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(54) Apparatus and method for determining a physiological parameter

(57)  Anapparatus for determining a physiological pa-
rameter of a patient, such as cardiac output, comprises
a sensor device providing readings of a blood variable,
memory means storing said readings as a curve over
time, evaluation means determining a mean value from
the curve and determining the physiological parameter
using the mean value is provided. The sensor device
includes a plethysmography and/or pulse-oximetry sen-
sor setup. The evaluation means determine a spectral
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Description

[0001] The presentinvention relates to an apparatus for determining at least one physiological parameter of a patient.
In particular, the invention relates to an apparatus for determining at least one physiological parameter of a patient,
which comprises at least one sensor device adapted to provide readings of a blood variable of the patient, storage
means for storing said readings as at least one curve representing said blood variable over time and evaluation means
adapted to determine a mean value from said curve and to determine said at least one physiological parameter using
said mean value.

[0002] In addition, the invention relates to a method for determining at least one physiological parameter of a patient
by providing readings of a blood variable of the patient, storing said readings as at least one curve representing said
blood variable over time determining a mean value from said pressure curve and determining said at least one physio-
logical parameter using said mean value.

[0003] Furthermore, the invention relates to a physical storage medium having stored thereon a computer program
which, when executed on a computer system, causes the computer system to perform a method for determining at least
one physiological parameter of a patient.

[0004] Devices and methods for determining cardiac function parameters such as cardiac output, ejection fractions
or stroke volume are well known in the state of the art. Specifically, cardiac output is obtainable from continuous blood
pressure waveforms, which are derived by conventional means via an arterial line measuring the arterial blood pressure.
Generally, the cardiac output is equal to the stroke volume multiplied by the heart rate.

[0005] For example, EP-A-0 920 278 describes a method for the measurement of cardiac output in a patient, which
involves the continuous measurement of the arterial blood pressure waveform, then running an autocorrelation of the
waveform data and finally establishing the cardiac output by multiplying the transformed autocorrelation data with a
calibration factor using a known accurate calibration method for that patient.

[0006] EP-A-0947 941 describes in vivo determination of the compliance function and the cardiac output of a patient
using pulse contour analysis.

[0007] However, the current reliable methods for continuously determining cardiac output and/or stroke volume require
calibration to a reference value, which usually is determined by an additional discontinuous measurement. In addition,
pulse contour analyses require the reliable detection of the dicrotic notch to separate the systolic from the diastolic pulse
pressure components. Furthermore, in some circumstances, such as during major surgery, the waveform may not display
adicrotic notch at all. In addition, the above approaches are compromised by disturbances in the pressure measurement
due to arrhythmia or reflections from the arterial branches.

[0008] Further, there is a general desire to reduce the degree of invasiveness in hemodynamic measurement proce-
dures.

[0009] Therefore, it is an object of the present invention to provide an apparatus or method, respectively, of the type
described above for measuring a physiological parameter such as cardiac output, ejection fractions or stroke volume,
which negotiates the necessity for the calibration of the measurement data with a reference value obtained by an
additional discontinuous measurement for the patient.

[0010] Afurther object of the presentinvention is to provide an apparatus or method, respectively, of the type described
above, which does away with the requirement to detect the dicrotic notch.

[0011] Additionally, itis a particular object of the current invention to minimize the said measurement disturbances in
an apparatus or method as described above due to arrhythmia or reflections from the arterial branches.

[0012] Itisfurther an object to decrease the degree of invasiveness involved in determining the physiological parameter
(s)-

[0013] According to one aspect of the presentinvention, these objects are achieved by an apparatus of the type initially
mentioned,

wherein the sensor device includes a plethysmography and/or pulse-oximetry sensor setup and

wherein the evaluation means of the apparatus are further adapted

- to determine at least one of a spectral density S(w) of the curve and a variance of the arterial blood variable,

- to determine at least one model parameter representing an effective value of a heart beat using the determined
mean value and at least one of said spectral density S(w) and said variance, said effective value being selected
from an effective amplitude A of said heart beat, an effective duration d of said heart beat and an effective area
Feif under said heart beat, and

- to determine the at least one physiological parameter using at least one said model parameter.

[0014] The presentinvention is thus carried out using an (opto-)plethysmography and/or pulse-oximetry sensor setup
and basing the evaluation techniques on the plethysmography and/or pulse-oximetry readings, which usually include a
plurality of intensity signals.
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[0015] Itisto be understood that the curve may directly be derived from raw data such as an electrical signal depending
on a local light transmission and/or reflection detected by an optical sensor arrangement.

