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7) ABSTRACT

The present disclosure concerns a method for determining a
heart-lung interaction factor of a subject, comprising: mea-
suring a heart activity-related signal comprising heart activ-
ity-related information; from the heart activity-related signal,
calculating a frequency of cardiac cycle and a frequency of
respiratory cycle; from the heart activity-related signal, deter-
mining a cardiac cycle energy at the frequency of cardiac
cycle, determining a respiratory cycle energy at the frequency
of respiratory cycle, and determining a heart-lung interaction
energy at an intermodulation frequency corresponding to the
difference between the frequency of respiratory cycle and the
frequency of cardiac cycle, or the sum of the frequency of
respiratory cycle and the frequency of cardiac cycle; and
determining a heart-lung interaction factor from the ratio of
the heart-lung interaction energy and one of the cardiac cycle
energy and the respiratory cycle energy. The heart-lung inter-
action factor can be determined non-invasively.
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METHOD FOR DETERMINING
NON-INVASIVELY A HEART-LUNG
INTERACTION

FIELD

[0001] The present disclosure concerns a method for deter-
mining non-invasively a heart-lung interaction factor. The
present disclosure further concerns a method for determining
non-invasively a predictor of fluid responsiveness using the
heart-lung interaction factor.

BACKGROUND

[0002] Interaction between respiratory and heart activities
occurs anywhere within the thoracic cavity and can be
extracted reliably from signals obtained directly within cen-
tral blood vessels such as the aorta.

[0003] It is known in the art that either the positive pres-
sures applied during mechanical ventilation or the negative
intra-thoracic pressures during spontaneous breathing induce
cyclic changes in left ventricular stroke volumes. The more
both the right and the left ventricle become preload depen-
dent, the more likely they will respond positively to the
administration of intravascular fluids. As described by
Michard et al. in their review article (Michard et al. Crit Care
2000, 4:282-289) mainly the Frank-Starling relationship
determines a living being’s response to volume expansion.
Clinical data demonstrate that respiratory-induced variations
in arterial pulse pressure (PPV), in systolic pressure (SPV),
but more importantly in left ventricular stroke volume (SVV),
which can be determined by the surrogate parameters of
Doppler aortic blood flow velocity, can be used to detect
biventricular preload dependence, and hence be exploited as
surrogates for fluid responsiveness in living beings, particu-
larly in critically ill patients. Although the names of these
different parameters (PPV and SVV) do not directly elude to
them as being direct or indirect measures of fluid responsive-
ness, a newly introduced fluid responsiveness index (FRI)
does this in an explicitly way (see U.S. 2008/0033306).
[0004] Despite the fact that the described parameters of
heart-lung interaction are of utmost clinical importance, to
date none of them can be measured non-invasively. While
U.S. patent 2008/0033306 suggests more advanced and
sophisticated algorithms to extract rather reliable information
on heart-lung-interaction and fluid responsiveness in venti-
lated as well as non-ventilated patients, it remains entirely
depend on signals obtained from invasive pressure measure-
ments in central arteries such as the aorta, the femoral or
brachial arteries. Thus, while the proposed approach to a
more robust determination of fluid responsiveness has to be
applauded, it does not address the underlying problem of
invasiveness.

[0005] A first non-invasive approach to assess heart-lung
interactions via a non-invasive technique is that proposed by
Masimo (Irvine, US) based on the analysis of photo-plethys-
mographic time series at peripheral measurement sites such
as the finger tip. Masimo introduced the so-called Pleth Vari-
ability Index (PVT) (Cannesson et al, British Journal of Anes-
thesia 2008; 101: 200-206). Unfortunately, PVI relies on the
analysis of pulsatility signals from very distal arteries of the
muscular type. The characteristics of these arteries, however,
are substantially different from those of central arteries such
as the aorta. Thus, by nature of the approach PVI can provide
nothing else but non-central estimates of heart-lung interac-
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tion: local vasoconstriction phenomena are prone to bias such
estimates, especially in hemodynamically critical situations
in which the information on fluid responsiveness is needed
the most. Thus, while the proposed approach addresses the
non-invasiveness, the fact that it relies on distal photo-pl-
ethysmographic signals constraints its application: it does not
provide a method for analyzing central hemodynamics.

[0006] Control of cardiovascular instability is crucial when
treating critically ill patients. Clinical assessment and treat-
ment of intravascular fluid status are usually guided by arte-
rial filling pressures. However, the clinical value of these
pressure-related filling parameters in states of critical illness
and during positive pressure ventilation has been questioned
repeatedly and fundamentally: central venous and pulmonary
artery occlusion pressures poorly predict the hemodynamic
response to a fluid challenge. Pressure-based concepts are
inferior to volume-based concepts as they are substantially
influenced by intra-thoracic pressures. Thus, they do not
allow inferences on cardiac preload. Functional hemody-
namic parameters derived from invasive arterial pressure or
flow signals, quantifying the interactions between heart and
lungs, known as heart-lung interaction (HLI), pulse pressure
variations (PPV), left ventricular stroke volume variations
(SVV) or systolic pressure variations (SPV) have shown to be
clinically superior. However, current methods for determin-
ing such parameters are usually performed in the time domain
rendering them susceptible to artifacts and noise. Thus, more
robust means of calculating these parameters are highly desir-
able.

