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7) ABSTRACT

A method and an arrangement for determining indicator
dilution curves and cardiac parameters of a human or animal
body having a central bloodstream comprising an indicator
periodically passing one or more locations of the body. An
ultrasound signal is applied to the indicator in the central
bloodstream and ultrasound measurements are taken from a
return signal in response to the ultrasound signal, of at least
a first cycle of the indicator. From the ultrasound measure-
ments an indicator concentration time signal is determined.
The indicator is of such a low concentration that there is a
descriptive relation between the measurements and the indi-
cator concentration time signal. From the first cycle of the
indicator concentration time signal an indicator dilution
curve is modelled and the modelled indicator dilution curve
is adjusted over a time interval. The time interval corre-
sponds to at least part of the first cycle leading a further cycle
of the indicator. Cardiac parameters are determined from a
plurality of modelled indicator dilution curves obtained from
a plurality of locations in the central bloodstream of the
body.
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METHOD AND ARRANGEMENT FOR
DETERMINING INDICATOR DILUTION CURVES
OF AN INDICATOR IN A BLOODSTREAM AND
CARDIAC PARAMETERS

FIELD OF THE INVENTION

[0001] The present invention relates to a method and an
arrangement for determining indicator dilution curves and
cardiac parameters from a time-dependent concentration of
an indicator passing one or more locations in a bloodstream
in a human or animal body based on ultrasonic measure-
ments.

BACKGROUND OF THE INVENTION

[0002] The measurement of cardiac output (CO) is com-
mon practice in cardiology on the coronary care unit, or in
the operating room during heart surgery, or in the intensive
care in order to monitor the condition of a patient. The
cardiac output may be defined as the volume of blood per
unit of time ejected by the left ventricle of the heart into the
aorta, or ejected by the right ventricle of the heart into the
pulmonary artery. Since the bloodstream of a human or
animal body is a closed flow system, conservation of mass
teaches that the cardiac output is independent to where in the
bloodstream it is measured.

[0003] Other physiologic parameters that are used to
determine a persons condition or health are the ejection
fraction (EF), the regurgitant fraction, and the intra-thoracic
blood volume. The ejection fraction is a parameter that is
considered of great importance for heart performance evalu-
ation, and represents a non-dimensional estimation of the
efficiency of the heart. The ejection fraction of the left or
right ventricle equals the blood volume which is ejected by
the left or right ventricle each heartbeat (referred to as stroke
volume (8), i.e. the difference between the end-diastolic and
the end-systolic volume of the left or right ventricle),
divided by the end-diastolic volume (V,,) of the left or right
ventricle.

[0004] The ejection fraction can be separated into two
components: the forward ejection fraction which refers to
the blood volume that is ejected by the ventricle into the
artery, and the regurgitant ejection fraction which refers to
the blood volume that is ejected backward into the atrium
due to valve insufficiency.

[0005] The intra-thoracic blood volume is the amount of
blood present between the right ventricle and the left atrium,
and is indicative of the amount of blood in pulmonary
circulation.

[0006] These and other physiologic parameters may be
derived from measurements of concentrations of a for
instance a contrast agent that was brought into the blood-
stream.

[0007] Methods that are used for measuring the cardiac
output are based on injections of amounts of a tracer or an
indicator in the bloodstream and measuring the indicator
concentration over time in one or more regions of interest.
This may be performed, for instance, by inserting one or
more catheters, as will be described below. By evaluating
gradual change of indicator concentration as the indicator
passes ascertain location or region of interest for the first
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time, it is possible to calculate physiologic parameters such
as cardiac output and ejection fraction.

[0008] When an indicator bolus passes a certain location,
the indicator concentration increases rapidly at first as the
bulk of the indicator bolus passes, after which the indicator
concentration gradually decreases again as the tail of the
bolus passes. The tail of the concentration curve (indicator
concentration versus time) is important, as most of the
information about the flow and ejection fraction may be
achieved by measuring the characteristics of the tail of the
indicator concentration as it passes along the location for the
first time.

[0009] Measurement of the intra-thoracic blood volume
requires insertion of a measurement catheter through the
femoral artery up to the aorta, close to the left ventricle, and
an additional injection catheter through the right side of the
heart (through the right atrium and ventricle) up to the
pulmonary artery. The employment of two catheters allows
measurement of the intra-thoracic mean transit time (MTT),
which is the average time that the contrast takes to cover the
pulmonary circulation distance. Amajor disadvantage of this
technique is the fact that it is highly invasive and cannot be
easily carried out in emergency circumstances, or on an
“out-patient” basis.

[0010] Some non-invasive techniques are based on imag-
ing techniques, such as ultrasound imaging. A major disad-
vantage of using these imaging techniques is that the relation
between the measurements that are taken is blurred by a
number of non-ideal effects, such as attenuation for ultra-
sound imaging, for example, which is related to the presence
of the indicator in the region of measurement. Due to this,
it becomes extremely difficult to find a suitable relation
between the ultrasound measurements and the concentration
in any given case; the relation becomes to some extend
unpredictable and the measured concentration values may be
questionable. Accordingly, it is uncertain whether ultra-
sound measurement techniques are suitable for medical
purposes. It is cumbersome to find the concentration values,
and the consequences of making a wrong diagnosis based on
physiological parameters that are based on erroneous con-
centration values may be fatal for the patient involved.

SUMMARY OF THE INVENTION

[0011] It is an object of the present invention to provide a
reliable method for determining indicator dilution curves of
and indicator in a bloodstream and cardiac parameters, using
ultrasound imaging techniques.

[0012] These and other objects are achieved in accordance
with the present invention by providing a method for deter-
mining an indicator dilution curve (IDC) of a first cycle of
an indicator periodically passing one or more locations in a
bloodstream in a human or animal body using ultrasound
measurements by applying an ultrasound signal to the one or
more locations and measuring a return signal, wherein the
method comprises the steps of:

[0013] determining an indicator concentration time
signal from the ultrasound measurements, the indi-
cator being of such a low concentration that there is
a descriptive relation between the measurements and
the indicator concentration time signal;

[0014] providing a modelled indicator dilution curve
(IDC); and
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[0015] determining the indicator dilution curve (IDC)
of the first cycle of the indicator by adjusting, over
a time interval, the indicator concentration time
signal and the modelled IDC, wherein the time
interval corresponds to at least part of the first cycle
leading a second cycle of the indicator periodically
passing the one or more locations in the bloodstream.

[0016] For ultrasound measurement techniques, as
described above, it has surprisingly been observed that for
measurements of concentrations of an indicator which are
substantially less compared to the regular concentrations
used in ultrasound imaging techniques according to the prior
art, the relation between the measurements and the indicator
concentration becomes descriptive.

[0017] In an embodiment of the invention, the descriptive
relation is a mathematical relation, such as a logarithmic
relation or a linear relation.

[0018] This may be explained by the fact that the effect of
attenuation in ultrasound measurement techniques can be
neglected for very small doses of indicator ion the blood-
stream. The indicator concentrations that are detected in an
embodiment according to the invention are many orders of
a magnitude smaller than the regular concentrations used.

[0019] For example, where in regular ultrasound measure-
ment techniques a dose of 5 ml indicator (such as ultrasound
contrast agent) may be required for detection in the blood-
stream of an adult person, in an embodiment according to
the invention measurements with a 100 times diluted dose of
a 5 ml indicator present in the bloodstream are performed.
Such a dose may be termed “ultra low” compared to the
prior art.

[0020] Since the relation becomes descriptive for such
small concentrations of indicator, this makes the method
according to the invention reliable and relatively easy and
efficient, enabling the use of equipment with limited arith-
metic capabilities or processing power, that still provide
sufficient performance to carry out the method accurately
and very quickly.

