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(57) ABSTRACT

The present invention relates to a method and a system for
carrying out the method of determining at least one cardio-
vascular quantity of a mammal. The method comprises (i)
selecting a measuring site of a vessel; (ii) determining or
estimating a mean diameter of the vessel at the measuring
site; (iii) determining a pulse wave velocity and/or another
elasticity related quantity of the vessel at the measuring site;
(iv) determining a distension of the vessel at the measuring
site; and (v) calculating the at least one cardiovascular quan-
tity from the determined mean diameter, elasticity related
quantity and distension of the vessel at the measuring site.
The cardiovascular quantity system comprises (i) a plurality
of sets of electrodes where each set of electrodes comprising
at least two electrodes can be attached to a skin surface of the
mammal such that capacitive coupling through the skin sur-
face and between the electrodes of the set of electrodes is
provided when an electrical signal is applied over the elec-
trodes at a measuring site of'a vessel; (i1) electrical devices for
applying an electric oscillating signal over the respective sets
of electrodes; (iii) at least one processor and memory unit
arranged to receive signals from the respective sets of elec-
trodes; wherein said at least one processor is designed and
programmed to calculate the at least one cardiovascular quan-
tity according to the method using signals from the respective
sets of electrodes. By calculating the cardiovascular quantity
from such data a more accurate determination can be
obtained, which determination further is exempt from the
need for any individual calibration or any further type of
calibration procedure at all, neither before or after measure-
ments. An accurate determination in this context means a
determination with a very low measurement uncertainty, such
as in the order of about 10% or less, preferably about 5% or
less.
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METHOD OF AND A SYSTEM FOR
DETERMINING A CARDIOVASCULAR
QUANTITY OF A MAMMAL

TECHNICAL FIELD

[0001] The invention relates to a method of determining at
least one cardiovascular quantity of a mammal, such as blood
pressure and/or vascular compliance.

BACKGROUND ART

[0002] Most types of prior art methods of measuring car-
diovascular properties suffer from the problem that the pet-
formance of the measurements and the measurements them-
selves interfere strongly with the state of the patient, which
may lead to erroneous results.

[0003] Additionally it is recognized that blood pressure
often exhibit considerable variability over time. The newly
published guideline by the UK health authorities is in conse-
quence of these facts and the fact that diurnal variations are
very important for proper diagnostics of hypertension (NICE
clinical guideline 127, August 2011). Ithas also recently been
shown that performing ambulatory blood pressure measure-
ments is overall cost-effective (Lovibond K et al., Cost-effec-
tiveness of options for the diagnosis of high blood pressure in
primary care: a modelling study, Lancet. 2011 Oct. 1; 378
(9798):1219-30).

[0004] Many prior art methods for blood pressure measure-
ments require application of a counter pressure from an exter-
nal pressure device, e.g. occlusive cuff or other pressure gen-
erating devices. These interfering methods generating an
external pressure may have a significant impact on the person
and the blood pressure. Blood pressure can for example be
measured by an invasive pressure sensor, oscillometric or
auscultatory tonometric. Blood pressure may also be derived
from auxiliary parameters like pulse wave velocity. However,
these methods require calibration against a known standard.
These methods will inevitably affect the state of the patient,
e.g. require surgery or use of an occlusive cuff applying an
external pressure to the artery or require that the patient
should be in a special position. Furthermore, it is well known
that measurements of cardiovascular quantity performed at
the office of a medical doctor or at a hospital often are quite
erroneous and often consistently higher than when the patient
measures it at home. This is normally referred to as the
“white-coat syndrome”. However, merely the fact that a
patient can feel that a measurement is performed will often
have a psychological effect which results in a change of state
of the patient.

[0005] Imaging methods provide information about the
structure and dimensions of the limbs measured upon, i.e. the
constituting organs and their respective tissues. Methods
based on NMR or X-rays will in general have a resolution in
space and time that is inadequate for measuring temporal
variations on time scales comparable to or smaller than the
time of a single pulse and accordingly a reliable determina-
tion of arterial distension cannot be based on such methods.
Ultrasound may provide for adequate spatial and temporal
resolution, but the method will often interfere with the state of
the patient and thereby provide unreliable results. Optical
coherence tomography can provide for the necessary spatial
and temporal resolution, but here the penetration depth is very
low. Hence, all the imaging modalities are unsuited for con-
tinuous ambulatory measurements and they are also very
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costly. However, the methods may provide relevant a priori
information about the anatomy.

[0006] The stiffness (or elasticity) of arteries can be
assessed by the pulse wave velocity method where the propa-
gation velocity of pulses along the arteries is evaluated. The
basic phenomenon is essentially acoustic. Propagation delays
from e.g. the heart to the thighs, the wrist, or the foot are
typically measured. However, the propagation length
depends on the individual anatomy, which may exhibit con-
siderable variations both in actual length and in vessel diam-
eters. Also the pulse wave propagation velocity depends on
the diameter of the artery and on the stiffness of the artery
wall. These properties vary along the path from the heart to
e.g. the wrist.

[0007] U.S. Pat. No. 6,443,906 describes a method and a
device for continuously monitoring blood pressure. The
method requires that the device is placed close to the wristand
comprises a sensor with a projecting portion—a plunger—
which is pressed into the user’s body to apply a force to an
artery. The counter force on the opposite side of the artery is
provided by the radial bone. The device will only function
properly with such a positioning and the device exerts a force
on the artery and accordingly the method will interfere with
the state of the patient.

[0008] U.S. Pat. No. 5,309,916 describes a device for mea-
suring blood pressure where the device includes a sensor
arrangement which is attached to the exterior of a body and
which is electrically conductively connected with an elec-
tronic circuit. The sensor arrangement and the circuit are
configured to determine, in at least one measuring region of
the body, a value which is a measure for a variable that
changes periodically over time in the rhythm of the pulse beat,
such as the flow velocity, flow quantity, the volume of the
arterial blood, a cross-sectional dimension and/or the flow
cross section area of an arterial blood vessel. The sensor and
circuit further determine a value which is a measure for the
pulse wave velocity. By linking the two values together and
including at least one calibration value, at least one value that
is characteristic for the blood pressure can be determined. A
number of different measuring principles are mentioned such
as measuring by light or ultrasonic radiation.

[0009] As clearly specified in U.S. Pat. No. 5,309,916, the
method requires an individual calibration, i.e. the blood pres-
sure of the specific patient should be measured by direct
measurement e.g. using an inflatable cuff. Such individual
calibration is both cumbersome and may lead to erroneous
results. Furthermore it is not described how and which param-
eters should be related to the calibration measurement. A
calibration measurement taking a blood pressure state of the
patient, may likely not be reliable for application to correlate
determinations of other blood pressure states, which means
that a reliable calibration requires calibrating measurements
of a large number of different blood pressure states of the
same patient.

[0010] WO 2007/000164 discloses a method and an appa-
ratus for non-interfering blood pressure measurements. The
method and apparatus are based on capacitive sensing where
the tissue cross-sections constitute most of the dielectric of
the capacitor and where the capacitor forms part of a resonant
circuit. However, since the conductivity of blood generally is
very high, electrodes that are electrically isolated from the
body are needed and calibration is needed. It is noted that the
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method exploits only the imaginary part of the impedance
formed by the electrodes and the material separating the
electrodes.

[0011] WO 2010/057495 discloses amethod for combining
distension measurement and pulse wave velocity to obtain a
calibrated blood pressure, based on the capacitive sensing
method as disclosed in WO 2007/000164. The application
does notdisclose a direct method for obtaining both the blood
pressure variations and the absolute blood pressure.

[0012] US 2005/0283088 discloses a method for determin-
ing stroke volume from bioimpedance measurements involv-
ing the brachial artery but does not involve determining any of
the quantities: Blood pressure, vascular stiffness or vascular
compliance.

[0013] It is an object of the present invention to devise a
method that allows for non-invasive determination of one or
more cardiovascular quantities, such as blood pressure,
wherein the determination does not require individual cali-
bration and which method simultaneously results in highly
reliable determinations.

[0014] TItis a further object of the invention that the method
can be performed in a simple manner e.g. by the patient or
assistant that does not require special education but merely
simple instructions.

[0015] These and other objects are obtained by the inven-
tion and embodiments thereof as defined in the claims and
described herein below.

DISCLOSURE OF INVENTION

[0016] The method of the invention is directed towards
determining at least one cardiovascular quantity of a mam-
mal, and the method comprises

[0017] (i) selecting a measuring site of a vessel;

[0018] (ii) determining or estimating a mean diameter of
the vessel at the measuring site;

[0019] (iii) determining a pulse wave velocity and/or elas-
ticity and/or another elasticity related quantity of the vessel at
the measuring site;

[0020] (iv) determining a distension of the vessel at the
measuring site; and

[0021] (v) calculating the at least one cardiovascular quan-
tity from the determined mean diameter, elasticity related
quantity and distension of the vessel at the measuring site.
[0022] According to the invention it has been found that by
calculating the cardiovascular quantity from data comprising
the mean diameter of the vessel at the measuring site, the
elasticity related quantity of the vessel at the measuring site
and the distension of the vessel at the measuring site, a more
accurate determination can be obtained, which determination
further is exempt from the need for any individual calibration
or any further type of calibration procedure at all, neither
before or after measurements. An accurate determination in
this context means a determination with a very low measure-
ment uncertainty, such as in the order of about 10% or less,
preferably about 5% or less.

[0023] Accordingly, the method of the invention provides
an alternative to the method described in the prior art dis-
cussed above, but it also provides a method of determining
cardiovascular quantities invasively or non-invasively with a
surprisingly high reliability relative to the determination of
similar cardiovascular quantities using prior art non-invasive
prior art methods.

[0024] The term ‘“non-invasive” herein means that the
method does not require full penetration of epidermis of the
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skin of mammals, and “invasive” means that the method does
require full penetration of epidermis.

[0025] Step (ii) of determining or estimating the mean
diameter of the vessel at the measuring site; step (iii) of
determining the elasticity related quantity of the vessel at the
measuring site; and step (iv) of determining the distension of
the vessel at the measuring site may be performed in any order
or even—which is preferred—the determinations may be pet-
formed simultaneously. One or more of these determinations
may be reused for additional determinations. For example in
one embodiment the determination or estimation of the mean
diameter of the vessel at the measuring site may be reused for
additional or consecutive determinations of cardiovascular
quantities at this selected measuring site. In one embodiment
the determination of the elasticity related quantity of the
vessel at the measuring site is reused for additional or con-
secutive determinations of cardiovascular quantities at this
selected measuring site.