[0007] Furthermore, the above mentioned parameters can
be calculated reliably only from signals which need to be
obtained by invasive catheters, with their associated risks and
complications. Therefore, not only more robust but also less
invasive means of obtaining reliable predictors of fluid
responsiveness or heart-lung interaction are needed.

[0008] EIT is a non-invasive functional imaging technol-
ogy that measures changes in bio-impedance at skin elec-
trodes to reconstruct sequences of cross-sectional functional
images. The methodology of EIT can be used for monitoring
a patient’s responsiveness to intravascular volume loading as
the changes in bio-impedance are directly related to changes
in stroke volumes, which result from changes in cardiac pre-
load whereas pressure-based parameters such as PPV or SPV
reflect only the results of such volume changes but not their
underlying cause. However, in EIT more than 90% of the
signal amplitude at the thoracic surface is due to breathing.
Therefore, it becomes challenging to exploit the small venti-
lation-modulated variations in stroke volume, which account
for no more than 1 to 2% of the total signal strength. Conven-
tional EIT post-processing techniques are unable to analyze
such low-amplitude events.

[0009] To date, assessing SVV inliving beings, particularly
in critically ill patients with adequate accuracy can only be
achieved by obtaining blood flow or pressure signals within
the most central arteries. Attempts of using signals from less
invasive peripheral arteries, or even from noninvasive pulse
oximetry showed promising results under stable hemody-
namic conditions, but unfortunately failed during cardiovas-
cular instability. The reasons are obvious: whenever the
hemodynamic status becomes unstable, the vascular tone of
peripheral arteries is adapted either as a result of endogenous
counter-regulation or of treatment by vasoactive medication.
Additionally, reduced peripheral perfusion, as in shock fur-
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ther reduces signal quality, thereby limiting even more the
usefulness of the less invasive approaches currently en vogue.
[0010] Tt is an aim of the present invention to obviate, or
mitigate, at least some of the above-mentioned disadvan-
tages.

SUMMARY

[0011] According to the present invention, there is provided
a method for determining heart-lung interaction phenomena
ofaliving being, comprising: at least one physiological signal
representing heart activity-related information; processing
means for calculating frequency values of heart (f,,) and res-
piratory (f)) activities contained within said signal; process-
ing means for calculating frequency values of heart-lung
interaction (f,,,) contained within said signal; processing
means for calculating energy of said signal at the heart (E,),
respiratory (E ) and heart-lung interaction (E, ) frequencies;
processing means for combining said E,,, energy value and at
least one of E, and E,, energy values within one combined
variable; processing means for transforming said combined
variable into an index representing heart-lung interaction
phenomena.

[0012] Advantageously the method and apparatus of the
present invention enable assessment of heart-lung interac-
tions in the cardiovascular system of living beings, by ana-
lyzing signals from central arteries, in a non-invasive manner.
None of the methods known in the state of the art are capable
of addressing these three requirements simultaneously.
[0013] The present invention enables the determination of
SVV in the descending aorta by analyzing sequences of EIT
images in the frequency-domain (SVV o).

[0014] Heart-lung interaction (HLI) describes the amount
of interaction between respiratory activity and left ventricular
function: by instance, a HLI index might quantify the amount
the different ejected left ventricular volumes during inspira-
tion and expiration. Heart-lung interactions (HLI) include,
but are not limited to, pulse pressure variations (PPV), left
ventricular stroke volume variations (SVV) and/or systolic
pressure variations (SPV).

[0015] Thephysiological signal representing heart activity-
related information may be an arterial pressure signal.
[0016] Thephysiological signal representing heart activity-
related information may be a photo-plethysmographic signal.
[0017] Thephysiological signal representing heart activity-
related information may be a blood flow signal.

[0018] Thephysiological signal representing heart activity-
related information may be a signal obtained by Electrical
Impedance Tomography (EIT) means.

[0019] The signal obtained by Electrical Impedance
Tomography (EIT) means may correspond to the heart activ-
ity-related impedance change time series from at least one
pixel of the tomographic images.

[0020] Theimpedance change time series from at least one
pixel of the tomographic images may correspond to func-
tional structures of interest such as the heart.

[0021] Theimpedance change time series from at least one
pixel of the tomographic images may correspond to func-
tional structures of interest such as the left ventricle.

[0022] The impedance change time series from at least one
pixel of the tomographic images may correspond to func-
tional structures of interest such as the right ventricle.
[0023] Theimpedance change time series from at least one
pixel of the tomographic images may correspond to func-
tional structures of interest such as major arteries.
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[0024] Theimpedance change time series from at least one
pixel of the tomographic images may correspond to func-
tional structures of interest such as the aorta.