[0021] Using an ultra low dose of indicator in the blood-
stream as suggested above has another important benefit, in
that the method can be carried out by a technician or any
other person, without the requirement for a medical training
or even automatically, without supervision by a physician or
another medically trained person.

[0022] Another important benefit of the method according
to the present invention is that, due to the ultra low doses of
indicator used, an indicator bolus used for a measurement
dissolves after a few number of blood cycles. Therefore, a
new measurement can be performed shortly after an earlier
measurement has been taken, and new measurements are not
disturbed or blurred by traces of indicator present in the
bloodstream as a result of earlier measurements.

[0023] According to a preferred embodiment of the
present invention, the measurements are performed at a
plurality of the locations simultaneously.

[0024] A benefit of this embodiment is that indicator
concentrations may be monitored/detected at various loca-
tions in the bloodstream over a certain period of time, such
that parameters as mean transit time may be determined.
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[0025] With the help of any of the embodiments described
here, a number of physiological parameters may be deter-
mined accurately. Therefore other embodiments of the
invention are directed to determining the volumetric flow of
blood in a bloodstream, the ejection fraction of any of the
ventricles of the heart, the regurgitation fraction of any of the
ventricles of the heart, the total blood volume by determin-
ing and multiplying cardiac output and recirculation mean
transit time, and the intra-thoracic blood volume by deter-
mining and multiplying the cardiac output and the intra-
thoracic mean transit time (MTT) in pulmonary circulation.
Moreover the ratio between the intra-thoracic blood volume
and the total blood volume may be assessed by comparison
of the intra-thoracic mean transit time with the recirculation
mean transit time.

[0026] The invention also relates to a method for deter-
mining cardiac parameters of a human or animal body
having a central bloodsiream comprising an indicator peri-
odically passing one or more locations of the body, the
method comprising the steps of:

[0027] applying an ultrasound signal to the indicator
in the central bloodstream;

[0028] taking ultrasound measurements from a return
signal in response to the ultrasound signal, of at least
a first cycle of the indicator;

[0029] determining an indicator concentration time
signal from the ultrasound measurements, the indi-
cator being of such a low concentration that there is
a descriptive relation between the measurements and
the indicator concentration time signal;

[0030] modelling an indicator dilution curve from the
first cycle of the indicator concentration time signal
and adjusting the modelled indicator dilution curve
over a time interval, wherein the time interval cor-
responds to at least part of the first cycle leading a
further cycle of the indicator;

[0031] wherein the cardiac parameters are deter-
mined from a plurality of modelled indicator dilution
curves obtained from a plurality of locations in the
central bloodstream.

[0032] The measurements of multiple dilution curves,
measured simultaneously at different sites in the central
bloodstream circulation, can also pass through a deconvo-
lution technique, which allows estimating the dilution
impulse response of the fluid-dynamic system between two
different locations. Still two curves, one for each location,
are needed in order to apply the deconvolution technique
and estimate the impulse response. This approach can be
used for several measurements, such as the pulmonary blood
volume or the ventricular ejection fraction.

[0033] Since the bloodstream is a closed flow system it
will be apparent that some time after a first passage of an
indicator, recirculation of the indicator will take place and
the tail of the first passage will be overtaken by the head of
the second passage. Measuring the indicator concentration
in the tail of the first passage of the indicator at a certain
location is therefore troubled by the effects of recirculation.

[0034] However, by adjusting, in accordance with an
embodiment of the invention, a modelled indicator dilution
curve (IDC) over a time interval corresponding to a part of
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the first cycle leading a second cycle of the indicator
periodically passing a location, while measurements outside
that interval may be ignored, it becomes possible to deter-
mine an adjusted modelled IDC which accurately describes
the actual time-dependent concentration of the indicator due
to a first cycle or passage at the locations. An estimate of the
relevant parameters may be derived from the modelled IDC.
The invention therefore provides a possibility for modelling
and predicting even very low concentrations of indicator
present in the bloodstream, with a high degree of accuracy.

[0035] Another benefit is that the time interval may be
chosen for which the SNR (Signal to Noise Ratio), related
1o the signal corresponding to the first cycle or passage of the
indicator at the location, is large, whereas measurements
with a small SNR may be ignored. It will be appreciated that
this improves the accuracy of the determined adjusted
modelled IDC.

[0036] Also, the integral over time of the indicator con-
centration from the start of the IDC (i.e. the front of the
indicator bolus passing the measured location) to infinity
(where the concentration related to the first passage of
indicator converges to zero) may be calculated. Due to noise,
recirculation and other disturbances calculation of this inte-
gral directly from the measured signal is impossible. Cal-
culating this integral may be important for determining
parameters as volumetric flow and mean transit time and
with these parameters, blood volumes.

[0037] Further to this, modelling of indicator concentra-
tion due to the first passage of thereof allows measurement
of an indicator dilution curve due to recirculation (second or
further passage of the indicator past the one or more loca-
tions). The recirculation concentration time measurements
may be achieved by subtraction of the adjusted modelled
IDC from the measurements. Analysis of the recirculation
concentration time measurements allows measurement of
the total blood volume using recirculation mean transit time
analysis. The mean transit time due to recirculation provides
an indication of the average time that the contrast takes to
cover the complete circulatory system.

[0038] It has been observed that by measuring, acoustic
pressure return signals of an indicator passing the one or
more locations using ultrasound imaging, the relation
between the acoustic pressure and the indicator concentra-
tion for the ultra low concentrations becomes linear.

[0039] Further, in another embodiment the invention,
wherein the measurements are based on videodensitometry,
the descriptive relation is alogarithmic relation.

[0040] In another embodiment of the invention, for
instance, the relation is scaled by calibrating the relation
using reference values based on the imaging technique used.

[0041] A person skilled in the art may appreciate that
when the characteristics of the relation is known, one may
scale the relation based on the measurement values com-
pared to reference values for a given arrangement or equip-
ment used. Alternatively, one may experimentally determine
the descriptive relation using calibration techniques, mea-
surements and reference values.

[0042] In a further embodiment of the present invention,
the ultrasound measurements comprise measurements of
harmonic modes of the return signal. In particular, in accor-
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dance with yet another embodiment of the invention, the
harmonic modes comprise secondary or higher harmonic
modes of the return signal.

[0043] It has been observed that some harmonic modes
above the fundamental mode of the ultrasound signal used
are in particular suitable for optimising contrast detection of
indicator in the bloodstream. The detection of these har-
monic modes in the return signal therefore may allow for the
use of even smaller doses of indicator, without loss of
accuracy of the results of the measurements.

[0044] Inanother embodiment of the invention, the adjust-
ing over a time interval comprises logarithmic transforma-
tion of the indicator concentration time signal.

[0045] Since the measurements seem to be well modelled
using an exponential function, a logarithmic transformation
of the measurement results enables linear modelling of the
results. It will be understood that this embodiment reduces
the complexity of the modelling and fitting process substan-
tially, and therefore provides a way of speeding up the
interpretation of the measured results.

[0046] The logarithmic transformation used in this
embodiment of the invention provides the possibility of
numerous further analysis techniques to be applied here. The
accuracy of the acquired results from the measurement may
be further enhanced by the analysis techniques that become
possible due to the logarithmic transformation. Reducing
complexity of the method also provides benefits for the
arrangements used for interpreting the results (as it may
reduce the required arithmetic capabilities), and in addition
to this, it enables non-invasive techniques such as transtho-
racic measurements since the amount of noise can be
reduced while the accuracy can be increased.

[0047] Therefore, in another embodiment of the invention,
the adjusting over a time interval comprises the use of a
linear regression algorithm. For instance, the linear regres-
sion algorithm is performed on the logarithmic transforma-
tion for providing a least squares estimate of the logarithmic
transformation.