[0026] Inoneembodiment the determination or estimation
ofthe mean diameter of the vessel at the measuring site and/or
the determination of the elasticity related quantity of the
vessel at the measuring site is/are performed less times than
the determination of the distension of the vessel at the mea-
suring site, and the determination or estimation of the mean
diameter of the vessel at the measuring site and/or the deter-
mination of the elasticity related quantity of the vessel at the
measuring site is/are reused e.g. in the form of an average of
earlier determinations. Thereby the method can provide many
consecutive determinations of the desired cardiovascular
quantities and in practice the method can deliver continuous
or semi continuous determinations of the desired cardiovas-
cular quantities. Due to the simplicity of the method the
method in one embodiment delivers continuous or semi con-
tinuous determinations of the desired cardiovascular quanti-
ties everl without the reusing of determinations as described
above.

[0027] The mammal may be any mammal and in particular
ahuman being. In one embodiment the mammal is a pet, such
as a cat, a dog or a horse.

[0028] Theterm “patient” designates the mammal of which
the cardiovascular quantity or quantities are determined,
whereas the terms “user” or “assistant” designates a person
that performs the measurements or helps the patient perform-
ing the measurements. Generally the method of the invention
is simple to perform and may preferably comprise using a
cardiovascular system of the invention programmed to per-
form the necessary calculations, and the patient will in many
situations be capable of performing the measurement him/
herself.

[0029] The vessel may be any vessel, but is preferably one
of the main vessels of the body of the mammal. The vessel is
preferably an artery such as a Brachial artery, a Radial artery,
an Ulnar artery, a Femoral artery, a Digital artery or a Carotid
artery.

[0030] The measuring site of the vessel also referred to as
simply the measuring site means a site comprises a length
section of the vessel, which length section is sufficient long to
perform the determination and simultaneously not too long
such that the mean diameter does not vary substantially, such
as about 10% or more within the length of the measuring site.
Preferably, the length of the measuring site is selected such
that the time averaged mean diameter of the vessel varies
about 5% or less, such as about 3% or less within or along the
length of the measuring site. The length of the measuring site
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is selected in dependence on the type and size of the mammal
and in dependence on the mean diameter and the position of
the vessel to be measured on. Generally, it is desired that the
measuring site has a length of about 30 cm or less, such as
about 15 cm or less, such as about 5 cm or less. The minimum
length of the measuring site depends on the accuracy and
quality of the device which is intended or needed for the
determination and optionally perturbations unrelated to the
object ofthe measurement. In one embodiment the measuring
site has a length of about 5 mm or more, such as about 1 cm
or more, such as about 2 cm or more.

[0031] The actual length of the measuring site is deter-
mined by a combination of electrode size and distribution of
tissues, and when using a set or sets of solely exciting elec-
trode sets, also upon the mutual electrode distances. The field
lines penetrating subcutaneous fat will have very little spread-
ing, since fat has a much lower conductivity than muscles and
blood. In muscles the field lines will spread out roughly by an
amount given by the cross-section of the muscle. Field lines
will tend to avoid bones because of the low conductivity and
the low permittivity of bones, and thus the contribution from
the bones can be eliminated. A calculation of the field distri-
bution can be performed with e.g. a finite element program
based on Maxwell’s equations for quasi stationary condi-
tions. A detailed equivalent circuit diagram can also be
devised in such a way that the conductances and permittivi-
ties, respectively, of the lumped impedance elements are
given by the electrical properties of the tissues and the physi-
cal dimension of the limb or tissue section represented by an
equivalent impedance circuit, see further below.

[0032] Inoneembodiment, the measuring site of the vessel
is selected to be a site of a vessel, in a limb, in an arm, in a leg,
in ahand, in a foot, in a finger, in a neck or in a cardiac region,
thoracic cavity, abdominal cavity, pelvic cavity of the mam-
mal. Vessels at these positions have shown to be relatively
easy to measure on. The selection of the measuring site may
naturally also be made in relation to a desired diagnostic
application.

[0033] The specific equipment used such as the cardiovas-
cular system of the invention will normally be adapted to one
or a number of specific measuring sites, such as 2, 3, 4 or 5
different specific measuring sites.

[0034] In one embodiment the measuring site is selected
such that the measuring site is substantially free of additional
vessels, which may interfere with the determinations.

[0035] According to the method of the invention at least
three determinations, namely determination of mean diam-
eter, elasticity related quantity and distension of the vessel at
the measuring site are performed and preferably using all of
these three determinations the one or more cardiovascular
quantities are calculated.

[0036] The individual determination of mean diameter,
elasticity related quantity and distension of the vessel at the
measuring site may in principle be performed by any non-
invasive method, but preferably one or more of the methods as
described below are used.

[0037] Inoneembodiment at least one and preferably all of
the determinations of respectively mean diameter, elasticity
related quantity and distension of the vessel at the measuring
site are performed by a method comprising applying at least
one set of electrodes within a selected distance to the mea-
suring site, applying an electrical signal to the electrodes, and
providing that electric field lines penetrate the vessel at the

Dec. 12,2013

measuring site. The electric field lines show the direction of
the electric field vector and the density of lines indicates the
field strength.

[0038] A setofelectrodes comprises at least two electrodes.
In one embodiment the set of electrodes comprises 3, 4 or
more electrodes. In the situation where several sets of elec-
trodes are applied an electrode may for example be a part ofa
first set of electrodes for one determination and a part of a
second set of electrodes for a second determination. Similar
electrode constructions are well known to a skilled person.

[0039] The electrodes used may each have a size adapted
according to the site of the measurement. The size of the
electrode should preferably be selected to be so small that its
dimension has a negligible impact on the measured distension
pulse, but also so large that the current density nowhere has
any effect on the tissue. By the term “size of the electrode” is
meant the contact area of the electrode to the skin. Examples
of electrode size are from about 10 mm?> to about 16 cm?, such
as about 1 cm®. In case of electrodes with circular contact
area, the contact area may for example have a diameter of
about 5 mm or more, such as about 1 ¢cm or more, such as
about 2 cm or more. Other electrode shapes than rectangular
or circular are feasible, such as elliptic, triangular or shaped
according to the specific anatomy of the tissue within the field
lines. The mutual spacing between electrodes may for
example be about 5 mm or larger, such as about 1 cm or larger
oreven about 10 cm or larger. The relative displacement of the
electrodes is preferably perpendicular to the vessel, which
constitutes the object of a measurement.

[0040] In order to provide a good electrical contact, the
electrodes are preferably placed in close contact with the skin,
preferably with a suitable adhesive and/or with a gel that
reduces the contact resistance.

[0041] In one embodiment each of the electrodes of the at
least one set of electrodes are attached to a skin surface of the
mammal, preferably by adhesive attachment. The electrodes
are applied with a selected distance or distances to each other,
either individually directly for application on the skin or
preferably on or within one or more substrates. The selected
mutual electrode distance or distances can vary according to
intended spot on the body to be applied to, and is preferably a
set parameter as a basis for the determinations and calcula-
tions of the cardiovascular quantities.

[0042] Preferably an oscillating voltage or an oscillating
current is applied to at least one set of electrodes such that at
least some electric field lines between the electrodes intersect
the vessel, which constitutes the object of a measurement.
The oscillating voltage or the oscillating current is also called
the excitation signal.

[0043] In one embodiment the excitation signal contains a
multitude of frequencies in a range from about 100 Hz to
about 10 MHz or higher. The frequencies may be applied
simultaneously in parallel or they may be applied sequen-
tially. The relation between voltage and current is given by the
impedance of the tissue of the limb between the electrodes,
which again is given by the anatomy of the tissues of the limb,
the specific conductivities and permittivities of the different
tissues of the limb as well as the physical dimensions of the
tissues. The conductivities and the permittivities of the dif-
ferent types of tissues vary differently with the frequency.

[0044] In one embodiment the method comprises applying
at least one set of electrodes within a selected distance to the
measuring site, applying an electrical oscillating signal to the
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set of electrodes and determining at least one impedance
parameter over the set of electrodes.

[0045] By the invention it has been found that by basing at
least one and preferably all of the determinations of mean
diameter, elasticity related quantity or/and distension of the
vessel at the measuring site on determinations of one or more
impedance parameters, unperturbed determinations of
desired cardiovascular quantities can be obtained. By intro-
ducing impedance sensing as measurement parameter in
order to determine one or more of the physical quantities:
Mean diameter, elasticity, or/and distension, this provides for
a better prognostics and diagnostics value more representa-
tive of the subject blood pressure without affecting the state of
the subject, and thus ultimately the result thereof.

[0046] By the invention, determinations of cardiovascular
quantities can be performed with sensors provided on much
smaller body areas than prior art methods could be performed
on, in particular e.g. when previously using pressure cuffs. In
fact, when using only a single set of electrodes, this body-
area-usage can be minimized considerably. Further, the elec-
trode areas and also the measuring site may advantageous be
reduced in size considerably by proper selection of patch,
and/or electrode and/or wiring and/or processor and transmit-
ter/receiver technology, as is known to the skilled person.
This decreases the subject’s discomfort by wearing the elec-
trodes, e.g. on a substrate.

[0047] The impedance variations may in general be con-
verted to distensions AA (or Ad) by the equation, which has
been derived on the basis of an impedance model of the limb
(tissues within)

AA, M
T

AlL/Z) = o,

1is the length of the vessel part being subject to the field lines
by one set of electrodes, o is the Poisson ratio.

[0048] The at least one impedance parameter may be mea-
sured using a bridge, such as a Wheatstone bridge or a varia-
tion thereof; the method preferably comprises automatic bal-
ancing the bridge. Bridges of these types are well known in
the art.

[0049] Inoneembodiment both the real and imaginary part
of the measured impedance(s) are used in the determination
of the one or more cardiovascular quantities.

[0050] Inoneembodiment the mean diameter of the vessel
at the measuring site is an estimated mean diameter. The
estimated mean diameter may for example be estimated for a
specific patient on the basis of the type, size, gender, age
and/or condition of the patient and/or on earlier determination
of mean diameter at the measuring site or at another site of a
vessel of the patient.

[0051] Vessel dimensions vary significantly from person to
person. Merely estimating the mean diameter for a population
may therefore lead to cardiovascular quantity measurements
of undesired low accuracy.

[0052] Inoneembodiment the mean diameter of the vessel
at the measuring site is a determined mean diameter, e.g.
based on the measurements. Thereby a more exact mean
diameter can be obtained.

