, mw, mn, mv and mr, may be
used to determine the endothelium functionality index as follows: 

[0078] It is appreciated however that further biometric parameter values may be extracted and used for the determi-
nation of the endothelium functionality index.
[0079] For example, the BPF component waveform showing in figures 14a and 14b may be processed to further
extract biomarker parameter mf which is determined as the ratio between: (i) an amplitude value of the BPF component
waveform measured during the operation of the ischemic cuff in the ischemic state, and (ii) an amplitude value of the
BPF component waveform measured during the operation of the ischemic cuff in the hyperaemic state. Accordingly, the
mf parameter may be defined as:

wherein:

Amplischem. is an amplitude of the BPF component waveform associated with the ischemic state; and

Amplfinal is an amplitude of the BPF component waveform associated with the hyperaemic state.

[0080] With reference to biomarker parameter value mf, clinical trials have shown a sensitivity parameter of about 75%
for people suffering of coronary heart disease and, in this case, the mf value was greater than 0.3, as shown in Figure
14a. In contrast, the specificity parameter was about 72% for healthy people and the mf value was lower than 0.2, which
indicates healthy endothelium functionality as shown in 14b.
[0081] The endothelium functionality index may then be compared to a reference index. With reference to endothelium
functionality index, clinical trials have shown a sensitivity parameter of about 92% for people suffering of coronary heart
disease and, in this case, the endothelium functionality index was lower than 15. In contrast, the specificity parameter
was about 97% for healthy people and the endothelium functionality index value was greater than 25 indicating healthy
endothelium functionality.
[0082] The process 800 proceeds at step 824 in which the endothelium functionality index is stored in a memory of
the system 100. In addition or alternative, the endothelium functionality index may be displayed by means of a display
module 140 and/or may be transmitted to another terminal, such as a remote server 300 or user device.
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[0083] At this point, the process 800 proceeds at 826 and ends, or it is repeated as needed. The assessment of the
endothelial function is a critical tool in the hands of clinical practitioners or users. Based on the endothelium functionality
index obtained by the present invention, it is possible to assess with high accuracy the condition of the endothelium
functionality of an artery and accordingly determine whether the person under assessment is at risk of a cardiovascular
disease and recommend a treatment or therapy to follow.
[0084] The impedance spectroscopy device 120 may comprises two or more pair of electrodes as shown in figures 5
and 6. As such, the process 800 after detecting at 804 the number of electrode pairs of the impedance spectroscopy
device, the process performs the steps 806’ to 826’ in addition to the steps 806 to 826 described above for each pair of
electrodes. The steps 806’ to 826’ are substantially similar to the steps 806 to 826. These additional steps are directed
to the second pair of electrodes E21 and E22 which is placed between the first pair of electrodes E1 and E2. In this case
the impedance time series can be obtained by applying the equation 2 for the first pair of electrodes at 812 and equation
10 for the second pair of electrodes at 812’. In this scenario each of the biomarker parameter values is obtained by
performing a weighted arithmetic mean of corresponding biomarker parameter values obtained from each detected pair
of electrodes. In the case of two pairs of electrodes, each biometric parameter in the set may be obtained as follows. In
particular:
The biomarker parameter mn can be obtained as: 

wherein mn1 is the biomarker parameter value obtained for the first pair of electrodes E1 and E2 and mn2 is the biomarker
parameter value obtained for the second pair of electrodes E21 and E22.
[0085] With reference to the biomarker parameter value mn, clinical trials have estimated that for healthy persons mn
is greater than 1.5 while for person suffering of coronary heart disease mn is lower than 0.8.
[0086] The biomarker parameter mv can be obtained as: 

wherein mv1 is the biomarker parameter value obtained for the first pair of electrodes E1 and E2 and mv2 is the biomarker
parameter value obtained for the second pair of electrodes E21 and E22.
[0087] With reference to the biomarker parameter value mv, clinical trials have estimated that for healthy persons mv
is greater than 0.6 while for person suffering of coronary heart disease mv is lower than 0.4.
[0088] The biomarker parameter mr can be obtained as: 

wherein mr1 is the biomarker parameter value obtained for the first pair of electrodes E1 and E2 and mr2 is the biomarker
parameter value obtained for the second pair of electrodes E21 and E22.
[0089] With reference to the biomarker parameter value mr, clinical trials have estimated that for healthy persons mr
is greater than 0.006 while for person suffering of coronary heart disease mr is lower than 0.002.
[0090] The biomarker parameter ma can be obtained as: 