[0016] As (opto-)plethysmography and/or pulse-oximetry sensor setups can easily be implemented using non-invasive
sensors (e.g. finger clip sensors, ear clip sensors or sensors affixed to the forehead), the present invention thus allows
to greatly decrease or eliminate the invasiveness of physiological, in particular hemodynamic, parameter determination.
[0017] (Opto-)plethysmography and pulse-oximetry sensors per se are widely known from the prior art. Plethysmog-
raphy is a technique for measuring blood volume variations correlating with a subject’s pulse. This technique allows
implementation of continuous non-invasive pulse frequency measurements, as well as measurements of local blood
volume/perfusion, which are also indicative for blood pressure conditions. Pulse-oximetry measurements allow deter-
mining oxygen saturation of the blood. In optoplethysmography there are mainly two alternative measurement principles:
transmission measurements and reflexion measurements. Transmission measurements are based on measurement of
intensity according to Lambert-Beer Law. In optoplethysmography usually two or more wavelengths are used within the
range of approximately 600 nm through approximately 1000 nm, usually about 660 nm and 940 nm. Suitable measurement
sites are, e.g., fingertips, ear lobes, forehead (for reflexion measurements), nose and toes. Technical sensor implemen-
tations have been widely published both in patent and non-patent literature, such as Vincent Chan, Steve Underwood:
"A Single-Chip Pulsoximeter Design Using the MSP430" SLAA274 - November 2005 (http://focus.ti.com/lit/an/
slaa274/slaa274.pdf) and Texas Instruments Medical Applications Guide 1Q2009, p. 37-44 (http://focus.ti.com/lit/an/
slyb108d/slyb108d.pdf).

[0018] Preferably, said at least one physiological parameter includes at least one of stroke volume SV, cardiac output
CO and ejection fraction EF.

[0019] Itis further preferred that said evaluation means are adapted to determine said stroke volume SV as a product
of a first model parameter representing said effective amplitude A+ and a second model parameter representing said
effective duration dg.

[0020] In addition, it is preferred that said evaluation means are adapted to determine said ejection fraction EF as a
product of a model parameter representing said effective duration do and a heart rate HR of said patient.

[0021] In particular preferred is that said evaluation means are adapted to determine said cardiac output CO as a
product of a first model parameter representing said effective amplitude A4, a second model parameter representing
said effective duration d ¢ and an approximation of a heart rate of said patient.

[0022] Preferably, said approximation of said heart rate is selected from an actual measured heart rate HR and an
approximate function A, said approximate function A including a quotient with a dividend comprising the square of
the mean value and a divisor comprising the spectral density S(w) at ©v=0.

[0023] Further preferably, said evaluation means are adapted to use a correction parameter o in determining said
model parameter, said correction parameter oo assuming values greater than or equal to 1, said values being the higher,
the less the patient’s heart frequency deviates from a rhythmic condition.

[0024] In addition, it is preferred that said evaluation means are adapted to use a monotonous correction function ¢
depending on said correction parameter o and assuming values from 0 to 1, wherein said correction function ¢ assumes
the value of 0 if said correction parameter o equals 1 and said correction function ¢ assumes the value of 1 for said
correction parameter o tending to infinity.

[0025] Preferably, said effective amplitude A is provided as a quotient with a dividend comprising the sum of said
variance and the product of said correction function ¢ and the square of the mean value and a divisor comprising the
mean value.

[0026] Furthermore preferably, said effective amplitude dg is provided as a quotient with a dividend comprising the
spectral density S(w) at =0 and a divisor comprising the sum of said variance and the product of said correction function
¢ and the square of the mean value.

[0027] Also preferably, said apparatus provides Fourier Transformation means for determining said spectral density
S(w) as the Fourier Transformation of the autocorrelation of said curve.

[0028] Preferably, the spectral density S(w) at w=0 is provided as said variance multiplied by a constant factor.
[0029] In an additional preferable embodiment said apparatus further comprises

- means for administering a travelling deviation of an intrinsic physical quantity (such as temperature, an optical/
spectral property or an indicator concentration) to the blood stream of said patient at a first location of the blood
circulation of said patient, and

- sensor means for measuring said physical quantity at a second location of the blood circulation of said patient over
the course of time,

wherein, said memory means are adapted to record said physical quantity measured over the course of time at said
second location as a dilution curve, and said evaluation unit is adapted to determine a comparative value of at least one
of said physiological parameters from said dilution curve using dilution algorithms.
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[0030] Preferably, said evaluation unit is adapted to use said comparative value for calibration.