[0053] In one embodiment an electrical equivalent circuit
consisting of resistors and capacitors is established for the
impedance. The resistances of the resistors and the capacities
of the capacitors of the equivalent circuit depend on conduc-
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tivities, permittivities, and geometrical dimensions. Measur-
ing the complex impedance as time averaged values at a
multitude of frequencies and applying an a priori knowledge
about the electrical properties of tissue makes it possible to
establish a set of equations from which the time averaged
mean dimensions can be inferred and used as the determined
mean diameter.

[0054] The electrical properties of different types and com-
binations of tissues and ex vivo are well tabulated in the open
literature. However, the conditions encountered in vivo are
not in general described and do not in general allow clear
separations into the different tissues of the limbs. This is
particularly the case when measuring on skin on subcutane-
ous fat where vascularization in vivo can alter the electrical
properties considerably.

[0055] Measurements have been completed by applicant
performed on living persons at the inside of their upper arm
and having subcutaneous fat thicknesses ranging from below
1 mm to above 3 cm and have established this fact. But it also
demonstrated that a very simple model for in vivo conditions
can be applied, and thus the cardiovascular quantities can be
determined based hereupon.

[0056] In the frequency range from 1 kHz to 1 MHz one
may apply an equivalent circuit consisting of serial and par-
allel combinations of resistors and capacitors, where the fat
permittivity has a weak exponential dependence on frequency
with an exponent in the order of 0.1 and a resistance that is
almost constant in the regions, where the impedance is pre-
dominantly resistive.

[0057] In one embodiment the impedance for at least one
electrode set is determined in order to for obtain the mean
diameter.

[0058] In one embodiment one set of electrodes is applied
for excitation and another electrode set for detection. Using a
separate set of electrodes for detection, i.e. measurement can
reduce the influence from skin impedance, but at the expense
of introducing the complexity of a four-pole equivalent cir-
cuit.

[0059] In one embodiment the determination of the mean
diameter of the vessel at the measuring site comprises pro-
viding an electrical circuit, comprising a set of electrodes
being placed such that electric field lines between the set of
electrodes penetrate the vessel at the measuring site, applying
a plurality of electrical oscillating signals to the set of elec-
trodes wherein the plurality of electrical oscillating signals
comprises at least two different excitation frequencies and
determining an impedance between the set of electrodes for
each excitation frequency.

[0060] The plurality of impedance determinations may be
measured at different frequencies in the range from about 1
kHz to about 100 MHz. Frequencies above about 100 MHz
may be inadequate due to insufficient penetration into the
measuring site. In one embodiment, a first frequency (f1) is
selected in the range from about 1 kHz to about 1 MHz, a
second frequency (f2) is selected in the range from about 1
kHz to about 100 MHz, such as in the range from about 100
kHz to about 100 MHz, a third frequency is selected in the
range from 100 kHz to 1 MHz, and an optional fourth fre-
quency is selected in the range from about 10 kHz to about 10
MHz.

[0061] Inoneembodiment the different excitation frequen-
cies comprise a first frequency selected from about 1 kHz,
about 12 kHz and about 400 kHz, a second frequency selected
from about 12 kHz, about 400 kHz, about 1.6 MHz and about
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10 MHz, a third frequency from about 1 kHz, about 12 kHz,
about 400 kHz, about 1.6 MHz, and about 10 MHz, and an
optional fourth frequency selected from about 1 kHz, about
12 KHgz, about 400 KHz, about 1.6 MHZ, and about 10 MHz.
Alternatively, excitation with pulses can be applied. The tem-
poral width of the pulses should be equal to or smaller than the
reciprocal value of the spectral range that shall be covered.
One or more frequencies may be applied, either simulta-
neously or sequentially.

[0062] In one embodiment the method comprises deter-
mining the impedances of sets of electrodes for each excita-
tion frequency.

[0063] The method of determination of the mean diameter
using different excitation frequencies is based on the fact that
the electrical properties of fat, muscles and blood, respec-
tively, are very different. At about 400 kHz the permittivities
of blood and muscles are almost identical; at about 1 MHz the
electrical properties are again different. Other excitation fre-
quencies can be selected in accordance with the composition
of the selected limb.

[0064] In one embodiment the method comprises at least
one set of electrodes for excitation and at least one set of
electrodes for detection. In one embodiment, the excitation
electrode set may be provided up- or downstreams of the
vessel relative to the detection electrodes.

[0065] Alternatively, and preferably, one of the electrodes
in the excitation set and one electrode of the detection set is
provided up- or downstreams of the vessel in relation to the
other electrode in the detection set and the other electrode of
the excitation set in a crossing configuration, in which con-
figuration only the overlap between excitation field lines and
virtual detection field lines will contribute to the measured
signal. The influence from subcutaneous fat can then essen-
tially be eliminated from the signal. The crossing electrode
configuration is as follows: For each set of electrodes, the
electrodes are displaced both in the direction of the artery and
perpendicular to the artery in such a way that the connection
lines for excitation electrodes and detection electrodes,
respectively, crosses each other. The measured admittance,
which is the reciprocal impedance, is in this case given by the
sum of the muscle admittance and the vessel admittance in the
directions of the field lines. This configuration facilitates a
simpler estimation of both static and dynamic vessel proper-
ties e.g. relative to a configuration with just two electrodes,
because the influences from the subcutaneous fat is removed
from the calculations. Assuming that both muscle and blood
are incompressible implies that with this configuration the
distension can quantitatively be related to variations in
impedance.

[0066] According to the invention it has been found that
using both the real and imaginary part of the impedance a
much better determination of the mean vessel diameter can be
found than when only using either the real part or the imagi-
nary part for the determination of the vessel mean diameter.
[0067] Inorder toperform inverse calculation yielding esti-
mate of vessel mean diameter at the measuring site, it is
preferred to provide an a priory estimation of the anatomy at
the measuring site and adjacent area penetrated by field lines
or subsets of field lines, setting up a set of mathematical
equations based on this pre model for an equivalent lumped
parameter equivalent circuit for the impedance between the
set of detection electrodes, where the mathematical equations
represents the combined effect of the impedances along the
electric field lines and where at least one length part of field

Dec. 12,2013

lines passes through skin, one length part of at least one subset
of field lines passes through fat layer, one length part of a
subset of field lines passes through muscles and one length
part of a subset of field lines passes through the vessel and
determining the actual length part of field lines passing
through the vessel based on the measured impedance between
the set of electrodes at the least two different excitation fre-
quencies and the set of mathematical formulas. With separate
electrode sets for excitation and detection, respectively, it is
the overlap of field lines for the two sets of electrodes that
must be considered.

[0068] The set of mathematical formulas may for example
comprise an equation for each length part of field lines with
the length part of field lines as an unknown parameter.

[0069] In practice inverse calculation yielding an estimate
of vessel mean diameter at the measuring site may be done by
using a structural model for the cross section based on the
anatomy and comprising the measuring site and adjacent area
penetrated by set of field lines, specified by the types of tissue
beneath the measuring device, their effective cross-sectional
dimensions, the effective penetration areas of the electric field
lines therein, and the values of the permittivities and conduc-
tivities versus the excitation frequencies. Such a structural
model can be established on the basis of an NMR image, on
the basis of an image obtained by ultrasound, or an image
obtained with x-rays. Such NMR, ultrasound, or X-ray image
is of course not necessary for each individual where imped-
ance measurements are to be taken, because only a general
structural model is needed for each measuring site in ques-
tion.

[0070] In one embodiment the expression used for deter-
mining the mean diameter from the measured impedances
can for example be obtained by applying the “Solve” proce-
dure of the program “Mathematica” of Wolfram Research,
but other equation solvers known to a person skilled in the art
can be applied. A particularly preferred method of determin-
ing the mean diameter from the measured impedances is
shown in the examples below.

[0071] In still another embodiment the arterial dimensions
are estimated on the basis of a priori images of the patients
e.g. obtained by NMR image, ultrasound, X-ray, multifre-
quency excitation or a combination of two or more of the
mentioned methods.

[0072] The distension (also called vascular distension) AA
or Ad of'a vessel is obtained from the temporal variation of the
impedance.

[0073] Inoneembodiment of the invention the distension is
obtained using a commercial impedance analyzer, by use of
which impedance variations, optionally high-pass filtered
from low frequency variations, and mean impedance can be
determined. However, such an instrument is often unsuited
for ambulatory measurements and often is too bulky to be
mounted on the patient. Accordingly these methods are not
preferred but could be used in the general concept of the
method of the invention.

[0074] Themethod ofthe determination ofthe distension of
the vessel at the measuring site preferably comprises provid-
ing an electrical circuit comprising a set of electrodes such
that electric field lines between the set of electrodes penetrate
the vessel at the measuring site, and determining a temporal
variation of impedance between the set of electrodes.

[0075] As forthe determination of the mean diameter when
determining the distension, it is also here preferred to base the
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determination on both the real part and the imaginary part of
the impedance measurements retrieved from the detection
electrode or electrodes.

[0076] Inoneembodiment the determination of the disten-
sion of the vessel at the measuring site comprises determining
the maximal and the minimal impedance between the set of
electrodes, preferably the method comprises determining the
impedance as a function of time, determining the temporal
variation of impedance, and calculating the distension of the
vessel at the measuring site.

[0077] Inoneembodiment the method comprises applying
at least one set of electrodes within a selected distance to the
measuring site, applying an electrical oscillating signal to the
set of electrodes and determining at least one impedance
parameter selected from mean impedance, minimum imped-
ance, maximum impedance, temporal variations of imped-
ance, impedance as a function of time or a combination of two
or more of the before mentioned over the set of electrodes.
[0078] In an embodiment there is provided at least one
sensor comprising a set of electrodes electrically connected in
electrical circuit(s) such that electric field lines between the
electrodes penetrate the vessel at the measuring site, the
method comprises applying electrical oscillating signals over
the set of electrodes and determining at least one impedance
parameter of the set of electrodes as a function of time.
[0079] In one embodiment a voltage is applied to a set of
electrodes and the associated current is measured, for
example using the same set of electrodes.

[0080] In one embodiment a current is injected by a set of
electrodes and the associated voltage is measured, for
example using the same set of electrodes.

[0081] Inanembodiment the method comprises applying at
least one set of electrodes within a selected distance to the
measuring site, applying an electrical signal, such as an oscil-
lating current and/or voltage of at least one excitation fre-
quency, to the at least one set of electrodes, i.e. the excitation
electrode set, and determining the at least one impedance
parameter by measuring over said at least one set of elec-
trodes, i.e. the detection electrode set, where the excitation
electrode set and the detection electrode set constitutes the
same set.