[0025] The impedance change time series from at least one
pixel of the tomographic images may correspond to func-
tional structures of interest such as the pulmonary artery.
[0026] The processing means for calculating frequency
values may be based on a Fourier periodogram technique.
[0027] The processing means for calculating frequency
values may be based on a parametric periodogram technique.
[0028] The processing means for calculating frequency
values may be based on the projection of said signal on
trigonometric base functions.

[0029] A heart activity frequency value (f,) may calculated
as the frequency depicting the maximum power density in the
calculated periodogram, and the respiratory activity fre-
quency value (f.) may be calculated as the frequency depict-
ing a maximum power density at frequencies lower than f,.
[0030] A respiratory activity frequency value (f ) may be
calculated as the frequency depicting the maximum power
density in the calculated periodogram, and the heart activity
frequency value (f,) may be calculated as the frequency
depicting a maximum power density in frequencies higher
than £, excluding respiratory harmonic frequencies.

[0031] The frequency values of heart-lung interaction may
be calculated from said f; and f..

[0032] A frequency value of heart-lung interaction may be
calculated as f,-f .

[0033] A frequency value of heart-lung interaction may be
calculated as f,+f..

[0034] Theenergy values of said heart (E,,), respiratory (E,)
and heart-lung interaction (E, ;) frequencies may be calcu-
lated from a Fourier periodogram.

[0035] Theenergy values of said heart (E, ), respiratory (E,)
and heart-lung interaction (E,,) frequencies may be calcu-
lated from a parametric periodogram.

[0036] Theenergyvalues of said heart (E, ), respiratory (E,)
and heart-lung interaction (E,,) frequencies may be calcu-
lated from a projection onto trigonometric base functions.
[0037] Theenergy values E,,, and E, may be combined ina
single variable as the ratio of E, ; over E,,.

[0038] Theenergy values E,;,, E, and E, may be combined
in a single variable as the ratio of E,;; over E, and E,.

[0039] The combined variable may be transformed into an
index representing heart-lung interaction phenomena using a
formula derived from a mathematical model.

[0040] The combined variable may be transformed into an
index representing heart-lung interaction phenomena using a
fanction obtained from a training set of data.

[0041] The value representing heart-lung interaction phe-
nomena may be a Stroke Volume Variation (SVV) value.
[0042] The value representing heart-lung interaction phe-
nomena may be a Pulse Pressure Variation (PPV) value.
[0043] The value representing heart-lung interaction phe-
nomena may be a Systolic Pressure Variation (SPV) value.
[0044] The value representing heart-lung interaction phe-
nomena may be a Plethysmographic Variability Index (PVI)
value.

[0045] The value representing heart-lung interaction phe-
nomena may be a Fluid Responsiveness Index (FRI) value.
[0046] At least one additional signal may be used to calcu-
late frequency values of any of the heart (f,) and respiratory
(f) activities.
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[0047] At least one additional signal may be used to calcu-
late energy of any of the heart (E,) and respiratory (E,) activi-
ties.

[0048] The additional signal may be provided by indepen-
dent sources such as an electrocardiogram, a phono-cardio-
gram, an ultrasound, a blood flow signal, a respiratory induc-
tive or a photo-plethysmogram.

[0049] The additional signal may be provided by pixels of
the Electrical Impedance Tomography images corresponding
to functional structures such as the heart and the lungs.
[0050] According to a further aspect of the present inven-
tion there is provided an apparatus for determining heart-lung
interaction phenomena of a living being, comprising: mea-
suring means for obtaining at least one physiological signal
representing heart activity-related information; processing
means for calculating frequency values of heart (f;,) and res-
piratory (f) activities contained within said signal; process-
ing means for calculating frequency values of heart-lung
interaction (f,,,) contained within said signal; processing
means for calculating energy of said signal at the heart (E,),
respiratory (E,) and heart-lung interaction (E,;;) frequencies;
processing means for combining said E,,, energy value and at
least one of E, and E,, energy values within one combined
variable; processing means for transforming said combined
variable into an index representing heart-lung interaction
phenomena

[0051] The means for obtaining may be one physiological
signal representing heart activity-related information mea-
sures an arterial pressure signal.

[0052] The means for obtaining at least one physiological
signal representing heart activity-related information may be
configured to measure a photo-plethysmographic signal.
[0053] The means for obtaining at least one physiological
signal representing heart activity-related information may be
configured to measure a blood flow signal.

[0054] The mean for obtaining at least one physiological
signal representing heart activity-related information may be
configured to measure a signal obtained by Electrical Imped-
ance Tomography (EIT) means.

[0055] The signal obtained by Electrical Impedance
Tomography (EIT) means may correspond to the heart activ-
ity-related impedance change time series from at least one
pixel of the tomographic images.

[0056] Theimpedance change time series from at least one
pixel of the tomographic images may correspond to func-
tional structures of interest such as the heart.

[0057] Theimpedance change time series from at least one
pixel of the tomographic images may correspond to func-
tional structures of interest such as the left ventricle.

[0058] Theimpedance change time series from at least one
pixel of the tomographic images may correspond to func-
tional structures of interest such as the right ventricle.
[0059] The impedance change time series from at least one
pixel of the tomographic images may correspond to func-
tional structures of interest such as major arteries.