[0031] Preferably, said evaluation unit is further adapted to determine a blood oxygen saturation value from said
readings and to output said blood oxygen saturation value.

[0032] Preferably, said calibration includes determining, using said comparative value, a correction parameter o used
in determining said model parameter, said correction parameter o. assuming values greater than or equal to 1, said
values being the higher the less the patient’s heart frequency deviates from a rhythmic condition.

[0033] Ina preferred embodiment, said evaluation unit is adapted to reject and re-calculate said physiological param-
eter, if the difference between the determined physiological parameter and the respective comparative value exceeds
a threshold value.

[0034] Further to these embodiments, the above objects are achieved under an additional aspect of the invention by
a method for determining at least one physiological parameter of a patient, said method comprising the steps of:

- importing readings of a blood variable of said patient,

- storing said readings as a curve representing said blood variable over time t,

- determining a mean value from said curve and determining at least one physiological parameter using said mean
value

wherein said imported readings are readings obtained through plethysmographic and/or pulsoximetric measurement
techniques and
wherein the method further includes

- determining at least one of a spectral density S(w) of said curve and a variance of said blood variable,

- determining at least one model parameter representing an effective value of a heart beat using said mean value
and at least one of said spectral density S(w) and said variance, said effective value being selected from an effective
amplitude Ay of said heart beat, an effective duration dg of said heart beat and an effective area F 4 under said
heart beat, and

- determining said at least one physiological parameter using at least one said model parameter.

[0035] Preferably, in above method said at least one physiological parameter includes at least one of stroke volume
SV, cardiac output CO and ejection fraction EF.

[0036] Furthermore preferably in above method, said stroke volume SV is determined as a product of a first model
parameter representing said effective amplitude A and a second model parameter representing said effective duration
At

[0037] It is further preferred that in above method said ejection fraction EF is determined as a product of a model
parameter representing said effective duration do¢ and a heart rate HR of said patient.

[0038] Further preferably, in above method said cardiac output CO is determined as a product of a first model parameter
representing said effective amplitude A, a second model parameter representing said effective duration d¢ and an
approximation of a heart rate of said patient.

[0039] Also preferably in above method, said approximation of said heart rate is selected from an actual measured
heart rate HR and an approximate function A, said approximate function A including a quotient with a dividend
comprising the square of the mean value and a divisor comprising the spectral density S(w) at w= 0.

[0040] In addition, in above method, it is preferred that a correction parameter o is used in determining said model
parameter, said correction parameter o. assuming values greater than or equal to 1, said values being the higher the
less the patient’s heart frequency deviates from a rhythmic condition.

[0041] Preferably, in above method, a monotonous correction function ¢ is used depending on said correction param-
eter a and assuming values from 0 to 1, wherein said correction function ¢ assumes the value of 0 if said correction
parameter o equals 1 and said correction function ¢ assumes the value of 1 for said correction parameter o tending to
infinity.

[0042] Ina preferred embodiment of above method, said effective amplitude A is provided as a quotient, the dividend
of said quotient comprising the sum of said variance and the product of said correction function ¢ and the square of the
mean value and the divisor of said quotient comprising the mean value.

[0043] Preferably, in above method, said effective amplitude d is provided as a quotient with a dividend comprising
the spectral density S(w) at ®=0 and a divisor comprising the sum of said variance and the product of said correction
function ¢ and the square of the mean value.

[0044] It is further preferred that in above method, said spectral density S(w) is determined as the Fourier Transfor-
mation of the autocorrelation of said curve.

[0045] Preferably, in above method, the spectral density S(w) at ®=0 is provided as said variance multiplied by a
constant factor.
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[0046] In a preferred embodiment, above method further comprises

- inputting information about a travelling deviation of an intrinsic physical quantity (such as temperature, an optical/
spectral property or an indicator concentration) administered to the blood stream of said patient at a first location
of the blood circulation of said patient, and

- reading in measurement readings of said physical quantity at a second location of the blood circulation of said
patient over the course of time,

wherein, said measurement readings of said physical quantity at said second location of the blood circulation of said
patient are recorded as a dilution curve, and said comparative value of at least one of said physiological parameters is
determined from said dilution curve using dilution algorithms.

[0047] Preferably, in above method, said comparative value is used for calibration.