[0082] In one embodiment a current is injected by a set of
electrodes and the voltage or voltages are measured with
different sets of electrodes.

[0083] Inorder to obtain vascular distension at the measur-
ing site time resolved signal measurements are preferably
applied. However, if the time averaged diameter is known, it
may be sufficient to measure the temporal impedance varia-
tions at one frequency.

[0084] One embodiment exploits the impedance of one
electrode set and an excitation frequency of about 1 MHz.
Other excitation frequencies are possible. However, it is pref-
erable to apply a relatively high frequency such as about 100
kHz or higher in order to minimize the impedance effects of
the skin. Because of the very small skin thickness capacitive
coupling through the skin can be exploited. The effectiveness
of this coupling increases with increasing frequency.

[0085] Another embodiment exploits two sets of elec-
trodes, one for excitation and one for detection.

[0086] The elasticity related quantity can for example be
vessel elasticity, vessel stiffness, pulse wave velocity, or other
elasticity related quantities from which the elasticity can be
calculated, preferably using the mean diameter and/or option-
ally using the distension.
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[0087] The determination of the elasticity related quantity
of the vessel at the measuring site preferably comprises detet-
mining the velocity of a pulse wave in the vessel at the
measuring site. The terms “velocity of a pulse wave” and the
“pulse wave velocity” or just “pulse velocity” are used inter-
changeably and mean the velocity with which the blood pres-
sure pulse travels along the vessel.

[0088] The propagation of pulses along vessels is essen-
tially an acoustical phenomenon. The pulse wave velocity is
much higher than the flow velocity and is for example in the
order of 5-15 m/s for the Brachial artery. The velocity is given
by the Moens-Korteweg equation. A modified version of this
equation, which takes Poission’s ratio into account, is as
follows

=V Eh2pr(1-0?) )

[0089] Where E is the elastic modulus of the vessel wall, h
is the wall thickness, p is the blood density, o is the Poisson
ratio, and r is the radius of the vessel. It is often assumed that
0=0.5 and that the wall thickness is typically less than one
tenth of the diameter. The term Exh/(1-07) can be determined
if v is measured, and r is obtained by evaluating the imped-
ance at several different frequencies. The conversion from
distension to pressure change can be performed if the term
Exh/(1-0%) is known.

[0090] Methods of inferring blood pressure from auxiliary
parameters like pulse wave velocity and flow velocity are
known in the art e.g. the method described in U.S. Pat. No.
5,309,916, in J. G. Thomas, “Continuous pulse wave velocity
recording for indirectly monitoring blood pressure in man”,
Medical and Biological Engineering and Computing, vol. 3
1964, pp321-322. Such measurements will in general require
calibration against a known standard blood pressure measur-
ing device.

[0091] Inanembodiment the method comprises applying at
least two sets of electrodes, a first and a second electrode set,
within a selected distance to the measuring site, applying an
electrical signal, such as an oscillating current and/or voltage
of at least one excitation frequency, to the first set of elec-
trodes, i.e. the excitation electrode set, and determining the at
least one impedance parameter by measuring over said sec-
ond set of electrodes, i.e. the detection electrode set, whereby
the excitation electrode set and the detection electrode set
constitutes different sets.

[0092] In one embodiment the determination of the veloc-
ity of a pulse wave in the vessel at the measuring site com-
prises placing at least two sensors with a selected spacing
between the electrodes of the sensors and separated in the
direction of the vessel covering a length section L of the
vessel comprising at least a part of the measuring site, and
determining the pulse as a function of time by each sensor and
thereby the velocity of the pulse wave. The sensor may be any
type of sensor capable of detecting a pulse. In order to have a
high accuracy, the sensor is preferably selected such that it
substantially does not interfere with the detected pulse.
[0093] Within this application, a sensor is defined as being
a substrate comprising at least one excitation and/or detection
element, such as one or more electrodes.

[0094] Inapreferred embodiment there is provided at least
two sensors, where each sensor comprises one set of elec-
trodes. The excitation frequencies of the two sets of elec-
trodes may preferably be slightly different in order to avoid
undesirable cross-coupling between the two electrode sets.
The first frequency may be about 1 MHz or higher and the
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second frequency may be about 900 kHz or lower. Providing
atleast two sets of electrodes, each setover a part of the vessel
to be measured, provides for a temporal recording of the pulse
propagating along the vessel. The spacing between the elec-
trodes may e.g. be from about 1 cm to about 50 cm, such as
about 30 cm, about 10 cm or about 3 cm. A small spacing is
preferable in order to comply with the required uniformity of
the mean arterial diameter, but the determination of the tem-
poral pulse separation becomes more affected by noise, unde-
sirable cross-couplings, and inaccuracies when approaching
smaller spacings.

[0095] The mean blood density has in the literature been
estimated to 1060 kg/m® for human beings. For other mam-
mals similar mean blood densities can be found by the skilled
person.

[0096] Inoneembodiment the pulse velocity is determined
by applying three sets of electrodes. One set is placed
between the two other sets, also above the vessel and used for
excitation. The two other sets are used for pulse detection.
The separation of the electrode set is along the direction of the
vessel. The electrodes of the electrode sets lie one on each
side of the vessel, perpendicular to the extension length of the
vessel.

[0097] In still another embodiment only one set of elec-
trodes is applied. The delay for determining the quantities is
obtained by exploiting a reflection from a bifurcation of the
vessel. Reflections in the arterial system are well known to
persons skilled in medical professions.

[0098] As for the determination of the mean diameter and/
or distension when determining the elasticity related quantity,
it may also here be desired to base the determination on both
the real part and the imaginary part of the impedance mea-
surements, however in most situations distension may be
based exclusively on the real part or on the absolute value of
the impedance.

[0099] The determination of the impedances from the elec-
trode signals may often require special signal processing. A
key problem is here that the dynamic part of the impedance is
very small in relation to the mean impedance. High perfor-
mance general purpose impedance measuring instruments
can be applied and use thereof is within the scope of the
invention. However, prior art high performance general pur-
pose impedance measuring instruments are generally bulky,
costly, and do often not provide for adequate temporal reso-
lution and other solutions as described below are therefore
preferred.

[0100] In one preferred embodiment a Wheatstone bridge
adapted to measuring complex impedances is applied. Such
bridges have in general shown to be beneficial to apply both
when determining mean impedancee.g. for the determination
of mean diameter of the vessel and when determining the
temporal variation of the impedance, e.g. in order to deter-
mine distension.

[0101] The bridge is preferably balanced with a feed-back
circuitry and is designed as known to a person skilled in the art
of servo control as a PID loop. The loop response time is set
to be larger than the expected time—also called temporal
spacing—between consecutive pulses. A simple adaptive
algorithm that adjusts to the minimum rms signal of the
bridge may also be applied.

[0102] Ina preferred embodiment the signal from the elec-
trodes is applied to a quadrature detector as it is known to the
skilled person.
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[0103] In one embodiment there is provided a first set of
detection electrodes, a second set of detection electrodes, and
a third set of excitation electrodes positioned between said
firstand second sets of electrodes, the latter being placed such
that at least the electrical field lines excited from the third set
of electrodes penetrate the vessel at the measuring site, where
preferably the third set of electrodes is placed in between the
first and second electrode sets.

[0104] In an embodiment of the method the determination
of the at least one impedance parameter is performed using
signal processing by at least one voltage follower and/or
instrumentation amplifier for sensing and amplifying the
input signal, and at least one mixer in order to demodulate the
impedance parameter for quadrature detection of the imped-
ance value of the amplified signals and an analog-to-digital
converter to quantizising the analog signal into a digital value.

[0105] 1. An oscillating current is applied to two elec-
trodes. The electrodes may be the middle set of elec-
trodes in a six electrode configuration. The frequency
lies in the 10 kHz to 10 MHz range, preferably in the 100
kHz to 1 MHz range.

[0106]
by
[0107] a. Bandpass filtering centered at the excitation

frequency.

2. The voltage of a set of electrodes is evaluated

[0108] b. Mixing (multiplying) the measured signal
with an in-phase signal and a quadrature signal both
derived from the oscillator. This provides for both the
real and the imaginary impedance parts of the signal.

[0109] c. The mixer outputs are lowpass filtered. Mix-
ing and lowpass filtering essentially provides for an
additional and very effective bandpass filtering that
automatically will be centered at the excitation fre-
quency (ensured by the reference signal from the
oscillator). The lowpass filter has a corner frequency
much higher than the pulse frequency (e.g. 100 Hz).
Transversal filters (finite impulse response filters) are
preferably used in order to ensure a constant delay
over the frequency range.

[0110] 3. Normalized correlation functions are calcu-
lated for record lengths of e.g. from 2 to 20 sec.

[0111] 4. A reference correlation function is defined,
which may be the correlation function of a skewed saw
tooth signal truncated by a Gaussian function.

[0112] 3. The reference function is fitted to the correla-
tion functions of the signal. The temporal scale is
obtained. (Note that both the reference and the correla-
tion functions are normalized, thus the axial scaling is
the only fitting parameter.)

[0113] 6. The reference function is evaluated for each of
the fits. The covariance of the correlation function and
the reference function is calculated for each of the fits
and with the correlation function corresponding to a
given fit. A threshold of acceptance is set. A typical value
is at 0.7 times the maximum covariance. This initial
covariance is obtained while the person is at rest.

[0114] 7. The temporal locations of the accepted corre-
lation functions are identified and the mean of the
maxima and minima, respectively, for the signal and
over a time interval corresponding to the interval over
which each of the correlation functions are evaluated.
The difference yields the impedance variations.
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[0115] The impedance variations may in general be con-
verted to distensions AA (or Ad) by the equation, which has
been derived on the basis of an impedance model of the limb
(tissues within)

AA, (H
T

Al/Z) = o,

1is the length of the vessel part being subject to the field lines
by one set of electrodes, o is the Poisson ratio.

[0116] In another embodiment the signal processing is per-
formed by a combination of thresholds and zero-crossings. It
may be performed as follows:

[0117] 1. A steady state situation is obtained by letting
the subject sit at rest for about one minute.

[0118] 2. The signal is bandpass filtered (as previously
described). The response time of the filter is about %5 of
the anticipated pulse spacing.

[0119] 3. The average of the maxima—each recorded on
a time-length given by the reciprocal filter bandwidth—
is evaluated.

[0120] 4. The zero-crossings are detected and the occur-
rence times of the crossings are recorded if the signal
within a time of /4 of the filter response time (reciprocal
bandwidth) exceeds 50% of the peak averaged.