[0060] Theimpedance change time series from at least one
pixel of the tomographic images may correspond to func-
tional structures of interest such as the aorta.

[0061] Theimpedance change time series from at least one
pixel of the tomographic images may correspond to func-
tional structures of interest such as the pulmonary artery.
[0062] The processing means for calculating frequency
values may be based on a Fourier periodogram technique.
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[0063] The processing means for calculating frequency
values may be based on a parametric periodogram technique.
[0064] The processing means for calculating frequency
values may be based on the projection of said signal on
trigonometric base functions.

[0065] A heart activity frequency value (f;,) may be calcu-
lated as the frequency depicting the maxinmum power density
in the calculated periodogram, and the respiratory activity
frequency value (f,) may be calculated as the frequency
depicting a maximum power density at frequencies lower
than f,.

[0066] A respiratory activity frequency value (f.) may be
calculated as the frequency depicting the maximum power
density in the calculated periodogram, and the heart activity
frequency value (f,) may be calculated as the frequency
depicting a maximum power density in frequencies higher
than f; excluding respiratory harmonic frequencies.

[0067] Frequency values of heart-lung interaction may be
calculated from said f; and f,.

[0068] A frequency value of heart-lung interaction may be
calculated as £, -f,.

[0069] A frequency value of heart-lung interaction may be
calculated as f,+f,.

[0070] Theenergy values of said heart (E, ), respiratory (E,)
and heart-lung interaction (E,;) frequencies may be calcu-
lated from a Fourier periodogram.

[0071] Theenergy values of said heart (E,,), respiratory (E,)
and heart-lung interaction (E,;) frequencies may be calcu-
lated from a parametric periodogram.

[0072] Theenergy values of said heart (E,), respiratory (E,)
and heart-lung interaction (E,,) frequencies may be calcu-
lated from a projection onto trigonometric base functions.
[0073] Theenergy values E,,; and E, may be combined ina
single variable as the ratio of E, , over E,,.

[0074] The energy values E,;, E, and E, may be combined
in a single variable as the ratio of E,;, over E, and E, .

[0075] The combined variable may be transformed into an
index representing heart-lung interaction phenomena using a
formula derived from a mathematical model.

[0076] The combined variable may be transformed into an
index representing heart-lung interaction phenomena using a
fanction obtained from a training set of data.

[0077] The value representing heart-lung interaction phe-
nomena may be a Stroke Volume Variation (SVV) value.
[0078] The value representing heart-lung interaction phe-
nomena may be a Pulse Pressure Variation (PPV) value.
[0079] The value representing heart-lung interaction phe-
nomena may be a Systolic Pressure Variation (SPV) value.
[0080] The value representing heart-lung interaction phe-
nomena may be a Plethysmographic Variability Index (PVI)
value.

[0081] The value representing heart-lung interaction phe-
nomena may be a Fluid Responsiveness Index (FRI) value.
[0082] At least one additional signal may be used to calcu-
late frequency values of any of the heart (f,) and respiratory
() activities.

[0083] At least one additional signal may be used to calcu-
late energy of any of the heart (E,) and respiratory (E,) activi-
ties.

[0084] The additional signal may be provided by indepen-
dent sources such as an electrocardiogram, a phono-cardio-
gram, an ultrasound, a blood flow signal, a respiratory induc-
tive or a photo-plethysmogram.



US 2014/0094664 Al

[0085] The additional signal may be provided by pixels of
the Electrical Impedance Tomography images corresponding
to functional structures such as the heart and the lungs

BRIEF DESCRIPTION OF THE DRAWINGS

[0086] The invention will be better understood with the aid
of the description of an embodiment given by way of example
and illustrated by the figures, in which:

[0087] FIG. 1 shows an equivalent model of a circulatory-
related signal, according to an embodiment;

[0088] FIG. 2 shows a table summarizing frequency com-
ponents calculated from a circulatory-related signal, accord-
ing to an embodiment;

[0089] FIG. 3 illustrates a spectral density of a time series
generated from EIT signals; and

[0090] FIG.4represents an EIT image of a thorax showing
organs and structures of interest, according to an embodi-
ment.

DETAILED DESCRIPTION OF POSSIBLE
EMBODIMENTS

[0091] Heart-related activity in arteries of a subject (living
being human or animal)) as a function of time t can be modeled
mathematically by equation 1:

[text missing or illegible when
filed] 1

[0092] wherein MAP is Mean Arterial Pressure, A, is the
amplitude of a heart activity-related signal, f, is the
frequency of the heart cycle (cardiac frequency or car-
diac cycle). Here, the expressions heart-related activity
and heart activity-related signal should be interpreted as
including cardiac-related activity and cardiac related
signal. In an embodiment, the heart activity (or cardiac)-
related signal comprises an arterial pressure signal.

[0093] Theheart activity-related signal can also comprise a
photoplethysmographic signal, a blood flow signal, or any
other suitable signal.