wherein ma1 is the biomarker parameter value obtained for the first pair of electrodes E1 and E2 and ma2 is the biomarker
parameter value obtained for the second pair of electrodes E21 and E22.
[0091] With reference to the biomarker parameter value ma, clinical trials have estimated that for a healthy person ma
is greater than 0.8 while for person suffering of coronary heart disease mv is lower than 0.5.
[0092] The biomarker parameter mi can be obtained as: 
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wherein mi1 is the biomarker parameter value obtained for the first pair of electrodes E1 and E2 and mi2 is the biomarker
parameter value obtained for the second pair of electrodes E21 and E22.
[0093] With reference to the biomarker parameter value mi, clinical trials have estimated that for a healthy person mi
is lower than 0.2 while for person suffering of coronary heart disease mi is greater than 0.3.
[0094] The biomarker parameter mf can be obtained as: 

wherein mf1 is the biomarker parameter value obtained for the first pair of electrodes E1 and E2 and mf2 is the biomarker
parameter value obtained for the second pair of electrodes E21 and E22.
[0095] With reference to the biomarker parameter value mf, clinical trials have estimated that for a healthy person mf
is lower than 0.2 while for person suffering of coronary heart disease mf is greater than 0.3.
[0096] The biomarker parameter mw can be obtained as: 

wherein mw1 is the biomarker parameter value obtained for the first pair of electrodes E1 and E2 and mw2 is the biomarker
parameter value obtained for the second pair of electrodes E21 and E22.
[0097] With reference to the biomarker parameter value mw, clinical trials have estimated that for a healthy person
mw is greater than 1.2 while for person suffering of coronary heart disease mw is lower than 1.
[0098] Various modification will be apparent to those skilled in the art. For example, in the event that the device 120
comprises more than two pairs of electrodes, the process will proceed to extract impedance time series from the meas-
urement data associated with electrical measurements acquired from each additional pair of electrodes. The process
will thus substantially repeat steps 806’ to 826’ for each additional pair of electrodes.
[0099] In this scenario each of the biomarker parameter values is obtained by performing a weighted arithmetic mean
of corresponding biomarker parameter values obtained from each detected pair of electrodes. The weighs may be based
to the respective position of the electrode pairs placed along the artery of the person.

Claims

1. A computer implemented method for determining a vascular endothelium functionality of an artery of a person, the
method comprising the steps of:

acquiring measurement data associated with a series of electrical measurements obtained by an electrical
impedance spectroscopy device using at least one pair of electrodes attached to a skin portion of a limb of the
person along a portion of an artery under assessment, the electrical measurements being obtained over a period
of time at different frequencies while the impedance spectroscopy device operates an ischemic cuff positioned
on the limb of the person between a normal state, where no pressure is applied on the limb of the person, an
ischemic state, where a desired pressure is applied on the limb of the person to restrict the flow of blood in the
artery under assessment, and a hyperaemic state, where the pressure applied during the ischemic state is
released;
extracting, from the measurement data, an impedance time series associated with the impedance changes of
a medium intervening between each pair of electrodes, the medium comprising the portion of the artery, sur-
rounding tissue, the skin portion, and blood flowing in the artery during the normal state, ischemic state, and
hyperaemic state;
filtering the impedance time series in the frequency domain to extract at least a low pass frequency, LPF,
component waveform and a band limited frequency, BPF, component waveform for each pair of electrodes; and
determining the vascular endothelium functionality of the artery of the person by performing the steps of:

processing the LPF and BPF component waveforms obtained from each pair of electrodes to extract a set
of biomarker parameter values, each biomarker parameter being indicative of a particular aspect of the
endothelium functionality of the artery of the person; and
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determining, based on the biomarker parameter values, an endothelium functionality index indicative of the
vascular endothelium functionality of the artery of the person.

2. The method of claim 1, wherein the step of determining the vascular endothelium functionality further comprises
the step of comparing the endothelium functionality index with a reference index.

3. The method of claim 1 or 2, wherein extracting the set of biomarker parameter values comprises the step of:

detecting from the measurement data the impedance time series corresponding to each electrode pair used by
the impedance spectroscopy device to take the electrical measurements; and
wherein if more than one pair of electrodes is detected performing the step of:
determining the value of each biometric parameter in the set by averaging the corresponding biometric parameter
values obtained from the LPF and BPF component waveforms extracted from each detected pair of electrodes.

4. The method of any one of the preceding claims, wherein the step of extracting a set of biomarker parameter values
comprises the step of determining a biomarker parameter value mn as a change in a impedance value of the LPF
component waveform measured during a transition of the ischemic cuff from the normal state to the ischemic state.