[0121] 5. A subsequent zero-crossing must not occur
before %3 times the filter response time for acceptance of
the times recorded in 4.

[0122] 6. The maximum and minimum of signals fulfill-
ing the previous requirements are recorded for the dif-
ferential impedance and thus pulse pressure.

[0123] 7. The accepted zero-crossings of signals from
two channels (pulse velocity) are applied to estimate
time-of-flights.

[0124] Iftwo sets of electrodes are positioned on the same
limb the impedance loads of the two sets of electrodes may
interfere with each other. This may for example be circum-
vented by temporal multiplexing of the excitation signals.
[0125] In an embodiment of bridge detection balancing is
provided by simultaneous balancing of the electronic bridges
and preferably in conjunction with slightly different excita-
tion frequencies. The preferred excitation frequency is acom-
promise related to sensitivity and cross-coupling: a relatively
low conductivity of blood implies less spreading of field lines
along the length of the limp on which a measurement is
performed, but it also implies a relatively lower contribution
to impedance variations caused by variations of vessel diam-
eter. An excitation frequency of about 100 kHz seems to
provide a good compromise.

[0126] The temporal spacing between pulses associated
with the beating of the heart of the patient can be determined
or estimated and in practice a rough estimate is sufficient. For
humans the temporal spacing may e.g. be estimated to about
one second. For other mammals the temporal spacing may
e.g. be estimated to from about 0.1 second to about 10 sec-
onds. The feed-back circuitry implies that the bridge will be
balanced. In one embodiment only resistive components are
adjusted. A simple impedance calculation shows how an arbi-
trary change of the complex impedance of the test object can
be compensated by the purely resistive components. This
embodiment facilitates the use of electronically settable resis-
tors. In an alternative embodiment variocaps can be used as
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variable capacitors. They can for example be based on reverse
biased diodes or on MOS devices.
[0127] In one embodiment the method comprises deter-
mining or estimating temporal spacing between pulses of the
mammal preferably at the measuring site, determining the
mean impedance using a bridge and automatic balancing the
bridge through a feedback loop with a loop response time that
is similar to or larger than the temporal spacing between
pulses. The method preferably comprises adjusting at least
two resistance components of the bridge.
[0128] In one embodiment, the method comprises deter-
mining or estimating temporal spacing between pulses of the
mammal preferably at the measuring site, determining the
temporal variation of impedance using a bridge and automatic
balancing the bridge through a feedback loop with a loop
response time that is similar to or larger than the temporal
spacing between pulses, the method comprises determining
temporal variations of the imbalance of the bridge.
[0129] Inanembodiment for delay estimation in a configu-
ration with three sets of electrodes this is performed by pro-
cessing the signals from each set of detection electrodes as
previously described and cross-correlating the two demodu-
lated signals. The normalized cross-correlation function
obtained can then be validated with a reference function as
described above. The delay is then estimated from the dis-
placement of the first peak of the validated cross-correlation
function. The peak may be inferred by fitting a reference
fanction to the measured function. The reference function
may be approximated by a parabola. The excitation is applied
to the excitation electrode set placed between the detection
electrodes.
[0130] In an embodiment for delay estimation this is done
by zero-crossing detection and validation as previously
described. The delay is inferred from the difference of the
zero-crossings of the signals from the two detection elec-
trodes.
[0131] A single forward propagating pulse at the Radial
artery can be modeled by the following expression:
At =alsin(me/t Jexp(~#/t,)2)H(1-)(L-exp(=2/t3)}]x

[unitstep(#)-unitstep(z-1)] (2a)
[0132] In one embodiment a fitting procedure is applied to
provide estimates of't,, t,, and t;. Other mathematical expres-
sion can be applied and adapted to the particular place on the
body where the measurement takes place.
[0133] In one embodiment a relatively simple way of esti-
mating the delay is applied. The spacing between sets of
electrodes is selected to be so small that the temporal width of
the pulses is substantially smaller than the pulse delay from a
first set of electrodes to a second set of electrodes. This will
normally imply a spacing of about 15 ¢m or smaller for
human beings.

[0134] An estimator is defined by the following expression:
wlp (Op(=n)def(p' (1) dt ®
[0135] Inanother embodiment with a spacing between sets

of electrodes that is larger than about 15 cm the error using the
above estimator may become unacceptable. The estimation is
modified to incorporate an iterative procedure like in a Delay
Locked Loop where the delay of a delay line is continuously
updated by a control loop to match the delay of one signal
relative to another signal.

[0136] Itis noted that those parts of a signal with the steep-
est gradient with respect to time generally provide for the best
determination of the temporal location. It is also noted that the
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first part of a pulse is considered preferable for pulse wave
velocity measurements. These facts imply that for pulse
velocity measurements high-pass filtered signals should pref-
erably be applied. The extent to which high-pass filtering can
be applied is determined by the possible appearance of small
feature differences of the signals and by noise. In an embodi-
ment a high-pass filter up to 1 Hz is applied. In another
embodiment high-pass filtering is performed up to 100 Hz.
[0137] In yet another embodiment a general procedure is
applied: a cross-correlation function is calculated on the basis
of measured values and a model cross-correlation function is
fitted to the calculated cross-correlation function with the
delay as a fitting parameter.

[0138] Pulses measured on different subjects will typically
be of different shapes because of the effects of reflections and
changes of the vascular structure and because distances from
the heart to the measuring site are different. The reflections
are in general undesirable. The effects can be minimized by
filtering the observed pulse with a filter matched to the
expected forward propagating pulse.

[0139] Incertain situations some of the fluctuations may be
within the same general bandwidth as the desired signal. Thus
it may not be possible to remove these undesirable fluctua-
tions by simple filtering. However, the fluctuations are gen-
erally not synchronous with the heartbeat which means that
they may be removed in other ways.

[0140] This fact can be exploited in several ways and in
particular by:

[0141] Conditional averaging where a large set of mea-
sured pulses are displaced by an amount given by the
sum of pulses to a given pulse from a defined reference
pulse. These pulses are then averaged. Fluctuations that
are not synchronous with the heartbeat will tend to van-
ish in the averaging process. If pulse characteristics vio-
late preset values, which are adapted from an identified
quasi-periodic sequence of the first measured sequence,
the sequence may be discarded. The reference pulse can
be obtained from an ECG signal, which typically is well
defined in time, or from a selected pulse of the imped-
ance signal. It is noted that this procedure may work
even if the phase of the pulse exhibits small (less than
about 10%) variations.

[0142] A scheme similar to a Phase Locked Loop. The
oscillator of the loop will in general generate quadrature
signals. The quadrature signal is by multiplication with
the input signal used for generating an error signal,
which facilitates the lock of the loop. The in-phase sig-
nal multiplied with the input signal is used as a lock
indicator. However, in the present case the signal corre-
sponding to the in-phase signal should not be sinusoidal
but a quasi-repetitive signal with a signal form given by
the expected pulse shape. The signal corresponding to
the quadrature signal can be the derivative of the input
signal, a phase displaced version of the signal with a
mean of zero. Hilbert transform of a signal has also
proven to provide for a good error signal in the loop.

[0143] In one embodiment of the method of the invention,
the calculation of at least one cardiovascular quantity from
the determined mean diameter, elasticity related quantity and
distension of the vessel at the measuring site, comprises cal-
culating a systolic blood pressure, calculating a diastolic pres-
sure and/or calculating a vascular compliance.

[0144] In order to obtain the differential pressure (the dif-
ference between the systolic and the diastolic blood pressure)
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and the absolute pressure (the diastolic pressure) a relation
between pressure and vessel radius is to be applied. The
vessel exhibits a nonlinear relation between pressure and
radius. At low pressures the vessel is very elastically domi-
nated by the elastin fibers. At higher pressures the vessel
appears stiffer; the properties are dominated by collagen
fibers. It is also noted that a transmural pressure (pressure
difference over the wall) of zero does not imply a zero radius.
A negative transmural pressure is needed for a complete
collapse of the vessel.

[0145] Inoneembodiment of the calculations the wall may
be assumed to be incompressible, thus the cross-sectional
area and the mean diameter of the wall are constant. For
positive transmural pressures the following relation is
applied:

PPy 4rb-p, )

[0146] The expression is adopted from: Gary Drzewiecki,
Shawn Field, Issam Moubarak, and John K.-J. Li. “Vessel
growth and collapsible pressure-area relationship”, Am J
Physiol Heart Circ Physiol 273: H2030-H2043, 1997, Equa-
tion (7a); the cross-sectional lumen area A given by mr”. The
quantities P, b, A,, and P, are constants specific to the sub-
ject, e.g. the patient, and to the location of the measuring site
upon the mammal.

[0147] It is noted that estimation of differential and abso-
lute pressure can be based on other assumed functional rela-
tionships of pressure to vessel radius as long as the relation-
ship is monotonic and nonlinear, which means that the
gradient does not change sign.

[0148] Theabove givenrelation of pressureto radius is only
valid for rAzA,; A, is the value where buckling will emerge
if the pressure is lowered further. Extrapolations made on the
basis of experimental data actually imply that P, as given by
Eq. (4) would have to be zero at r=0. This fact implies that Eq.
(4) can be simplified to the following expression:

P =Pl @r_1) )

[0149] Itis noted that an exponential relation can generally
be assumed for relations of pressure to vessel cross-section.
For very large pressures close to the pressure where the vessel
may burst, this relation is no longer valid.

[0150] The pulse velocity can be expressed in terms of
3P/ar=AP/Ar by combining Egs. (1) and (5), which yields

_faPa _ [apa ©
"TyaAp TNy

[0151] Equation (6) is essentially the Bramwell and Hill
equation assuming that the longitudinal expansion of the
vessel is negligible. The pulse velocity depends on the radius
of the vessel as can be seen from Eq. (1). For relative disten-
sions much smaller than unity the actual value of r can be
substituted by the mean value of r. The distension variations
are typically smaller than about 10%. For larger variations
nonlinear effects may be considered. Nonlinear effects imply
a pulse broadening because the velocity decreases with
increasing radius. This effect is contrary to the fact that the
tapering of the arteries implies a pulse sharpening.

[0152] Having measured v, A, AA, and obtaining the den-
sity p from tabulated values facilitates the calculation of AP
from Eq. (6).



US 2013/0331678 Al

[0153] The absolute pressure can in one embodiment be
obtained from Eq. (5). In order to do this the two parameters
P'andr,' are evaluated. Two values of r are known from steps
ii and iii namely {r, r+Ar}. Actually a whole range of values
for the vessel radius between r and r+Ar will usually be known
from steps ii and iii, but only two values are needed to detet-
mine {P', r,'}.