[0048] The use of a linear regression algorithm becomes
possible due to the step of logarithmic transformation and
provides a least squares estimate of the logarithmically
transformed results. Flow characteristics may be calculated
directly from these results, providing a quick and accurate
means of determining them. A quick measurement of the
physiologic parameters such as cardiac output, ejection
fraction and regurgitation fraction facilitates easy diagnosis
of many cardiac diseases, and allows fast action in emer-
gency routines.

[0049] Accurate determination of the starting time of the
IDC (which equals the moment on which the indicator bolus
is Injected, i.e. the injection time) is important in order to
provide an accurate model of the IDC. Additionally also the
optimal time interval that is suitable for modelling the IDC
(the first time interval) its important. Therefore, in another
embodiment of the invention, the first time interval is
determined by analysis of the at least one indicator dilution
curve (IDC).

[0050] Several indicator distribution models may be suit-
able for modelling the IDC. However, it has been observed
that an IDC model based on the Local Density Random Walk
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(LDRW) model provides accurate results. The LDRW model
describes the dispersion of an indicator in a carrier fluid
under specific conditions, after an indicator bolus which
mathematically takes the form of an Dirac delta function is
released in the flow. The model provides an estimate of the
indicator concentration over time (as an exponential func-
tion) at a certain location after the indicator bolus has
travelled over a certain distance. The model is based on
Brownian motion theory. Since the Dirac impulse injection
is not realistic, deconvolution techniques are used in order to
consider a realistic injection. A specific application may use
a Wiener-filter deconvolution.

[0051] In a preferred embodiment of the invention, the
modelling comprises a recursive process, wherein the recur-
sive process comprises one or more of the steps of adjusting
one or more parameters of the modelled indicator dilution
curve, performing the logarithmic transformation on the
indicator concentration time signal, performing the linear
regression algorithm and calculating a mean square error of
the modelled indicator dilution curve in relation to the
indicator concentration time signal.

[0052] In a preferred embodiment of the invention as
disclosed above, the recursive process is performed until the
mean square error is minimised.

[0053] This may be achieved, for instance, by recursively
shifting the starting time of the estimated indicator dilution
curve (IDC) in time, until the minimum mean square error
is reached. Due to the logarithmic transformation and linear
regression algorithm that may be used, calculation times of
the best fit based on finding the least square error are
sufficiently short to enable recursive modelling of the IDC
until the best fit is found. This improves the accuracy of the
method to a great extend.

[0054] Other imaging techniques based on contrast agents
which are released in the bloodstream may be used for
measuring indicator dilution curves at several locations
simultaneously. This may be achieved, for instance, by using
videodensitometry on echocardiographic images. This
enables easy determination of any mean transit time, such as
the recirculation mean transit time and intra-thoracic mean
transit time.

[0055] Therefore, another embodiment of the invention,
wherein the one or more locations comprise the right ven-
tricle of the heart and the left atrium, comprises a step of
determining an intra-thoracic mean transit time of the indi-
cator between the right ventricle and the left atrium. This
embodiment may be further enhanced by calculating the
cardiac output and providing an estimate of the intra-
thoracic blood volume.

[0056] The above embodiments may be even further
enhanced by comparing the intra-thoracic blood volume to
the total blood volume estimate for the assessment of the
intra-thoracic-to-total-blood-volume ratio.

[0057] Another embodiment of the invention comprises a
step of determining an ejection fraction from an indicator
dilution curve (IDC). This embodiment may be used for
comparing the values of the ejection fraction with a refer-
ence value, which reference value may be based on geo-
metric estimations of an end-diastolic volume and an end-
systolic volume of a ventricle of a heart. This may provide
an indication of regurgitation of a mitralic or tricuspid valve
of a heart.
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[0058] Note that, instead of using ultrasound measure-
ments, the method of the invention may be used in combi-
nation with any one or more of the following imaging
techniques: magnetic resonance imaging (MRI), X-ray
based imaging, computed tomography (CT), radio-isotope
imaging, positron emission tomography (PET), electrical
impedance tomography (EIT), laser based imaging tech-
niques, teraherz imaging, imaging based on spectral analysis
and similar imaging techniques.

[0059] According to a second aspect of the invention,
there is provided an arrangement for determining an indi-
cator dilution curve (IDC) of a first cycle of an indicator
periodically passing one or more locations in a bloodstream
in a human or animal body, comprising ultrasound means for
providing ultrasound measurements of a concentration of the
indicator in the one or more locations by applying an
ultrasound signal to the one or more locations and measuring
a return signal, means for determining an indicator concen-
tration time signal from the measurements, means for pro-
viding a modelled indicator dilution curve (IDC), wherein
the means for providing the modelled indicator dilution
curve are arranged for determining the indicator dilution
curve from the measurements with the indicator being of
such a low concentration that there is a descriptive relation
between the measurements and the indicator concentration
time signal, and wherein the arrangement further comprises
means for determining the indicator dilution curve of the
first cycle of the indicator by adjusting the indicator con-
centration time signal and the modelled IDC over a time
interval, wherein the time interval corresponds to at least
part of the first cycle of the indicator periodically passing the
one or more locations in the bloodstream.

[0060] In accordance with another embodiment of the
invention, the ultrasound means for providing ultrasound
measurements are arranged for providing measurements of
the fundamental and harmonic modes, such as secondary or
higher harmonic modes, of the return signal.

[0061] The arrangement may be further arranged for pro-
viding an analysis of a recirculation IDC of the indicator
related to a second or further passage of the indicator at the
one or more locations.

[0062] The arrangement may comprise transesophageal
measuring means for taking in vivo ultrasonic measurements
of the indicator concentration, which transesophageal mea-
suring means may be arranged for taking measurements
from an esophagus of a human or animal body.

[0063] It has been observed that measurement of the
indicator concentrations passing one or more locations in the
heart, such as the left or right ventricle or atrium, provides
a higher SNR if performed from the esophagus. However,
using harmonic ultrasound imaging techniques, the mea-
surements may also be performed using a transthoracic
approach, by using a transthoracic transducer.

[0064] An arrangement based on ultrasound measuring
techniques may further be either arranged for providing
measurements based on videodensitbmetry (using echocar-
diographic imaging techniques) or by measuring an acoustic
intensity and determining the indicator concentration from
the acoustic intensity. Specific embodiments of the invention
may be directed to either one of these methods or both.

[0065] The arrangement may, instead of comprising the
ultrasound means, comprise means for taking the measure-
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ments based on another imaging technique used for medical
purposes, such as means for performing any one or more of
a group comprising magnetic resonance imaging (MRI),
X-ray based imaging, computed tomography (CT), radio-
isotope imaging, positron emission tomography (PET), elec-
trical impedance tomography (EIT), laser based imaging
techniques, teraherz imaging, imaging based on spectral
analysis and similar imaging techniques.

[0066] The invention further relates to an arrangement for
determining cardiac parameters of a human or animal body
having a central bloodstream comprising an indicator peri-
odically passing one or more locations of the body, the
arrangement comprising:

[0067] ultrasound means for providing ultrasound
measurements of a concentration of the indicator by
applying an ultrasound signal to the indicator in the
central bloodstream and for measuring a return sig-
nal in response to the ultrasound signal, of at least a
first cycle of the indicator,

[0068] means for determining an indicator concen-
tration time signal from the ultrasound measure-
ments, wherein the means are arranged for determin-
ing the indicator concentration time signal from the
ultrasound measurements, the indicator being of
such a low concentration that there is a descriptive
relation between the measurements and the indicator
concentration time signal;

[0069] means for providing a modelled indicator
dilution curve from the first cycle of the indicator
concentration time signal and for adjusting the mod-
elled indicator dilution curve over a time interval,
wherein the time interval corresponds to at least part
of the first cycle leading a further cycle of the
indicator; and

[0070] analysis means for determining the cardiac
parameters from a plurality of modelled indicator
dilution curves obtained from a plurality of locations
in the central bloodstream.