5. The method of any one of the preceding claims, wherein the step of extracting a set of biomarker parameter values
comprises the step of determining a biomarker parameter value mv as a ratio between:

a change in a impedance value of the LPF component waveform measured during a transition of the ischemic
cuff from the normal state to the ischemic state, and
a change in a impedance value of the LPF component waveform measured during a transition of the ischemic
cuff from the ischemic state to the hyperaemic state.

6. The method of any one of the preceding claims, wherein the step of extracting a set of biomarker parameter values
comprises the step of determining a biomarker parameter value mr as a gradient of a impedance value of the LPF
component waveform measured during a transition of the ischemic cuff from the normal state to the ischemic state.

7. The method of any one of the preceding claims, wherein the step of extracting a set of biomarker parameter values
comprises the step of determining a biomarker parameter value ma as a ratio between:

a gradient of a impedance value of the LPF component waveform measured during a transition of the ischemic
cuff from the normal state to the ischemic state, and
a gradient of a impedance value of the LPF component waveform measured during a transition of the ischemic
cuff from the ischemic state to the hyperaemic state.

8. The method of any one of the preceding claim, wherein the step of extracting a set of biomarker parameter values
comprises the step of determining a biomarker parameter value mi as a ratio between:

an amplitude value of the BPF component waveform measured during the operation of the ischemic cuff in the
ischemic state; and
an amplitude value of the BPF component waveform measured during the operation of the ischemic cuff in the
normal state.

9. The method of any one of the preceding claims, wherein the step of extracting a set of biomarker parameter values
comprises the step of determining a biomarker parameter value mw as a ratio between:

an amplitude value of a Continuous Wavelet Transform, CWT, of the BPF component waveform extracted from
measurement data obtained during measured during the operation of the ischemic cuff in the hyperaemic state,
and
an amplitude value of a CWT of the BPF component waveform extracted from measurement data obtained
during measured during the operation of the ischemic cuff in the normal state.

10. The method of claims 4 to 9, wherein the step of determining an endothelium functionality index comprises deter-
mining the endothelium functionality index as: 
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11. The method of any one of the preceding claims, wherein the step of extracting the impedance time series comprises
the step of:
filtering the measurement data using a digital zero-phase filter to obtain filtered data comprising an Infinite Impulse
Response, IIR, Butterworth filter.

12. The method of claim 11, wherein the step of extracting the impedance time series further comprises:

digitally processing the filtered data to obtain recovered data by performing the steps of:

generating an envelope signal of the filtered data by calculating absolute data of the filtered data;
digitally filtering the envelope signal using a digital low-pass filter with a standard cut-off frequency of 100Hz
to obtain the recovered data, wherein the digital low-pass filter is Chebyshev Type I IIR filter; and

processing the recovered data to determine the impedance time series.

13. A system for determining vascular endothelium functionality of an artery of a person comprising:

an ischemic cuff configured to be positioned on a limb of the person;
an electrical impedance spectroscopy configured to obtain a series of electrical measurements over a period
of time at different frequencies associated with the endothelium functionality of an artery under assessment,
the impedance spectroscopy device comprising at least one pair of electrodes configured to be attached to a
skin portion of the limb of a person along a portion of the artery under assessment to obtain the series of electrical
measurements of the medium intervening between each pair of electrodes, the medium comprising the portion
of the artery, surrounding tissue, the skin portion, and blood flowing in the artery during the normal state, ischemic
state, and hyperaemic state,
wherein the impedance spectroscopy device is configured to operate, during obtaining the series of electrical
measurements from the at least one pair of electrodes, the ischemic cuff between a normal state, where no
pressure is applied on the limb of the person, an ischemic state, where a pressure is applied on the limb of the
person to restrict the flow of blood in the artery under assessment, and a hyperaemic state, where the pressure
applied during the ischemic state is released;
a processing unit communicatively coupled to the impedance spectroscopy device and configured to perform
the method of any one of claims 1 to 13; and
a display configured to display the endothelium functionality index determined by the processing unit, which is
indicative of the vascular endothelium functionality of the artery of the person and/or the results of a comparison
between the determined endothelium functionality index and a reference endothelium functionality index.

14. The system of claim 14 wherein the impedance spectroscopy device comprises a first pair of electrodes and a
second pair of the electrodes, wherein the second pair of electrodes is placed between the first pair of electrodes.

15. A computer program loaded on a memory of a processing unit, which when executed causes the processing unit
to perform the method of any one of claims 1 to 12.
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