[0154] Vascular compliance is defined as the change of
vascular volume over the pressure change, i.e.

2or g

Ve AV /AP =l

where

1 is the length of the vessel part being subjected to the mea-
surement by one set of electrodes,

r, is the radius of the vessel at the systolic pressure P_ and
r, 1s the radius of the vessel at the diastolic pressure P,,.
[0155] The method of the invention may further comprise
determination of one or more additional dimension(s) of the
vessel at the measuring site, such as the thickness of a vessel
wall, amaximum diameter of the vessel, a minimum diameter
of the vessel, a temporal variation of the vessel diameter
and/or vessel diameter as a function of time. The additional
dimension(s) may be determined using a similar method as
when determining the mean diameter.

[0156] The method may further comprise determination of
pulse rate.
[0157] It is generally desired that the method is non-inva-

sive. Preferably, the method does not comprise application of
pressure to the vessel. More preferably, the method is sub-
stantially non-interfering, preferably such that the patient
does not feel it when specific determinations are performed.
The method may be performed as a continuous, a semi-
continuous or a stepwise determination of the selected car-
diovascular quantity/quantities.

[0158] The invention also relates to a cardiovascular quan-
tity system for determining at least one cardiovascular quan-
tity in a vessel of a mammal. The cardiovascular quantity
system comprises

[0159] aplurality of sets of electrodes where each set of
electrodes can be attached to a skin surface of the mam-
mal such that capacitive coupling through the skin sur-
face and between the electrodes of the set of electrodes
1s provided when an electrical signal, such as a current or
avoltage is applied over the electrodes at the measuring
site;

[0160] electrical elements for applying the electrical sig-
nal, e.g. an oscillating signal over the respective sets of
electrodes;

[0161] at least one processor and memory unit arranged
to receive electrical response signals from the respective
sets of electrodes; wherein processors are designed and
programmed to calculate the at least one cardiovascular
quantity according to the method of the invention as
described above based on the electrical response signals
from the respective sets of electrodes.

[0162] The sets of electrodes may be as described above. In
one embodiment the one or more sets of electrodes are
applied on a flexible housing e.g. a patch for example as
described in WO 2007/000164 and/or in WO 2010/057495.
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[0163] The housing/patch optionally in combination with
the electrodes may be reusable or disposable. The voltage
may be applied from any electrical element e.g. a battery. The
power source may be releasably connected to the electrodes,
which makes it simpler to apply disposable housing/patch for
the electrodes. The electrodes may be fixed to the patch at
pre-selected positions.

[0164] The cardiovascular quantity system may comprise
one or more processor and one or more memory units, where
a memory unit and a processor or several of these may be
combined in one single unit or they may be in the form of
several separate units. The processor or the processors
together are designed and programmed to calculate at least
one cardiovascular quantity based on signals from the respec-
tive sets of electrodes.

[0165] In one embodiment the processor or the processors
together are programmed to calculate a mean diameter, an
elasticity related quantity and a distension of a vessel at a
measuring site based on signals from the respective sets of
electrodes.

[0166] In one embodiment the processor or the processors
together are programmed to calculate at least one cardiovas-
cular quantity based ondetermination of mean diameter, elas-
ticity related quantity and distension of the vessel at a mea-
suring site.

[0167] In one embodiment the processor or the processors
together are programmed to calculate a systolic blood pres-
sure, a diastolic pressure and/or calculating a vascular com-
pliance based on determination of mean diameter, elasticity
related quantity and distension of the vessel at a measuring
site.

[0168] In one embodiment at least one memory unit is
directly coupled to the sets of electrodes for storing deter-
mined values of impedance.

[0169] In one embodiment at least one processor unit is
directly or wireless coupled to the sets of electrodes for pre-
processing the values of impedance but without performing a
final calculation of a systolic blood pressure, a diastolic pres-
sure and/or calculating a vascular compliance.

[0170] The pre-processing preferably comprises determi-
nation of at least one of at least one impedance parameter
selected from mean impedance, minimum impedance, maxi-
mum impedance, temporal variations of impedance, imped-
ance as a function of time or a combination of two or more of
the before mentioned impedance parameters over a set of
electrodes. In one embodiment the pre-processing comprises
determination of a mean diameter, an elasticity related quan-
tity and a distension of a vessel at a measuring site based on
signals from the respective sets of electrodes.

[0171] In one embodiment at least one memory unit and at
least one pre processing processor are incorporated in a local
patient unit, the local patient unit may be in direct or in
wireless data connection with the respective sets of elec-
trodes. The local patient unit may for example be adapted to
be carried by the patient or be adapted to be placed in the
patient’s home or in the environment where the patient is
expected to be. In one embodiment the local patient unit is
incorporated in a PC or a mobile phone.

[0172] In one embodiment at least one processor incorpo-
rated in a main processor unit, which processor or processors
are programmed to calculate a systolic blood pressure, a
diastolic pressure and/or calculating a vascular compliance
based on data obtained from the local patient unit. The local
patient unit and the main processor unit may be adapted to
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provide data communication by a direct connection or a wire-
less connection. In one embodiment the data from the local
patient unit can be transmitted to the main processor unit via
Internet.

[0173] Ttis to be noted that although one advantage of the
inventive method is that it now is possible to provide accurate
measurements on vessels without having to apply a counter
pressure to the limb comprising the vessels, it has been real-
ized that the inventive method can also be performed while a
counter pressure is in fact being applied. A counter pressure
of about 40 mmHg will have a negligible effect on the mea-
surements performed upon the arteries, but will essentially
squeeze the veins so that no blood is present herein, which
simplifies the determination of the artery cross-section. Mea-
suring the distension as a function of the external pressure
applied can also have a diagnostic or prognostic value in its
own right.

[0174] It should be emphasized that the term “comprises/
comprising” when used herein is to be interpreted as an open
term, i.e. it should be taken to specify the presence of specifi-
cally stated feature(s), such as element(s), unit(s), integer(s),
step(s) component(s) and combination(s) thereof, but does
not preclude the presence or addition of one or more other
stated features.

[0175] All features and embodiments of the inventions
including ranges and preferred ranges can be combined in
various ways within the scope of the invention, unless there
are specific reasons not to combine such features.

[0176] Further scope of applicability of the present inven-
tion will become apparent from the detailed description of
examples and embodiments given hereinafter. However, it
should be understood that the detailed description and spe-
cific examples, while indicating preferred embodiments of
the invention, are given by way of illustration only, since
various changes and modifications within the spirit and scope
of the invention will become apparent to those skilled in the
art from this detailed description.

DESCRIPTION OF DRAWINGS

[0177] The invention will be explained more fully below in
connection with a number of examples and with reference to
the drawings.

[0178] FIG.1isa schematicillustration of a cardiovascular
quantity system of the invention.

[0179] FIG. 2 illustrates an electrode configuration which
may be used in the method of the invention.

[0180] FIG. 2aq illustrates another electrode configuration
which may be used in the method of the invention.

[0181] FIG. 3 shows a cross-sectional view of an upper arm
in a lateral cut.
[0182] FIG. 3a shows a cross sectional view of an upper

arm in a longitudinal cut of an electrode configuration in a
method of the invention.

[0183] FIGS. 4a and 4 show some values for permittivity
(a) and conductivity (b), respectively, as a function of the
excitation frequency for different types of tissue.

[0184] FIG.5ais aschematic illustration of a first electrical
diagram equivalent to the tissue cross-section based on an a
priori model for the anatomy.

[0185] FIG. 554 is a schematic illustration of a second elec-
trical diagram equivalent 1o a tissue cross-section based on an
a priori model for the anatomy.

[0186] FIG. 6 is a schematic illustration of determining a
temporal variation of impedance using a bridge.
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[0187] FIGS.7aand 75 are schematic illustrations of deter-
mining mean impedance and impedance fluctuations using a
bridge.

[0188] FIGS. 8a and 85 are schematic illustrations of cal-
culated variations of the real (a) and the imaginary (b) parts of
the impedance, respectively, associated with a heartbeat.
[0189] FIG. 9a is an illustration of temporal variations of
the absolute value of a measured impedance for one electrode
configuration.

[0190] FIG. 94 is an illustration of temporal variations of
the absolute value of a measured impedance for three differ-
ent subjects.

[0191] FIG. 104 shows the measured (solid line) and fitted
mean impedances for two electrode as a function of the exci-
tation frequency.

[0192] FIG. 105 shows the measured absolute value of the
impedance (solid line) with two electrodes and the function
fitted to the measured values.

[0193] FIG. 11 shows a measured and a fitted single pulse.
[0194] FIG. 1 shows the system lay-out of an embodiment
of the system according to the invention where a sensor patch
1 comprising at least one not shown set of electrodes on a
substrate is applied to the skin of a patient proximately to the
patient’s Brachial artery 2. The patch 1 is positioned in a
distance from respectively the Radial artery 3, the Ulnar
artery 4 and the Carotid artery 5. The system further includes
a voltage or current generator (not shown) providing the
electrical excitation signal for the electrodes on the sensor
patch 1. The system comprises a reading and processing unit
6, optionally comprising a memory unit, for reading, process-
ing, and optionally storing the measured response from said
electrodes. The system may also comprise a computer 6a. The
reading and processing unit 6 is wirelessly and/or by wire 7,
8 connected to the sensor patch 1 and/or to the computer 6a.
The computer 6a 1s programmed to perform the desired cal-
culations of the method of the invention and may for example
calculate key parameters of medical relevance and provide for
a graphical interface. In variations of the system, one or more
calculations are performed in the reading and processing umt
6, which can be positioned locally on the patch, and/or be
positioned on the subject as shown, and/or entirely remotely,
and can be provided by one or more processing units herein.
[0195] FIG. 2 shows a typical electrode configuration for
measuring impedances at two locations. The electrodes 11a,
115, 11¢, 11d are attached to a patch 10 which e.g. can be
attached by adhesive to the skin 9 of the patient. The elec-
trodes 11a, 115, 11¢, 11d are grouped into two sets 12, 13 of
electrodes. The electrodes 11a, 115, 11¢, 114 are connected
by electrically screened conductive elements 15, such as
polymer insulated metal wires to an electronic unit 14. Each
set of electrodes 12, 13 consist of two electrodes 11a, 115;
and 11c, 114, respectively. When four electrodes are applied
as shown, two electrodes of a first set may be used for exci-
tation and two other electrodes ina second set may be used for
measurements.