[0071] In a preferred embodiment of this arrangement the
analysis means are arranged for determining the cardiac
parameters from a plurality of modelled indicator dilution
curves obtained from ultrasound measurements simulta-
neously at a plurality of locations in the central bloodstream.

[0072] 1t will be understood by the person skilled in the
art, that the invention provides a method and arrangement
that enables measuring using an ultra low dose of contrast
agents present in the bloodstream. The measurements may
be carried out for any location along the circulation path of
the central bloodstream. Interpretation of these measure-
ments is, In accordance with some embodiments of the
invention, based on solid models and may be carried out in
numerous non-invasive techniques within the scope of the
invention. In a specific embodiment one may correlate low
concentrations of contrast with videodensitometry. The
modelled indicator-dilution curve predicts physiologic
parameters, such as cardiac output, ejection-fraction of both
ventricles as well as intrathoracic blood volume, both in
transesophageal (TEE) as well as transthoracic (TTE) appli-
cation.

[0073] The invention will be further elucidated by a
description of some specific embodiments thereof, which
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embodiments are directed to ultrasound imaging techniques,
with reference 1o the enclosed drawings. The embodiments
described are not meant to limit the invention in any way.
The invention is only limited by the scope of the appended
claims. It will be appreciated that the invention is likewise
applicable to any of the imaging techniques mentioned
above.

[0074] Note that several well known means of releasing an
indicator in a bloodstream are known and may be used.
However, releasing the indicator in the bloodstream falls
outside the scope of the invention. The invention is generally
directed to methods and arrangements for measuring of
indicator concentrations in a bloodstream based on an imag-
ing technique, and modelling and interpreting the measure-
ments for determining cardiac parameters.

BRIEF DESCRIPTION OF THE DRAWINGS

[0075] FIG. 1 is schematic view of a human or animal
heart and circulatory system.

[0076] FIG. 2 is a schematic view of an indicator bolus
travelling In a carrier fluid within a blood vessel towards a
detection plane.

[0077] FIG. 3 is a schematic drawing of a modelling step
of a measuring method according to the invention.

[0078] FIG. 4 is a graph showing measured indicator
concentration values against time of measuring, including a
modelled first passage and recirculation IDC.

[0079] FIG. 5 is a graph of the mean square error of the
fitted modelled IDC against the time shift of the curve.

[0080] FIG. 6 is a schematic drawing of an arrangement
according the invention.

[0081] FIG. 7 shows a calibration graph, related to the
calibration of an arrangement according to the invention.

DETAILED DESCRIPTION OF THE DRAWINGS

[0082] FIG. 1 is schematic view of a human or animal
heart and circulatory system, showing a heart 1, lungs 2 and
the oxygen consuming parts of a body schematically indi-
cated by box 3. The heart 1 pumps blood into the pulmonary
circulatory system formed by pulmonary artery 10, lungs 2
and pulmonary veins 11, by contracting the right ventricle 6
on a regular basis. The heart 1 also pumps blood into the rest
of the body (systemic circulation) formed by aorta 8, the
oxygen consuming parts 3 and (superior and inferior) vena
cava 9. From the latter circulation, the (oxygen poor) blood
enters the heart again in the right atrium 7. From the
pulmonary circulation, the (oxygen rich) blood enters the
left atrium 5. Left atrium, 5, left ventricle 4 and aorta 8 are
separated by mitralic valve 14, aortic valve 15 and right
atrium 7, right ventricle 6 and the pulmonary artery 10 are
separated by the tricuspid valve 12 and the pulmonary valve
13 respectively.

[0083] Due to contractions of the left and right ventricle,
the blood is pumped from the heart into circulation. These
contractions comprise a diastolic and a systolic phase. In the
diastolic phase, the ventricles have large volumes and in
systolic phase, the ventricles are contracted and have a
smaller volume. Important parameters are the end-diastolic
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volume (V,4) and end-systolic volume (V) of each ven-
tricle, which are the largest volume and the smallest volume
of the ventricle respectively.

[0084] The cardiac output (CO) is the volumetric flow of
blood per unit of time and is a function of the stroke volume
(S) (in forward direction in relation to the bloodstream) and
the pulse rate (PR) of the heart 1. The stroke volume is the
volume of blood that is pumped into circulation each heart-
beat, and is (for a healthy person) equal to the difference
between V4 and V, of the left ventricle 4.

[0085] The cjection fraction (EF) is indicative of the
efficiency of a heart and is calculated as follows:

Vea — Ves)
EF = w—” . 100%
Vea

[0086] When an indicator bolus is injected directly into the
ventricle within a single heart beat, the ejection fraction in
forward direction (EF) may be calculated using the follow-
ing relation between the indicator concentration at heart beat
n (C,) and the indicator concentration at heartbeat n+1

(Cn+1):

G
EFf —1- n+l
G

n

[0087] The intra-thoracic blood volume is the amount of
blood in pulmonary circulation and is calculated as the
product of the cardiac output (CO) and the intra-thoracic
mean transit time (of blood in pulmonary circulation
(MTT)).

[0088] Regurgitation is a condition of a heart wherein the
mitralic valve 14 or tricuspid valve 12 do not sufficiently
seal the left or right ventricle respectively. Blood may
therefore leak back into the left or right atrium respectively,
instead of going into systemic or pulmonary circulation. The
regurgitant fraction (EF)) is the difference between the
ejection fraction and the ejection fraction in forward direc-
tion, ie. EF =EF-EF,.

[0089] InFIG.2, ablood vessel 20 carries a flow of blood
(generally indicated by its direction arrow 22) through a
body (not shown). An indicator bolus 21 is present in the
bloodstream, The indicator may be injected upstream in the
vessel. Due to dispersion the indicator bolus is distributed
over the vessel (Gaussian distribution). Theoretically, if the
concentration of the indicator would be measured and plot-
ted against time as It passes the detection plane 23, the result
may be an indicator dilution curve (IDC) as indicated by 24
which shows a fast increasing concentration at the front, a
maximum indicator concentration, and a long tail where the
indicator concentration gradually decreases. In reality how-
ever, besides noise that may be present in the measurement
results, after a certain period of time, the indicator concen-
tration may rise again showing an upgoing slope on the tail,
since the bloodstream is a closed flow system and the
indicator is pumped around with the blood.

[0090] Recirculation, as described above, makes it diffi-
cult to model the first passage of the indicator bolus. In fact,
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the first passage of indicator is of major importance and the
tail of the indicator dilution curve (IDC) comprises most of
the information about the physiologic parameters described
above. It is therefore important to be able to model all of the
indicator dilution curve (IDC) related to the first passage. If
an accurate model is found and fitted in order to accurately
represent the measured concentration time values, subtrac-
tion of this model from the ultrasound measurements pro-
vides a recirculation IDC (relating to a second or further
passage). This may be achieved according to the invention,
by modelling the IDC over a first time interval, for instance
where the SNR is sufficiently high, and with the results from
the modelling step, provide an estimate of the indicator
concentrations in a second time interval lagging the first
interval, for instance where the measured concentrations
cannot be interpreted due to recirculation or a low SNR
(signal-to-noise ratio).