[0094] Similarly, the respiratory activity of the subjectas a
function of time t can be modeled by equation 2:

[text missing or illegible when
filed]

wherein f is the frequency of the respiratory cycle (breathing
cycle) of the subject.

[0095] A heart-lung interaction can be modeled by a mul-
tiplicative model, as depicted as Equation 3:

[text missing or illegible when
filed] 3)

wherein HLI is a Heart-Lung Interaction factor, the target
index of'the current invention. The HLI value contains infor-
mation on the quantity of such interaction between the respi-
ratory activity of the subject and circulation and is directly
related to fluid responsiveness parameters such as Stroke
Volume Variations (SVV), Pressure Pulse Variations (PPV)
and the likes.

[0096]

[text missing or illegible when
filed] 4

Equation 3 can be developed as :
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[0097] Developing this equation further one obtains:

1 . . (Equation 5)
5 MAP Ap[sinQa(fy = f)0) + sinr(fi + f)0)]

[0098] A circulatory-related signal can be described by
Equations 6 and Equation 7:

[text missing or illegible when
filed] 6)

(Equation 7)

1
3 HLI Ap[sin(2r( fi, = fu)t) + sin(2r(fi, + fi)0)]

[0099] The calculated circulatory-related signal corre-
sponds to a physiological signal that would be measured
using a physiological sensor indicative of blood volume,

[0100] An equivalent model of the circulatory-related sig-
nal is shown in FIG. 1. FIG. 2 is a table summarizing the
frequency components that a circulatory-related signal
according to the model described in Equation 7 would depict.
As mentioned above, MAP is Mean Arterial Pressure, A, is
the amplitude of the heart activity-related signal and HLI is
the Heart-Lung Interaction factor.

[0101] Note that the model of the circulatory-related signal
represented in FIG. 1, is similar to an Amplitude Modulation
model (AM), as known by a person skilled in the art of
electronic communications. In particular, by assuming that
the circulatory-related signal is generated by:

[text missing or illegible when
filed] 8)

one obtains the same development as in Equation 7, and the
same frequency components as in Table 1. A person skilled in
the art will further interpret Equation 8 as follows: respiratory
activity modulates the heart-related activity of a living car-
diovascular system via an amplitude modulation process with
a modulation factor of HLI.

[0102] According to an embodiment, a method for deter-
mining the heart lung interaction factor comprises the steps
of:

[0103] measuring the heart activity-related signal com-
prising heart activity-related information;

[0104] from the heart activity-related signal, calculating
the frequency of cardiac cycle f, and frequency of res-
piratory cycle £ ; and

[0105] from the heart activity-related signal, determin-
ing a cardiac cycle energy E,, at the frequency of cardiac
cyclef,, arespiratory cycle energy E, at the frequency of
respiratory cycle f, and a heart-lung interaction energy
E,; at an intermodulation frequency f,;; corresponding
to the difference between the frequency of respiratory
cycle f, and the frequency of cardiac cycle f,, (f,,=f -f,).
The method further comprises dividing the calculated
heart-lung interaction energy E,, by the cardiac cycle
energy E,, to obtain a ratio that depends only on HLI:
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(Equation 9)

[0106] Therefore, the heart-lung interaction factor HLI can
be obtained from the ratio ofthe heart-lung interaction energy
E,; over the cardiac cycle energy E, .

[0107] Alternatively, the heart-lung interaction factor HL.I
can be obtained from the ratio of the heart-lung interaction
energy B, over the respiratory cycle energy E,. The inter-
modulation frequency f,,; can be calculated from the fre-
quency of cardiac cycle f, and the frequency of respiratory
cycle f.. For example, the intermodulation frequency f},; can
be calculated as f,-f (HLI-) or as f,+f (HLI+).

[0108] Since none of the values required to calculate the
HLTindex as depicted in Equation 10 are dependent on mean
arterial pressure (MAP), the method of the present invention
is suitable for use under those conditions where only a signal
proportional to arterial pulse pressure is available. This
unique feature allows HLI to be estimated from non-invasive
surrogates of arterial pressure tracings such as photoplethys-
mography (PPG), EIT signals (see below) or ultrasound-
based blood flow Doppler signals.

[0109] In an embodiment, the heart activity-related signal
comprises an EIT signal obtained by using an EIT imaging
measurement technique. An EIT imaging technique can com-
prise acquiring a temporal sequence of EIT images. Each EIT
image of the sequence of EIT images comprises a plurality of
pixels, each pixel representing an impedance value. From the
temporal sequence of EIT images, a temporal variation of the
impedance value for each pixel can be determined, such as to
generate a time series for each pixel (the EIT signal). A
pressure pulse corresponds to a blood bursts through vascu-
larized structures, or arterial tree of the subject during each
cardiac cycle. Assuming that the onset of the pressure pulse at
a given anatomical location of the subject corresponds to the
onset of animpedance pulse, Pulse Arrival Time (PAT) values
can be estimated from the generates time series. Time series
(or EIT signal) can be generated for a subset of the plurality
pixels located in an anatomical region of interest (ROI) of the
subject. For example, such a ROl can comprise the left-
and/or right-ventricles of the subject, the descending aorta,
the pulmonary artery, or any major arteries.