[0196] An oscillating current generator (not shown), such
as a Howland generator or other type of steady current gen-
eratoris used for excitation of the at least two electrodes inthe
first set. It may be an advantage to use a current generator in
order for the generator to exhibit an almost infinite self
impedance. However, a voltage generator or other generator
may be applied instead, if the self impedance is then after-
wards eliminated in the calculations. Preferably, oscillating
electrical energy is used for the electrical excitation.
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[0197] 1InFIG. 2, the first electrode set 12 may be used for
excitation, and the second electrode set 13 may be used for
detection. Alternatively, a cross-link configuration may be
used instead, applying excitation current or voltage over elec-
trodes 11a and 11d, and measuring over electrodes 11¢ and
115, or vice versa.

[0198] FIG. 2a shows an electrode configuration with one
electrode set for excitation and two sets for detection, a six
electrode configuration. The electrodes 11a, 115, 11¢, 114,
11e, 11fare attached to or provided in a patch 10a which e.g.
can be attached by adhesive to the skin 9 of the patient. The
electrodes 11a, 116, 11¢, 114, 11e, 11fare grouped into three
sets 12a,12b,13a of electrodes 11a, a first set 12a comprising
electrodes 11a, 115, a second set 125 comprising electrodes
11c¢, 114, and a third set comprising electrodes 11e, 11f,
respectively. Each of the electrodes 11a, 115, 11¢, 114, 11e,
11fis connected by electrically screened conductive elements
15a to an electronic unit 14a. FIG. 3 shows a simplified
reconstruct of a cross-section in a transversal cut of the upper
arm, as may e.g. be obtained with MR imaging, for a healthy
young male. It is seen that in the shown cross section the
upper arm comprises a Brachial artery 16, veins 17, a nerve
18, a bone 19, a fat layer 20, muscles 204, and skin 21.
[0199] FIG. 3a shows in a longitudinal cut a cross-section
of the arm as shown in FIG. 3 being applied two electrode
sets, e.g. the two outer electrode sets 12a, 126 of FIG. 2a.
Excitation is here illustrated with excitation e.g. from a cur-
rent or voltage generator positioned on the patch or remotely
from the patch, through electrodes 11a and 11d. Thus, an
electrode 11a from the first electrode set 12a and an electrode
114 from the second electrode set 125 in a crossing field line
configuration is applied here. The current may be applied on
electrode 11a and electrode 114 when using oscillating cut-
rent. The resulting field lines of such type of excitation is
indicated with the broken lines life.

[0200] Detection is correspondingly performed using elec-
trodes 115 and 1lc, e.g. by providing a suitable detection
device 11cc over these two electrodes which measures the
response to the electrical excitation as given by the properties
of the arm. Virtual “field lines” 11gd are indicated on F1G. 34,
which are to be construed as the field lines that would have
been associated with electrodes 115 and 11¢, if they had been
excited.

[0201] Such cross configuration of electrodes for excita-
tion/detection facilitates a determination method wherein the
effect of e.g. skin and/or subcutaneous fat is negligible,
because it has surprisingly been verified by Applicant by a
detailed analysis and verified by a series of measurements that
only the region of “overlapping” field lines, i.e. the inner
region of the arm, will contribute to the impedance measure-
ment, which effectively “cuts” away the contribution from the
exterior subcutaneous fat.

[0202] FIGS. 4a and 45 shows typical values for permittiv-
ity (a) and conductivity (b), respectively, as a function of the
excitation frequency for different types of tissue and forblood
as it can be found in the open literature and as provided by
models in use today. It has been found during these test
measurements that these model values, which have been col-
lected ex vivo, do not apply to vascularised tissues, however
correlates well with the model values of blood in vivo.
[0203] FIG.5a shows an electrical equivalent circuit for the
impedance between any two electrodes. The electrical
equivalent circuit is to be construed as comprising a number
of sub circuits 22, 23, 24 and 25 which are set in parallel
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and/or series in accordance to an a priory estimation of the
anatomy at the measuring site and adjacent area penetrated by
the field lines of the set of detection electrodes in question.
The sub circuits 22, 23, 24 and 25 illustrate a sub circuit 22
equivalent to the skin, a sub circuit 23 equivalent to the outer
fat layer, a sub circuit 24 equivalent to the muscles, and a sub
circuit 25 equivalent to the blood vessel or vessels. The
muscles 24 are in this representation provided in parallel with
the vessel or vessels 25. By establishing a set of mathematical
formulas for the impedances using such representation the
mean diameter of the vessel can be determined based on
impedance measurements at a number of different oscillation
frequencies.

[0204] FIG. 55 shows another electrical equivalence cir-
cuit, wherein the representation is further detailed. The sub
circuit 244 in series with the vessel or vessels 25 represents
the part of the muscles in the arm, which are entered into by
the field lines of one set of electrodes at the same line-of-view
as the vessel or vessels 25, which are being measured upon,
i.e. mainly the Bracial artery 16. The remaining muscle part
contribution is provided as a sub circuit 24« in parallel with
the “seen” muscle part 245 and the vessel or vessels 25.
[0205] FIG. 6 illustrates a concept of a signal processing
loop to track the phase of the signal, validate its coherence
with the heartbeat and evaluate the impedance variations that
are synchronous with the heartbeat. The signal processing
loop and related loop comprise a first and a second multiplier
27a, 270, an integrating and a low-pass filter 28, a waveform
generator 29 that provides quadrature outputs, an averaging
circuit 30, a maximum and minimum detection circuit 31, a
threshold validator 32 and a squaring and averaging unit 33.
[0206] The input signal 26 is the detected impedance sig-
nal, e.g. over the detection electrode set 115, 11¢, which is fed
to the loop system. The waveform generator 29 generates two
signals where the repetition frequency is controlled by the
output of the integrating and low-pass filter 28. The signal for
the second multiplier 275, which is not a part of the loop, is the
expected pulse signal having a fixed amplitude; the signal
entering the first multiplier 27a, which is a part of the loop, is
orthogonal to the signal 26 in such a way that the averaged
multiplier output of the first multiplier 27¢ provides an error
signal: If the repetition frequency is higher than the pulse
frequency, the error signal is negative and if the repetition
frequency is lower than the pulse frequency, the error signal is
positive. If a proper i.e. an accepted input signal exists, the
waveform generator 29 will generate a signal of the same
repetition frequency. By multiplying the in-phase signal of
the waveform generator with the input signal 26 and averag-
ing by the averaging circuit 30 in order to eliminate higher
harmonics, a correlation of the input signal 26 and the signal
of the waveform generator is obtained as an output signal
from the averaging circuit 30. A maximum/minimum detec-
tor 31 will then provide outputs 34 representing the maximum
and minimum impedances measured, corresponding to the
systolic pressure and diastolic pressure, respectively. The
output signal from the averaging circuit 30 is also validated in
the threshold validator 32 and only accepted if the averaged
output of the second multiplier 275 normalized with the input
signal power exceeds a pre-set threshold. The input signal
power is obtained from the squaring and averaging unit 33,
which implies squaring and averaging of the input signal 26.
[0207] FIGS. 7a and 74 illustrate the use of impedance
bridges for extracting both the mean impedance and the
impedance fluctuations of the detected values. FIG. 7a shows
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a bridge with one fixed impedance 37 and two adjustable
impedances 38, 39 and an object impedance 36, i.e. the sub-
jectimpedance. An excitation signal is provided by generator
40. The balance of the bridge is measured at measuring posi-
tion 41. The adjustments may be performed manually, but are
preferably performed automatically over the measurement
time period, e.g. by a processing unit.
[0208] FIG. 75 shows a alternative type of bridge realisa-
tion providing the advantage of regulating the impedances
automatically, resulting in a higher resolution of and the
removal of disturbances in the output signal. The adjustable
impedances 43, 45 are preferably purely resistive. The fixed
impedance 42 is also preferably purely resistive. With the
capacitor 46 it is possible to compensate for any arbitrary
impedance 47. The excitation signal is provided by the cur-
rent generator 44 and the bridge balance is measured at mea-
suring position 48. A control device or processor 48a provides
settings of the adjustable impedances 43, 45 respectively,
based on the bridge balance signal measure at the measuring
position 48.
[0209] The skilled person is also familiar with other types
of bridge and non-bridge signal measurement methods
known in the art, which may be applied in order to measure or
illustrate the impedances over the measurement electrodes.
Any suitable of these may be applied or combined with the
present invention.
[0210] FIGS. 8a and 84 shows the calculated variations of
the real (a) and the imaginary (b) parts of the impedance,
respectively, associated with a heartbeat.
[0211] FIG. 9a shows a trace of the temporal variations of
the absolute value of the impedance measured with electrodes
placed between the Biceps and Triceps muscles. Each elec-
trode area is around 100 mm* and the spacing between the
centres of the electrodes is around 30 mm.
[0212] FIG. 95 shows three trace of the temporal variations
of the pulse pressures in mmHg relative to the mean arterial
pressure, one for each of three different subjects measured
with electrodes placed between the Biceps and Triceps
muscles. Each electrode area is around 400 mm?® and the
spacing between the centres of the electrodes is around 30
mm. The top trace is the result for a healthy young male; the
middle trace is for an elderly female with a very high systolic
blood pressure and a low body mass index; the bottom trace is
for a middle aged male with a very high blood pressure and a
very high body mass index.
[0213] FIG. 10¢ shows the measured mean impedance
characterized by an absolute value and a phase for electrodes
on the patch placed on the inside of the upper arm as a
function of the excitation frequency. The electrode areas are
400 mm?® and the spacing between the centers of the elec-
trodes perpendicular to the artery is 50 mm.
[0214] FIG. 105 shows the measured absolute value of the
impedance (solid line) in Ohms measured at the upper arm
with electrodes as in FIG. 10a. as a function of the frequency
in the range between 1 kHz to 1 MHz and also shows the
function fitted to the measured impedance (broken line),
which thus demonstrates a very good fit to the established
model.
[0215] FIG. 11 shows a measured and a fitted single pulse.
The pulse is measured at the Radial artery.

1. A method of determining at least one cardiovascular
quantity of a mammal, the method comprises

(1) selecting a measuring site of a vessel,

(i1) determining or estimating a mean diameter of the vessel

at the measuring site;
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(iii) determining a pulse wave velocity and/or another elas-
ticity related quantity of the vessel at the measuring site;

(iv) determining a distension of the vessel at the measuring
site; and

(v)calculating the at least one cardiovascular quantity from
the determined mean diameter, elasticity related quan-
tity and distension of the vessel at the measuring site.

2. A method as claimed in claim 1, wherein the vessel is an
artery, such as a Brachial artery, a Radial artery, an Ulnar
artery, a Femoral artery, a Digital artery or a Carotid artery.