[0091] The IDC may be modelled by a model IDC based
on Local Density Random Walk (LDRW) statistics. The
LDRW statistics is based on Brownian motion of indicator
particles within the blood, and provides a model IDC
(concentration as a function of time) represented as:

[0092] wherein C(t)is the concentration of the indicator as
a function of time t, m is the mass of the injected tracer, g
is the volumetric flow of blood per unit of time (indicative
of the cardiac output (CO)), ty is the time on which the
indicator is released, A is a parameter related to the diffusion
properties of the system, and x is the moment (t-t,) on which
the centre of mass of the indicator bolus reaches the detec-
tion plane after the indicator is released. Note that other
models may be used to model the measured results, and the
invention is not limited to the use of C(t) as above or the use
of a model based on LDRW.

[0093] Modelling the measured results in accordance with
C(t) is a complex matter due to the non-linear nature of C(t).
In order to provide a linear function, enabling linear curve
fitting methods, logarithmic transformation of both C(t) and
the measured results is necessary. The logarithmic transform
of C(t) provides:

1 1
In(Cr — 1)) + zln([— f0)=P —-Pi-1p)— P3m

P =Mn(%)+ %ln@_f)
P = %
n=%

[0094] With x,=(t-t,) and x,=1/(t-t,), the above is a linear
function in X, and X, and a linear regression algorithm may
be used during modelling of the measured results.

[0095] Suppose n measurement samples of indicator con-
centrations are to be evaluated, each consisting of measure-
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ment times t, _ , and concentrations C(t; ~ ~t;) (note that
no measurements before starting time t, are evaluated).
Forming matrix [X] and vector Y with the measured values
results in

1
In(Clan)) + zln(xu)
L oxyp xop |
1 X2 X ln(C(xn))+§1n(x12)
x]=| " |emdY=
1 Xln X2n 1
In(C(x1,)) + Eln(xln)

[0096] wherein X, 5, X;, . . . X, are equal to x; as defined
above for ty, t, .. . t,, and X5, X5, . . . X, are equal to x,
as defined above for t , t, . . . t,. The solution of the multiple
linear regression of the logarithmic transform of C(t) and the
logarithmic transform of the measurements as given by [X]
and Y is then provided by

PfSE
PAE = (XY XD IxTY = | PEE
P%SE

[0097] Hence once the vector Y and matrix [X] are con-
structed by logarithmic transformation of the measurements,
the vector PF, providing the best fit of C(t) for the
measurements may be established by the above equation for
P™SE, Solving the system of three equations in three vari-
ables for P, P,, and P;.

[0098] A schematic view of the modelling step is pre-
sented in FIG. 3. Here, the measurements 30, which are first
deconvoluted (not shown) in order to compensate for the
injection time, are filtered in step 31 using a finite impulse
response (FIR) filter to remove high frequency oscillations
introduced by the measurement system and some of the
other noise introduced in the measurement. The filtered
signal is analysed to determine the position of the IDC in the
signal and to establish the time interval for performing the
linear regression. Note that the end of the time interval may
be marked by the appearance of recirculation in the signal
and the start of the interval may be marked by the time of the
first increase of the indicator concentration. It is especially
this last value which is very important to determine and
which is often covered by noise.

[0099] As a first assumption, the starting time is estimated
by a moment in time that is close to but later than the real
starting time. One may for instance take the moment on
which the concentration first reaches a value which is 10%
of the maximum concentration. Similarly, the recirculation
time marking the end of the first time interval used for
modelling purposes may be estimated the moment on which
the concentration reaches 30% of its maximum after the
maximum has passed. It will be appreciated that these
estimates for the starting time and ending time of the first
interval are arbitrarily chosen, for reasons of clarity. Any
estimate may be used.
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[0100] Also, the baseline of the measurements is deter-
mined, which is the offset of the concentration. Note that at
concentrations equal to the baseline, no indicator is assumed
to be present. The baseline is determined in step 33.

[0101] The measured values, the baseline and the deter-
mined position of the IDC may then be offered to a recursive
process indicated by step 34. The recursive process com-
prises the recursive steps of shifting the IDC in time (step
36), performing a linear transformation of the measurements
using the new starting time t, (step 37), performing the linear
regression step 38 and evaluating the mean square error in
step 39. The mean square error has a minimum value when
the correct starting time t, is used in the logarithmic trans-
formation. This is shown in FIG. 5, where the mean square
error on the vertical axis 48 is plotted against the used time
shift in milliseconds on the horizontal axis 47. As can be
seen, for a certain value of the time shift (here, about 500
msec) the mean square error shows a minimum value. This
minimum value of the mean square error determines the
correct value of the time shift for which the logarithmic
transformation is performed with the correct starting time t,.
In FIG. 3, the mean square error is evaluated in box 39.
When the mean square error has reached a minimum value,
the recursion is terminated and the best fit for the given time
interval is presented at 35. Otherwise, the process is looped
back (step 40) to step 36 (time shift).

[0102] Note that not only the time, but also other values
may be recursively altered in order to determine the best fit.
Note further that due to the logarithmic transformation of the
measurements, negative errors in relation to the fitted curve
have more influence on the final result than positive errors
from the fit. Therefore it is necessary to correct the fitted
curve in order to compensate for this effect. The same or a
similar procedure may be used in order to provide a recir-
culation IDC, after the adjusted modelled IDC is subtracted
from the ultrasound measurements.

[0103] FIG. 4 presents a graph wherein on the vertical
axis 46, the measured values 43 of the indicator concentra-
tion are plotted against time of measurement on the hori-
zontal axis 45, given in seconds. The measurements may be
taken by applying an ultrasound signal to one or more
locations in the bloodstream, and by measuring a return
signal, i.e. the acoustic backscatter intensity signal. One may
use the fundamental harmonic or fundamental mode (prin-
cipal or base frequency) of the return signal and/or the
secondary or higher harmonic mode thereof. It has been
observed that special harmonic modes of the return signal
enhance the measurement of the indicator concentration, as
described hereinbefore.

[0104] Note that after approximately 12 seconds, the effect
of recirculation becomes visible and the measured indicator
concentration starts rising again. The best fit related to the
first passage of indicator, was modelled for the first part of
the measurements before recirculation and is shown as well
(indicator dilution curve 44). Note that IDC 44 perfectly
matches the first part of the measurements, before recircu-
lation. It may therefore be assumed that IDC 44 in the
second part of the graph where recirculation is present,
provides an accurate indication of the concentration values
in case the effect of recirculation would not be present. The
IDC therefore provides a good indication of the indicator
concentration versus time related to a first passage of the
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indicator past a detector or detection plane. Asecond IDC 42
is modelled using a same method as the first IDC, and is
based on the measurements 43 from which the adjusted
modelled IDC 44 was subtracted.

[0105] Several regions of interest are defined, such that the
concentration of ultrasonic agents, i.e. the indicator, may be
followed and analysed at different locations at the same
time. This enables measurement of any mean transit time
between different locations, such as the intra-thoracic mean
transit time in case the right ventricle is taken as a first region
of interest and the left atrium is taken as a second region of
interest.

[0106] The volumetric flow and the volumes between
different locations are directly derived from the model
parameters. In fact, g is already the volumetric flow while
the blood volume is determined by the product of q and the
mean transit time (¢) of the contrast between different
locations. For the total blood volume measurement, the
recirculation mean transit time (the difference between first
passage and recirculation) is considered. For the intra-
thoracic blood volume measurement, the intra-thoracic
mean transit time—i.c. the difference between the first
passage IDC in the right atrium (or pulmonary artery) and
the left atrium—is considered. Instead, the ejection fraction
assessment requires in this case extra-calculation. We
assume that for t going to infinite, the ventricle refilling is
negligible and we may apply the classical EF, formula as
follows:

C, 2
EFy = liml _g_” = M

n
-0

[0107] Once the EFf is assessed, if the EF is measured by
geometric image analysis techniques, then the regurgitant
ejection fraction is derived as EF =EF-EF,.