[0110] The heart-lung interaction energy E,, and the car-
diac cycle energy E, are calculated from a time series gener-
ated from EIT signals obtained for aROI corresponding to the
descending aorta. A frequency analysis on the time series can
be performed such as to estimate a spectral density of the time
series. F1G. 2 depicts a Fourier periodogram of the time series
of one (a single) EIT pixel containing heart activity-related
pulsatility information of the descending aorta. After detect-
ing the position of those pixels containing the desired func-
tional information of the aorta, i.e., after detecting the ROI
corresponding to the descending aorta, its time series, i.e., the
time series generated for the subset of pixels comprised in
said ROJ, is analyzed using a Fourier periodogram.

[0111] Referring to FIG. 3, the spectral density of the time
series comprises several important energy peaks. The most
relevant energy peaks are situated at the frequency of respi-
ratory cycle f. and frequency of cardiac cycle f;, as well as at
the intermodulation frequency f;,; calculated as f,-f, (repre-
sented by HLI- in FIG. 3) or calculated as {, +f, (represented
by HLI+ in FIG. 3). The frequency of cardiac cycle fj, can be
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determined as the frequency at the maximum power density
in the periodogram (FIG. 3). More particularly, the frequency
of cardiac cycle f, can be determined as the frequency at the
maximum power density in the calculated periodogram, and
the frequency of respiratory cycle f, can be determined as the
frequency at the maximum power density at frequencies
being lower than f,. Alternatively, the frequency of respira-
tory cycle f, can be determined as the frequency at the maxi-
mum power density in the periodogram, and the frequency of
cardiac cycle f,, can be determined as the frequency at a
maximum power density at frequencies higher than f,
excluding respiratory harmonic frequencies. In addition, sev-
eral harmonics of the respiratory energy peak are located at
the frequencies 2f,, 3, and 4fr in FIG. 3.

[0112] According to Equation 10, an estimation of the
heart-lung interaction factor HLI is obtained by dividing the
heart-lung interaction energy E, . calculated at the peak at the
HLI- (or HLI+) frequency over the cardiac cycle energy E,
calculated at frequency f,, as provided by the periodogram.
[0113] Instead of a Fourier periodogram several other peri-
odograms techniques could alternatively be used, such as a
Barlett periodogram, a parametric periodogram (by instance
an AR-based periodogram, Proakis and Manolakis,

[0114] Prentice Hall, 1995) or a periodogram based on on
the projection on trigonometric base functions (Vetter et al.,
Proc. World Congress Medical Physics and Biomedical Engi-
neering 2009, 25-4: 326-329). For example, the frequency of
cardiac cycle f,, the frequency of respiratory cycle f_ and the
intermodulation frequency f;,, can be determined from a para-
metric periodogram technique, or on a projection of the signal
on trigonometric base functions.

[0115] In another embodiment, at least one additional sig-
nal is used to determine the frequency of cardiac cycle f;, and
the frequency of respiratory cycle f,. The additional signal
can also be used to calculate the cardiac cycle energy E,, and
the respiratory cycle energy E . The additional signal can be
provided by independent measurement sources such as an
electrocardiogram, a phono-cardiogram, an ultrasound, a
blood flow signal, a respiratory inductive or a photo-plethys-
mogram. The additional signal can also be provided from
pixels of EIT images measured in a ROI corresponding to
functional structures such as the heart and the lungs.

[0116] The cardiac cycle energy E, at the frequency of
cardiac cycle f, the respiratory cycle energy E, and the heart-
lung interaction energy E,;; frequencies are calculated from
the Fourier periodogram, from the a parametric periodogram
technique, or from a projection onto trigonometric base func-
tions.

[0117] For sake of completeness, estimating HLI can be
compared to the Pulse Pressure Variation (PPV) method as
disclosed by Michard et al. in their U.S. patent 2007/
0179386. According to this method, a pulse pressure variation
expressed in percentage (APP) can be defined as (Equation
10):

(PPyax + PPyiy)
(PPuax + PPuiy )2

Equation 10
APP(%) = 100 duation

[0118] Theterm (PP, -PP,..) of Equation 10 canbe asso-
ciated with the amplitude of a cardiovascular signal at the
respiratory frequency, which corresponds to MAP HLI. Simi-
larly, the term (PP, +PP, . )2 of Equation 10 can also be
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associated with an estimate of the absolute value of blood
pressure. Therefore, Equation 10 can be rewritten as:

PPuyax + PP, MAP HLI
APP~ (PPuax MiN) “HLI

(PPuax + PPyp)2~ SYS

Equation 11

[0119] Equation 11 shows that the HLI calculation is
closely related to Michard’s index of heart lung interaction,
ie., APP.