3. A method as claimed in any one of claims 1 and 2,
wherein the method comprises applying at least one set of
electrodes comprising at least two electrodes within a
selected distance to the measuring site, applying an electrical
signal to the electrodes, and providing that electric field lines
from the electrodes penetrate the vessel at the measuring site.

4. A method as claimed in claim 3, wherein each of the
electrodes of the at least one set of electrodes being attached
to a skin surface of the mammal, preferably by adhesive
attachment.

5. A method as claimed in any one of claims 3 and 4,
wherein the at least one set of electrodes comprises at least
two electrodes which are applied with selected distance or
distances to each other, preferably on or within one or more
substrates.

6. A method as claimed in any of the preceding claims,
wherein there is provided at least one sensor comprising a set
of electrodes electrically connected in electrical circuit(s)
such that electric field lines between the electrodes penetrate
the vessel at the measuring site, the method comprises apply-
ing electrical oscillating signals over the set of electrodes and
determining at least one impedance parameter of the set of
electrodes as a function of time.

7. A method as claimed in claim 6, wherein the method
comprises applying at least one set of electrodes within a
selected distance to the measuring site, applying an electrical
signal, such as an oscillating current and/or voltage of at least
one excitation frequency, to the at least one set of electrodes,
i.e. the excitation electrode set, and determining the at least
one impedance parameter by measuring over said at least one
set of electrodes, i.e. the detection electrode set, where the
excitation electrode set and the detection electrode set con-
stitutes the same set.

8. A method as claimed in claim 6, wherein the method
comprises applying at least two sets of electrodes, a first and
a second electrode set, within a selected distance to the mea-
suring site, applying an electrical signal, such as an oscillat-
ing current and/or voltage of at least one excitation frequency,
to the first set of electrodes, i.e. the excitation electrode set,
and determining the at least one impedance parameter by
measuring over said second set of electrodes, i.e. the detec-
tion electrode set, whereby the excitation electrode set and the
detection electrode set constitutes different sets.

9. A method as claimed in any one of the claims 6-8,
wherein the determination of the at least one impedance
parameter is performed using a bridge, such as a Wheatstone
bridge or a variation thereof, the method comprises balancing
the bridge, preferably automatic balancing the bridge.

10. A method as claimed in any one of the claims 6-9,
wherein the determination of the at least one impedance
parameter is performed using signal processing by at least
one voltage follower and/or instrumentation amplifier for
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sensing and amplifying the signal from the detection elec-
trodes, and at least one set of mixer for demodulation of the
signal by quadrature detection, and amplifying the demodu-
lated signal, comprising an in-phase signal and the quadrature
signal, by a known value.

11. A method as claimed in any one of the preceding
claims, wherein the determination or estimation of the mean
diameter comprises estimating the mean diameter, determin-
ing the mean diameter using multi frequency excitation or a
combination of two or more of the mentioned methods.

12. A method as claimed in any one of the preceding
claims, wherein the determination of the mean diameter of the
vessel at the measuring site comprises providing an electrical
circuit comprising at least one set of electrodes such that
electric field lines between the set of electrodes penetrate the
vessel at the measuring site, applying a plurality of electrical
oscillating signals to the set of electrodes wherein the plural-
ity of electrical oscillating signals comprises at least two
different excitation frequencies and determining an imped-
ance between the set of electrodes for each excitation fre-
quency, the method comprises determining the impedance
between the set of electrodes for each excitation frequency,
the excitation frequencies preferably comprises at least one
frequency of about 1 kHz or higher, such as at least one
frequency of about 100 kHz or higher, such as at least one
frequency of about 1 MHz or higher.

13. A method as claimed in claim 12, wherein the determi-
nation of the mean diameter of the vessel at the measuring site
comprises providing an a priory estimation of the structure of
the cross-section anatomy at the measuring site and adjacent
region penetrated by the field lines of the set of electrodes,
setting up a set of mathematical formulas based on this a
priory estimation by an equivalent circuit for the impedance
between the set or sets of electrodes, where the mathematical
formulas divide electric field lines into at least one length part
of field lines passing through skin, one length part of field
lines passing through fat layer, one length part of field lines
passing through muscles and one length part of field lines
passing through the vessel and determining the actual length
part of field lines passing through the vessel based on the
measured impedance between the set of electrodes at the least
two different excitation frequencies and the set of mathemati-
cal formulas.

14. A method according to claim 12 or 13 wherein four
electrodes are applied and an excitation current is applied to at
least afirst set of electrodes comprising at least two electrodes
that are configured in such a way that when applied to the skin
they are displaced both in the direction of the artery and
perpendicular to the artery, and a voltage is measured on at
least a second set of electrodes comprising at least two elec-
trodes that are configured in such a way that when applied to
the skin they are displaced also in the direction of the artery
and perpendicular to the artery, and configured in such a way
that the diagonals of the first and second set of electrodes are
crossing.

15. A method as claimed in any one of the preceding
claims, wherein the determination of the elasticity related
quantity of the vessel at the measuring site comprises detet-
mining pulse wave velocity in the vessel at the measuring site.

16. A method as claimed in any one of the preceding claims
wherein the determination of the pulse wave velocity in the
vessel at the measuring site comprises placing at least two
sensors with a selected mutual distance along a length section
L ofthe vessel comprising at least a part of the measuring site,
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and determining the pulse as a function of time by each sensor
and thereby determining the pulse wave velocity.

17. A method as claimed in claim 16, wherein there is
provided at least two sensors, the first sensor comprising a
first set of electrodes and the second sensor comprising a
second set of electrodes, the respective sets of electrodes
being electrically connected in electrical circuit(s) such that
electric field lines between the respective set of electrodes
penetrate the vessel at respectively a first pulse wave sensing
site and a second pulse wave sensing site.

18. A method as claimed in any of the preceding claims,
wherein there is provided at least three electrode sets, a first
electrode set being detection electrodes, a second electrode
set being detection electrodes, and a third electrode set being
excitation electrodes, the third electrode set being placed such
that at least the electrical field lines excited from the third set
of electrodes penetrate the vessel at the measuring site, where
preferably the third set of electrodes is placed in between the
first and second electrode sets.

19. A method as claimed in any of the preceding claims,
further comprising applying electrical oscillating signals over
the sets of electrodes and determining impedance of the
respective sets of electrodes as a function of time and deter-
mining the temporal displacement of one impedance signal
with respect to the other impedance signal.

20. A method as claimed in any of the preceding claims,
where the determined cardiovascular quantity is a differential
blood pressure, which is the difference between a systolic and
a diastolic pressure, which differential blood pressure is
determined from the velocity v of a pulse wave in the vessel at
the measuring site by applying the following equation

Ve Eé

Vadp®

where AP is the differential blood pressure, AA is the disten-
sion, p the blood density, and A is expressed by the mean
vessel cross-section area.

21. A method as claimed in any one of the preceding
claims, wherein the determination of the distension of the
vessel at the measuring site comprises providing an electrical
circuit comprising a set of electrodes such that electric field
lines between the set of electrodes penetrate the vessel at the
measuring site, and determining a temporal variation of
impedance of the set of electrodes.

22. A method as claimed in any one of the preceding claims
wherein the method comprises applying at least one set of
electrodes within a selected distance to the measuring site,
applying an electrical oscillating signal to the set of elec-
trodes and determining at least one impedance parameter
selected from mean impedance, minimum impedance, maxi-
mum impedance, temporal variations of impedance, imped-
ance as a function of time or a combination of two or more of
the before mentioned over the set of electrodes.

23. A method as claimed in claim 22, wherein the method
comprises determining or estimating temporal spacing
between pulses of the mammal, determining the mean imped-
ance using a bridge and automatic balancing the bridge
through a feedback loop with a loop response time that is
similar to or larger than the temporal spacing between pulses,
the method preferably comprises adjusting at least two resis-
tance components of the bridge.
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24. A method as claimed in claim 22, wherein the method
comprises determining or estimating temporal spacing
between pulses of the mammal, determining the temporal
variation of impedance using a bridge and automatic balanc-
ing the bridge through a feedback loop with a loop response
time that is similar to or larger than the temporal spacing
between pulses, the method comprises determining temporal
variations of the imbalance of the bridge.

25. A method as claimed in any one of the preceding
claims, wherein the determination of mean diameter, the
determination of pulse wave velocity and/or elasticity related
quantity, the determination of distension of the vessel, the
determinations of two of the before mentioned or the deter-
mination of all three of the before mentioned is/are based on
determination of at least one impedance parameter selected
from mean impedance, minimum impedance, maximum
impedance, temporal variations of impedance, impedance as
a function of time or a combination of two or more of the
before mentioned impedance parameters over a set of elec-
trodes.

26. A method as claimed in any one of the preceding
claims, wherein the calculation of at least one cardiovascular
quantity from the determined mean diameter, elasticity
related quantity, and distension of the vessel at the measuring
site comprises calculating a differential blood pressure, cal-
culating a systolic blood pressure, calculating a diastolic pres-
sure and/or calculating a vascular compliance.

27. A method as claimed in any one of the preceding
claims, wherein the method further comprises determining
one or more additional dimension(s) of the vessel at the
measuring site, such as the thickness of a vessel wall, a
maximum diameter of the vessel, a minimum diameter of the
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vessel, a temporal variation of the vessel diameter and/or
vessel diameter as a function of time.

28. A method as claimed in any one of the preceding
claims, wherein the method further comprises determining
the pulse rate.

29. A method as claimed in any one of the preceding
claims, wherein the method is non-invasive, preferably the
method does not comprise application of pressure to the ves-
sel.

30. A method as claimed in any of the preceding claims
where the pulse amplitude, and/or pulse pressure, and/or
pulse rate is determined by applying a counter pressure for
calibration purposes.

31. A cardiovascular quantity system for determining at
least one cardiovascular quantity in a vessel of a mammal, the
cardiovascular quantity system comprises

aplurality of sets of electrodes where each set ofelectrodes

comprising at least two electrodes can be attached to a
skin surface of the mammal such that capacitive cou-
pling through the skin surface and between the elec-
trodes of the set of electrodes is provided when an elec-
trical signal is applied over the electrodes at a measuring
site of a vessel;

electrical devices for applying an electric oscillating signal

over the respective sets of electrodes;
at least one processor and memory unit arranged to receive
signals from the respective sets of electrodes; wherein said at
least one processor is designed and programmed to calculate
the at least one cardiovascular quantity according to the
method as claimed in any one of claims 1-30 using signals
from the respective sets of electrodes.
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