[0108] The method described above is in particular useful
in combination with ultrasonic measuring techniques for
which a lot of noise is often present in the measurements.
These techniques are based on ultrasonic detection of ultra-
sound contrast agents and often provide low Signal-to-Noise
(SNR) ratios which make accurate calculations of physi-
ologic parameters cumbersome. With a low SNR, measuring
small concentrations of indicator becomes almost impos-
sible. A person skilled in the art will appreciate that mea-
surement of the tail of the indicator concentration change
therefore becomes challenging.

[0109] The invention is therefore, according to a second
aspect, directed to an ultrasonic measuring arrangement,
which is arranged for carrying out the earlier described
method. FIG. 6 is a schematic view of an arrangement
according to the invention. In FIG. 6, data-acquisition and
analysis means 50 are connected to a transducer 53 com-
prising an ultrasound transducer. Transesophageal trans-
ducer 53 may be inserted into the esophagus 61 of a patient
60 in order to provide an echocardiography of his/her heart
1. The transducer 53 in the esophagus 61, defines a detection
plane 54. The echocardiography may be visualised on screen
51, on which the ultrasound contrast agents may be visua-
lised as they pass the detection plane 54.
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[0110] The data-acquisition and analysis means 50 may
either be arranged for measuring the acoustic intensity and
calculating the indicator concentration based on this inten-
sity, or they may be arranged for videodensitometry of the
acquired echocaraiographic images. In the latter case, the
concentration is derived from the gray levels of the echocar-
diographic image. It may also be possible to say define a
region of interest in the echocardiography. The arrangement
may then only evaluate the gray levels in the region of
interest.

[0111] In accordance with the invention, the data-acquisi-
tion and analysis means 50 provide the determination of the
indicator dilution curves and the calculation of the cardiac
parameters therefrom, as extensively discussed above.

[0112] The data-acquisition and analysis means S0 may
operate using a de-convolution technique, which allows
estimating the dilution impulse response of the fluid
dynamic system between two different locations at which
multiple dilution curves are measured.

[0113] The arrangement may also used in combination
with in-vitro measurement of the ultrasound contrast agents.
Therefore, transducer 53 (TEE or TTE) may be replaced by
a regular transthoracic transducer which is suitable for
performing transthoracic measurements.

[0114] Note that the results from the data-acquisition and
analysis means 50 may also be sent to a personal computer
or other computing means 52 for further analysis and/or
visualisation purposes.

[0115] Note that the method may also be used with help of
a transthoracic transducer (not shown) placed, for instance,
on the chest of the patient. The transducer may likewise be
connected to the data acquisition and analysis means 50.

[0116] FIG. 7 shows a calibration graph related to the
calibration of an arrangement according to the invention.
The arrangement of this embodiment is based on videoden-
sitometry, wherein a grayscale level in a region of interest is
translated into a corresponding concentration value of an
indicator. The vertical axis 70 is indicative of the gray level,
while the horizontal axis 71 is indicative of the concentra-
tion of indicator in the bloodstream in mg/l. Note that the
calibrated curve 73 is based on a plurality of measurements
72 for known concentrations. The given descriptive relation
(calibrated curve) is a  logarithmic  relation:
y=25.4*1n(130.2*x-57.96), wherein y corresponds to the
gray level and x corresponds to the concentration.

[0117] Similarly, for measurements based on acoustic
pressure the calibrated curve may be a linear curve.

[0118] For purpose of comprehensiveness, it is noted here
that numerous modifications and variations of the present
invention are possible in the light of the above teachings. It
is therefore understood that, within the scope of the
appended claims, the invention may be practised otherwise
than as specifically described herein.

1. Method for determining an indicator dilution curve
(IDC) of a first cycle of an indicator periodically passing one
or more locations in a bloodstream in a human or animal
body using ultrasound measurements by applying an ultra-
sound signal to said one or more locations and measuring a
return signal, wherein said method comprises the steps of:
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determining an indicator concentration time signal from
said ultrasound measurements, said indicator being of
such a low concentration that there is a descriptive
relation between said measurements and said indicator
concentration time signal,

providing a modelled indicator dilution curve (IDC); and

determining said indicator dilution curve (IDC) of said
first cycle of said indicator by adjusting, over a time
interval, said indicator concentration time signal and
said modelled IDC, wherein said time interval corre-
sponds to at least part of said first cycle leading a
second cycle of said indicator periodically passing said
one or more locations in said bloodstream.

2. Method according to claim 1, wherein said descriptive
relation is a mathematical relation, such as a logarithmic or
linear relation.

3. Method according to claim 1, wherein said relation is
scaled by calibrating said relation using reference values for
said imaging technique.

4. Method according to claim 1, wherein said ultrasound
measurements comprise measurements of harmonic modes
of said return signal.

5. Method according to claim 4, wherein said harmonic
modes comprise secondary or higher harmonic modes of
said return signal.

6. Method according to claim 1, wherein said adjusting
over said time interval comprises logarithmic transformation
of said indicator concentration time signal.

7. Method according to claim 1, wherein said adjusting
over said time interval comprises using a linear regression
algorithm.

8. Method according to claim 1, wherein said adjusting
over said time interval comprises calculating a least squares
estimate.

9. Method according to claim 8, wherein said least
squares estimate is a linear least squares estimate.

10. Method according to claim 8, wherein said adjusting
over said time interval comprises logarithmic transformation
of said indicator concentration time signal, wherein said
adjustment over a time further comprises using a linear
regression algorithm, and wherein said linear regression
algorithm is performed on said logarithmic transformation
for providing the least squares estimate of the logarithmic
transformation.

11. Method according to claim 1, wherein said time
interval is determined by analysis of the indicator concen-
tration time signal.

12. Method according to claim 1, further comprising a
step of providing an estimate of the indicator concentration
over a further time interval lagging said first time interval at
the at least one of said locations, related to said first cycle.

13. Method according to claim 1, wherein said modelled
indicator dilution curve (IDC) is based on a local density
random walk (LDRW) model.

14. Method according to claim 13, wherein said modelled
indicator dilution curve comprises the representation:

Aglt—tg)
cw="g | ol
Hq 2a(t - 1)
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wherein C(t) is proportional to a time-dependent, indicator
concentration, t is proportional to time, m is proportional to
an indicator mass, q is proportional to a volumetric flow of
blood, t, is proportional to a reference time, A is proportional
to diffusion of said indicator, and g is proportional to a time
at which a centre of mass of said indicator is at said one or
more locations.

15. Method according to claim 1, wherein said adjusting
over said time interval comprises a recursive process.

16. Method according to claim 15, wherein said adjusting
over said time interval comprises logarithmic transformation
of said indicator concentration time signal, wherein said
adjustment over a time further comprises using a linear
regression algorithm, and wherein said recursive process
comprises one or more of the steps of adjusting one or more
parameters of said modelled indicator dilution curve, per-
forming said logarithmic transformation on said indicator
concentration time signal, performing said linear regression
algorithm and calculating a mean square error of said
modelled indicator dilution curve in relation to said indicator
concentration time signal.

17. Method according to claim 16, wherein adjusting one
or more parameters comprises shifting said modelled indi-
cator dilution curve (IDC) in time.

18. Method according to any of the claims 16, wherein
said recursive process is ended after said mean square error
is minimised.

19. Method according to claim 12, wherein said adjusting
over said time interval comprises logarithmic transformation
of said indicator concentration time signal, wherein after
said adjustment, said method comprises a further step of
solving a set of equations comprising:

2 2t
bl
Pz=ﬂ
Au
P= =
T2

wherein estimates of P,, P, and P, are based on said
adjustment.