[0120] Quantifying the heart-lung-interaction non-inva-
sively by using an EIT-based method may comprise the step
of identifying intra-thoracic organs and vascular structures
within EIT images based on a Pulse Transit Time (PTT)
analysis (i.e., identifying the ROl in EIT images). Since pres-
sure pulses of each cardiac cycle move a burst of electrically
conductive blood within the arterial tree, the corresponding
EIT impedance pulses can be tracked over time. Accordingly,
anew EIT image is created by assigning to each image pixel
the time value at which an impedance pulse reached the
underlying anatomical structure. FIG. 4 represents an EIT
image of a thorax showing organs and structures of interest
(ROI). Identification of the heart and main intra-thoracic vas-
cular structures can be achieved by assignment of arrival
times of arterial pressure pulses to each one of the EIT pixels
representing them. Due to the high propagation velocity of
pressure pulses in systemic arteries, the ROI corresponding to
descending aorta is identified as those pixels located centrally
behind the central pulmonary arteries for which timing values
are lowest. Such identification of the ROI using the EIT
imaging technique has been discussed in not yet published
patent applications PCT/EP2011/061757 and PCT/EP2011/
061753 by the same applicant.

[0121] Automated and unsupervised identification routines
then clustered these EIT pixels in functional units based on
their pulse arrival time values. EIT pixels containing infor-
mation on the descending aorta are contained within a cluster
located centrally behind the lungs for which PTT were low-
est. In other words, the ROI corresponding to the descending
aorta was determined by using automated and unsupervised
identification routines.

[0122] Secondly, signals from the EIT pixels which were
identified as containing information on the descending aorta
(i.e. the subset of pixels comprised in the ROI corresponding
to the descending aorta) are further processed to quantify
their ventilation-induced modulation of cardiac impedance
pulses (i.e., stroke volume variation SVV ;). Because of the
noisy nature of EIT impedance pulses during ventilation peri-
ods a new frequency-domain technique is employed, as
opposed to traditional time-based approaches.

[0123] Stroke volume variation SVV can be estimated by
measuring the energy of the interaction between cardiogenic
activity at the heart frequency f;, and ventilation activity at
respiration frequency f for these aortic pixels. Assuming
such interaction to be a modulation process, SVV - is then
expressed as a function of the energy measured at the inter-
modulation frequency f,-f,. Frequency analysis is then imple-
mented by projecting raw impedance series of aortic pixels on
f,, f and {,_, principal frequency components.

[0124] A predictor of fluid responsiveness is computed
from the heart-lung interaction factor HLI. In an embodi-
ment, the predictor of fluid responsiveness is computed from
the heart-lung interaction factor HLI by fitting the determined

Apr. 3,2014

heart-lung interaction factor HLI with measured reference
values of the predictor of fluid responsiveness. For example,
the predictor of fluid responsiveness can be a stroke volume
variation SV'V. In particular, the stroke volume variation SVV
can be computed by fitting (or calibrating) the determined
heart-lung interaction factor HLI with measured reference
SVV values, e.g., obtained using a standard SVV measuring
device such as an ultrasound-based SVV measuring device
(SVV ) or apulse contour-based SVV measuring device, or
any other appropriate SVV measuring device (SVVy.).
[0125] Inanembodiment, the estimated energy at the inter-
modulation frequency is converted into SVV (SVV,;) val-
ues by applying a pre-trained linear transformation. In other
words, values of the stroke volume variation SVV can be
computed by applying a pre-trained linear transformation to
the determined heart-lung interaction factor HLI. The pre-
trained linear transformation is obtained from data series
from a number of test subjects; in particular, these data series
are used to calculate the best linear transformation between
estimated HLI values and reference SVV values (in [%]
units). Data series of a plurality of test subjects can also be
used to analyze the correlations of SVV ., with both SVV ¢
and SVV,.

[0126] Alternatively, the heart-lung interaction factor HLI
can also be used to compute a value of Pulse Pressure Varia-
tion (PPV), Systolic Pressure Variation (SPV), Plethysmo-
graphic Variability Index (PVI), or Fluid Responsiveness
Index (FRI). Here, the PPV, SPV, PVI and FRI can be com-
puted by fitting (or calibrating) the determined heart-lung
interaction factor HLI with measured reference PPV, SPV,
PVI and FRI values, respectively.

[0127] Accordingly, in the present invention advanced pro-
cessing of EIT signals from selected pixels allows an auto-
mated, continuous and non-invasive assessment of ventila-
tion-induced left ventricular stroke volume variation in
central arteries.

[0128] The present disclosure also pertains to an apparatus
for determining the predictor of fluid responsiveness of a
subject from the heart-lung interaction factor (HLI), the
device comprising a device for measuring a heart activity-
related signal comprising heart activity-related information; a
device for carry out the method disclosed herein.