20. Method according to claim 1, wherein said measure-
ments are performed in a plurality of said locations simul-
taneously.

21. Method according to claim 1, further comprising a
step of determining a volumetric flow of blood of said
bloodstream from said modelled indicator dilution curve
(IDC).

22. Method according to claim 1, wherein said one or
more locations comprise one or more chambers of a heart,
such as left or right atrium or left or right ventricle.

23. Method according to claim 22, wherein said one or
more chambers of the heart at least comprises a right
ventricle and a left atrium, further comprising a step of
determining a intra-thoracic mean transit time of said indi-
cator between said right ventricle and said left atrium.

24. Method according to claims 23, further comprising the
steps of: determining a volumetric flow of blood of said
bloodstream from said modelled indicator dilution curve
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(IDC); and determining an intra-thoracic blood volume from
sald intra-thoracic mean transit time and said volumetric
flow of blood.

25. Method according to claim 1, further comprising a
step of determining an ejection fraction from said indicator
dilution curve (IDC).

26. Method according to claim 1, comprising a step of
subtracting said modelled indicator dilution curve (IDC)
from said ultrasound measurements for determining a recir-
culation indicator dilution curve corresponding to a further
cycle of said indicator passing said one or more locations.

27. Method according to claim 26, further comprising a
step of determining a recirculation mean transit time based
on said recirculation indicator dilution curve (IDC) and said
modelled indicator dilution curve (IDC).

28. Method according to claim 23, further comprising the
steps of: subtracting said modelled indicator dilution curve
(IDC) from said ultrasound measurements for determining a
recirculation indicator dilution curve corresponding to a
further cycle of said indicator passing said one or more
locations; determining a recirculation mean transit time
based on said recirculation indicator dilution curve (IDC)
and said modelled indicator dilution curve (IDC); and com-
paring said intra-thoracic mean transit time to said recircu-
lation mean transit time for providing an intra-thoracic-to-
total-blood-volume ratio.

29. Method according to claim 1, wherein said ultrasound
measurements are replaced by an imaging technique com-
prising any one or more of a group including magnetic
resonance imaging (MRI), X-ray based imaging, computed
tomography (CT), radio-isotope imaging, positron emission
tomography (PET), electrical impedance tomography (EIT),
laser based imaging techniques, teraherz imaging, imaging
based on spectral analysis and similar imaging techniques.

30. Method according to claim 1, further comprising a
step of determining an ejection fraction from said indicator
dilution curve (IDC), and comparing said ejection fraction
with a reference value, which reference value is based on
estimations of an end-diastolic volume and an end-systolic
volume of a ventricle of a heart.

31. Method according to claim 30, further comprising a
step of providing an indication of regurgitation of a mitralic
or tricuspid valve of a heart.

32. Arrangement for determining an indicator dilution
curve (IDC) of a first cycle of an indicator periodically
passing one or more locations in a bloodstream, in a human
or animal body, comprising ultrasound means for providing
ultrasound measurements of a concentration of the indicator
in said one or more locations by applying an ultrasound
signal to said one or more locations and measuring a return
signal, means for determining an indicator concentration
time signal from said measurements, means for providing a
modelled indicator dilution curve (IDC), wherein said
means for providing said modelled indicator dilution curve
are arranged for determining said indicator dilution curve
from said measurements with said indicator being of such a
low concentration that there is a descriptive relation between
said measurements and said indicator concentration time
signal and wherein said arrangement further comprises
means for determining said indicator dilution curve of said
first cycle of said indicator by adjusting said indicator
concentration time signal and said modelled IDC over a time
interval, wherein said time interval corresponds to at least
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part of said first cycle of said indicator periodically passing
said one or more locations in said bloodstream.

33. Arrangement according to claim 32, wherein said
descriptive relation is a mathematical relation, such as a
logarithmic or linear relation.

34. Arrangement according to claim 32, wherein said
ultrasound means for providing ultrasound measurements
are arranged for providing measurements of harmonic
modes of said return signal.

35. Arrangement according to claim 34, wherein said
harmonic modes comprise secondary or higher harmonic
modes of said return signal.

36. Arrangement according to claim 32, wherein said
means for providing ultrasound measurements are arranged
for measuring an acoustic intensity and determining said
indicator concentration from said acoustic intensity.

37. Arrangement according to claim 32, further compris-
ing imaging means, and means for determining said indica-
tor concentration from a video signal provided by said
imaging means.

38. Arrangement according to claim 32, wherein said
means for providing ultrasound measurements comprise a
transducer.

39. Arrangement according to claim 32, wherein said
means for providing ultrasound measurements are arranged
for providing in vivo measurements.

40. Arrangement according to claim 39, wherein said
means for providing ultrasound measurements are further
arranged for providing transesophageal measurements.

41. Arrangement according to claim 32, wherein said
means for providing ultrasound measurements are arranged
for providing in vitro measurements.

42. Arrangement according to claim 41, wherein said
means for providing ultrasound measurements are arranged
for providing transthoracic measurements.

43. Arrangement according to claim 32, wherein said
ultrasound means are replaced by means for performing an
imaging technique comprising any one or more of a group
including magnetic resonance imaging (MRI), X-ray based
imaging, computed tomography (CT), radio-isotope imag-
ing, positron emission tomography (PET), electrical imped-
ance tomography (EIT), laser based imaging techniques,
teraherz imaging, imaging based on spectral analysis and
similar imaging techniques.

44. Method for determining cardiac parameters of a
human or animal body having a central bloodstream circu-
lation comprising an indicator periodically passing one or
more locations of said body, said method comprising the
steps of:

applying an ultrasound signal to said indicator in said
central bloodstream;

taking ultrasound measurements from a return signal in
response to said ultrasound signal, of at least a first
cycle of said indicator;

determining an indicator concentration time signal from
said ultrasound measurements, said indicator being of
such a low concentration that there is a descriptive
relation between said measurements and said indicator
concentration time signal;

modelling an indicator dilution curve from said first cycle
of said indicator concentration time signal and adjust-
ing said modelled indicator dilution curve over a time
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interval, wherein said time interval corresponds to at
least part of said first cycle leading a further cycle of
said indicator;

wherein said cardiac parameters are determined from a
plurality of modelled indicator dilution curves obtained
from a plurality of locations in said central blood-
stream.

45. Method according to claim 44, wherein said cardiac
parameters are determined from a plurality of modelled
indicator dilution curves obtained from ultrasound measure-
ments simultaneously at a plurality of locations in said
central bloodstream.

46. Method according to claim 44, wherein said descrip-
tive relation is a mathematical relation, such as a logarithmic
or linear relation.

47. Method according to claim 44, wherein said relation
is scaled by calibrating said relation using reference values
for said ultrasound measurements.

48. Method according to claim 44, wherein said ultra-
sound measurements comprise measurements of harmonic
modes of said return signal.

49. Method according to claim 48, wherein said harmonic
modes comprise secondary or higher harmonic modes of
said return signal.

50. Method according to claim 44, wherein said adjusting
over said time interval comprises logarithmic transformation
of said indicator concentration time signal.

51. Method according to claim 44, wherein said adjusting
over said time interval comprises using a linear regression
algorithm.

52. Method according to claim 44, wherein said adjusting
over said time interval comprises calculating a least squares
estimate.

53. Method according to claim 52, wherein said least
squares estimate is a linear least squares estimate.

54. Method according to claim 52, wherein said adjusting
over said time interval comprises logarithmic transformation
of said indicator concentration time signal, wherein said
adjusting over said time interval further comprises using a
linear regression algorithm, and wherein said linear regres-
sion algorithm is performed on said logarithmic transforma-
tion for providing the least squares estimate of the logarith-
mic transformation.

55. Method according to claim 44, wherein said time
interval is determined by analysis of the indicator concen-
tration time signal.

56. Method according to claim 44, further comprising a
step of providing an estimate of the indicator concentration
over a further time interval lagging said first time interval for
at least one of said locations, related to said first cycle.

57. Method according to claim 44, wherein said model-
ling of an indicator dilution curve is performed using a local
density random walk model.

58. Method according to claim 57., wherein said modelled
indicator dilution curve comprises the representation:

A
2n(t — 1)

R ol L
Cly=—é'- AT

wherein C(t) is proportional to a time-dependent indicator
concentration, t is proportional to time, m is proportional to
an indicator mass, q is proportional to a volumetric flow of
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blood, t,, is proportional to a reference time, A is proportional
to diffusion of said indicator, and u is proportional to a time
at which a centre of mass of said indicator is at said one or
more locations.

59. Method according to claim 44, wherein said adjusting
over said time interval comprises a recursive process.

60. Method according to claim 59, wherein said adjusting
over said time interval comprises logarithmic transformation
of said indicator concentration time signal, wherein said
adjusting over said time interval further comprises using a
linear regression algorithm, and wherein said recursive
process comprises one or more of the steps of adjusting one
or more parameters of said modelled indicator dilution
curve, performing said logarithmic transformation on said
indicator concentration time signal, performing said linear
regression algorithm and calculating a mean square error of
said modelled indicator dilution curve in relation to said
indicator concentration time signal.

61. Method according to claim 60, wherein adjusting one
or more parameters comprises shifting said modelled indi-
cator dilution curve in time.

62. Method according to claim 60, wherein said recursive
process is ended after said mean square error is minimised.

63. Method according to claim 56, wherein said adjust-
ment over said time limit comprises logarithmic transfor-
mation of said indicator concentration time signal, and
wherein after said adjustment, said method comprises a
further step of solving a set of equations comprising:

P=ds ) Tn(3)
A

P = o

P3 —ATIJ

wherein estimates of P,, P, and P, are based on said
adjustment.

64. Method according to claim 44, further comprising a
step of determining a volumetric flow of blood of said
bloodstream from said modelled indicator dilution curve.

65. Method according to claim 44, wherein said locations
comprise one or more chambers of a heart, such as left or
right atrium or left or right ventricle.

66. Method according to claim 65, wherein said one or
more chambers of the heart at least comprises a right
ventricle and a left atrium, further comprising a step of
determining an intra-thoracic mean transit time of said
indicator between said right ventricle and said left atrium.

67. Method according to claims 64, wherein said locations
comprise one or more chambers of a heart, such as left or
right atrium or left or right ventricle, and wherein said one
or more chambers of the heart at least comprises a right
ventricle and a left atrium, further comprising a step of
determining an intra-thoracic mean transit time of said
indicator between said right ventricle and said left atrium,
comprising a step of determining an intra-thoracic blood
volume from said intra-thoracic mean transit time and said
volumetric flow of blood.

68. Method according to claim 44, further comprising a
step of determining an ejection fraction from at least one
indicator dilution curve.
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69. Method according to claim 44, comprising a step of
subtracting a modelled indicator dilution curve from said
ultrasound measurements for determining a recirculation
indicator dilution curve corresponding to a further cycle of
said indicator passing said locations.

70. Method according to claim 69, further comprising a
step of determining a recirculation mean transit time based
on said recirculation indicator dilution curve and a modelled
indicator dilution curve.

71. Method according to claim 70, wherein said locations
comprise one or more chambers of a heart, such as left or
right atrium or left or right ventricle, and wherein said one
or more chambers of the heart at least comprises a right
ventricle and a left atrium, further comprising a step of
determining an intra-thoracic mean transit time of said
indicator between said right ventricle and said left atrium,
further comprising a step of comparing said intra-thoracic
mean transit time to said recirculation mean transit time for
providing an intra-thoracic-to-total-blood-volume ratio.

72. Method according to claim 44, wherein said ultra-
sound measurements are replaced by an imaging technique
comprising any one or more of a group including magnetic
resonance imaging (MRI), X-ray based imaging, computed
tomography; (CT), radio-isotope imaging, positron emission
tomography (PET), electrical impedance tomography (EIT),
laser based imaging techniques, teraherz imaging, imaging
based on spectral analysis and similar imaging techniques.

73. Method according to claim 44, further comprising a
step of determining an ejection fraction from said indicator
dilution curve (IDC), and comparing said ejection fraction
with a reference value which reference value is based on
estimations of an end-diastolic volume and an end-systolic
volume of a ventricle of a heart.

74. Method according to claim 73, further comprising a
step of providing an indication of a regurgitation fraction of
a mitralic or tricuspid valve of a heart.

75. Arrangement for determining cardiac parameters of a
human or animal body having a central bloodstream circu-
lation comprising an indicator periodically passing one or
more locations of said body, said arrangement comprising;

ultrasound means for providing ultrasound measurements
of a concentration of said indicator by applying an
ultrasound signal to said indicator in said central blood-
stream and for measuring a return signal in response to
said ultrasound signal of at least a first cycle of said
indicator;

means for determining an indicator concentration time
signal from said ultrasound measurements, wherein
said means are arranged for determining said indicator
concentration time signal from said ultrasound mea-
surements, said indicator being of such a low concen-
tration that there is a descriptive relation between said
measurements and said indicator concentration time
signal,

means for providing a modelled indicator dilution curve,
from said first cycle of said indicator concentration
time signal and for adjusting said modelled indicator
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dilution curve over a time interval, wherein said time
interval corresponds to at least part of said first cycle
leading a further cycle of said indicator; and

analysis means for determining said cardiac parameters
from a plurality of modelled indicator dilution curves
obtained from a plurality of locations in said central
bloodstream.

76. Arrangement according to claim 75, wherein said
analysis means are arranged for determining said cardiac
parameters from a plurality of modelled indicator dilution
curves obtained from ultrasound measurements simulta-
neously at a plurality of locations in said central blood-
stream.

77. Arrangement according to claim 75, wherein said
descriptive relation is a mathematical relation, such as a
logarithmic or linear relation.

78. Armrangement according to claim 75, wherein said
ultrasound means for providing ultrasound measurements
are arranged for providing measurements of harmonic
modes of said return signal.

79. Arrangement according to claim 78, wherein said
harmonic modes comprise secondary or higher harmonic
modes of said return signal.

80. Arrangement according to claim 75, wherein said
means for providing ultrasound measurements are arranged
for measuring an acoustic intensity and determining said
indicator concentration from said acoustic intensity.

81. Arrangement according to claim 75, further compris-
ing imaging means, and means for determining said indica-
tor concentration time signal from a video signal provided
by said imaging means.

82. Arrangement according to claim 75, wherein said
means for providing ultrasound measurements comprise a
transducer.

83. Armrangement according to claim 75, wherein said
means for providing ultrasound measurements are arranged
for providing in vivo measurements.

84. Arrangement according to claim 83, wherein said
means for providing ultrasound measurements are further
arranged for providing transesophageal measurements.

85. Arrangement according to claim 75, wherein said
means for providing ultrasound measurements are arranged
for providing in vitro measurements.

86. Arrangement according to claim 85, wherein said
means for providing ultrasound measurements are arranged
for providing transthoracic measurements.

87. Arrangement according to claim 75, wherein said
ultrasound means are replaced by means for performing an
imaging technique comprising any one or more of a group
including magnetic resonance imaging (MRI), X-ray based
imaging, computed tomography (CT), radio-isotope imag-
ing, positron emission tomography (PET), electrical imped-
ance tomography (EIT), laser based imaging techniques,
teraherz imaging, imaging based on spectral analysis and
similar imaging techniques.
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