REFERENCE NUMBERS
[0129] E, cardiac cycle energy
[0130] E, respiratory cycle energy
[0131] E,, heart-lung interaction energy
[0132] {, frequency of cardiac cycle
[0133]  intermodulation frequency
[0134] £ frequency of respiratory cycle
[0135] HLI heart-lung interaction factor
[0136] MAP mean arterial pressure
[0137] PPV pressure pulse variation
[0138] SVV stroke volume variation

1. Method for determining non-invasively a heart-lung
interaction factor (HLI) of a subject, comprising:

measuring a heart activity-related signal comprising heart
activity-related information;

from the heart activity-related signal, calculating a fre-
quency of cardiac cycle (f},) and a frequency of respira-
tory cycle (f);

from the heart activity-related signal, determining a car-
diac cycle energy (E,,) at the frequency of cardiac cycle
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(f,), determining a respiratory cycle energy (E,) at the
frequency of respiratory cycle (f);

from the heart activity-related signal, determining a heart-
lung interaction energy (E, ;) at an intermodulation fre-
quency (f,,,) corresponding to the difference between
the frequency of respiratory cycle (f) and the frequency
of cardiac cycle (f}), or the sum of the frequency of
respiratory cycle (f,) and the frequency of cardiac cycle
(t,); and

determining a heart-lung interaction factor (HLI) from the
ratio of the heart-lung interaction energy (E,,,) and one
ofthe cardiac cycle energy (E,,) and the respiratory cycle
energy (E,).

2. Method according to claim 1, further comprising com-
puting the predictor of fluid responsiveness from the heart-
lung interaction factor (HLI).

3. Method according to claim 1, wherein

said heart activity-related signal comprises an arterial pres-

sure signal, a

photoplethysmographic signal, or a blood flow signal.

4. Method according to claim 1 or 2, wherein

said heart activity-related signal comprises an EIT signal

obtained from a plurality of pixels of EIT images
acquired by using an EIT imaging measurement tech-
nique.

5. Method according to claim 4, wherein

the EIT signal is obtained from a subset of the plurality

pixels located in an anatomical region of interest (ROI)
of the subject comprising heart activity-related informa-
tion.

6. Method according to claim 5, wherein

the ROI comprises the descending aorta.

7. Method according to claim 5, further comprising gener-
ating a time series from the subset of the plurality pixels ofa
temporal sequence of EIT images.

8. Method according to claim 7, further comprising per-
forming a frequency analysis on the time series such as to
estimate a spectral density of the time series.

9. Method according to claim 8, wherein

the frequency analysis comprises one of a Fourier analysis,

a parametric analysis and a projection on trigonometric
base functions, and the estimated spectral density is a
periodogram.

10. Method according to claim 9, wherein

said determining the frequency of cardiac cycle (f;) com-

prises determining the frequency at the maximum power
density in the periodogram, and wherein

said determining the frequency of respiratory cycle (f,)

comprises determining the frequency at the maximum
power density in the periodogram at frequencies lower
than (£)).

11. Method according to claim 9, wherein said determining
the frequency of respiratory cycle (f,) comprises determining
the frequency at the maximum power density in the peri-
odogram, and wherein
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said determining the frequency of cardiac cycle (f,) com-
prises determining the frequency at a maximum power
density at frequencies higher than the frequency of res-
piratory cycle (f,), excluding respiratory harmonic fre-
quencies.
12. Method according to claim 9, wherein said determining
the heart-lung interaction energy (E,;;) comprises determin-
ing the power density from the periodogram at the intermodu-
lation frequency (f,,,).
13. Method according to claim 9, wherein
said determining the cardiac cycle energy (E,) comprises
determining the power density from the periodogram at
the frequency of cardiac cycle (f,).

14. Method according to claim 9, wherein

said determining the respiratory cycle energy (E,) com-
prises determining the power density from the peri-
odogram at the frequency of respiratory cycle (f).

15. Method according to claim 1, further comprising

measuring an additional signal comprising respiratory

activity-related information.

16. Method according to claim 15, wherein

said calculating a frequency of cardiac cycle (f,) and a

frequency of respiratory cycle (f,) further comprises
using said additional signal.

17. Method according to the claim 15, wherein measuring
an additional signal comprises using an electrocardiogram, a
phono-cardiogram, an ultrasound, a blood flow signal, a res-
piratory inductive or a photo-plethysmogram.

18. Method according to claim 15, wherein

said additional signal comprises an EIT signal obtained

from a plurality of pixels of EIT images acquired by
using an EIT imaging measurement technique.

19. Method according to claim 18, wherein

the EIT signal is obtained from a subset of the plurality

pixels located in an anatomical region of interest (ROI)
of the subject comprising respiratory activity-related
information.

20. Method according to claim 2, wherein

the predictor of fluid responsiveness comprises a stroke

volume variation (SVV).

21. Method according to claim 20, wherein

said computing the predictor of fluid responsiveness com-

prises fitting the heart-lung interaction factor HLI with
measured reference stroke volume variation (SVV) val-
ues.

22. Method according to claim 2, wherein

the predictor of fluid responsiveness comprises one of a

pulse pressure variation (PPV), a systolic pressure varia-
tion (SPV), a plethysmographic variability index (PVT),
or a fluid responsiveness index (FRI).

23. Apparatus for determining the heart-lung interaction
factor (HLI) of a subject, the device comprising a device for
measuring a heart activity-related signal comprising heart
activity-related information; and a device arranged for carry-
ing out the method according to claim 1.
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