[0048] Preferably, in above method said evaluation unit is used for determining a blood oxygen saturation value from
said readings and for outputting said blood oxygen saturation value.

[0049] In addition in above method, it is preferred that said calibration includes determining, using said comparative
value, a correction parameter o used in determining said model parameter, said correction parameter oo assuming values
greater than or equal to 1, said values being the higher the less the patient’s heart frequency deviates from a rhythmic
condition.

[0050] Preferably,inabove method, said physiological parameter is rejected and recalculated, if the difference between
the determined physiological parameter and the respective comparative value exceeds a threshold value.

[0051] An additional embodiment of the present invention comprises a physical storage medium having stored thereon
a computer program which, when executed on a computer system, causes the computer system to perform a method
as described above.

[0052] Generally, any of the embodiments described or options mentioned herein may be particularly advantageous
depending on the actual conditions of application. Further, features of one embodiment may be combined with features
of another embodiment as well as features known per se from the prior art as far as technically possible and unless
indicated otherwise.

[0053] In the following, the invention is described in more detail. The accompanying drawings, which are schematic
flow diagrams and graphs, serve for a better understanding of the features of the current invention.

[0054] Therein:

Fig. 1 isaflow diagram illustrating a preferred embodiment of the inventive method for determining the cardiac output
CO. Optional features are presented in dashed lines. The quantity o« may depend on the CVP (central venous
pressure) and/or the heart rate variability,

Fig. 2 is an exemplary plot of the functional relationship (), i.e. the behaviour of ¢ for typical values of c., according
to one embodiment of the present invention

Fig. 3  showsacorrelation plotbetween the CO values determined according to an embodiment of the presentinvention
by eq. (24) and the reference values CO, obtained by the transpulmonary cardiac output measurements.

Fig. 4 illustrates the general setup of an apparatus according to an embodiment of the present invention making use
of an optoplethysmography sensor.

Fig. 5 shows a modified setup similar to fig. 4.

[0055] Figure 1 illustrates (indicated by regular lines) the most important steps of one preferred embodiment of the
present invention. Dashed lines indicate optional steps for modifying the embodiment to yield another preferred embod-
iment. In order to improve the illustration of the preferred embodiments and to ease the understanding thereof, the
following description also attempts to describe in more detail the underlying calculatory principles.

[0056] While the main focus of the described embodiments is on cardiac output determination, other physiological
parameters may also be established with the apparatus and methods according to the invention, in particular, such
parameters characterising cardiac function, such as ejection fractions or stroke volume.

[0057] Asisshown infigure 1, the currentinvention makes use of measurement readings representing the transmitted
light intensity, the readings being provided either as raw data (such as voltage or electric current) from a suitable sensor
or already in a pre-processed state.

[0058] Asalready mentioned above, plethysmography is a technique for measuring blood volume variations correlating
with a subject’s pulse and thus arterial blood pressure. This technique also allows implementation of continuous pulse
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frequency measurements. Further, pulse-oximetry measurements allow determining oxygen saturation of the blood.
[0059] Arteries of the vascular system are flexible and therefore expand depending on the blood pressure during the
systole. Consequently, since the plethysmography or pulse-oximetry readings are pressure-dependent, the readings
relate to an arterial blood pressure and the curve representing said variable over time corresponds, to a certain degree,
to a pressure curve over time t. Likewise, the mean arterial blood pressure is a corresponding variable to said mean
value. Therefore, in the following, the blood variable is represented by the character P for being analogous to a measured
pressure.

[0060] The blood variable P depends on time t and results from the superposition of several heart beats b(t - t),
beginning at time f,. Due to reflections in the arterial tree, several heart beats may contribute to the resulting blood
variable, which can be described by the following function:

P(t) = Zbk(t' t) (1)

[0061] In general, all beats may differ from each other, however, for a limited period of time, an average beat b(t)
exists so that the function of equation (1) can be described adequately by

P(t) =Y by(t- ) (2)
k

~Jb (t-t) 3)

[0062] As in healthy living beings the heart rate HR usually does not vary strongly within a limited time frame (e.g. 10
s to 200 s), successive beats are almost equidistant and the occurrence of beats is determined by f, = kIHR.

[0063] During strong arrhythmia, however, heart beats occur very irregularly. The worst case scenario is the random
occurrence of independent beats, which can be described by a Poisson-Process, i.e. the intervals between successive
heart beats are distributed at random according to an exponential-distribution q such that:

Q(tk - tk.1) =HR* GXp(-HH * (tk - tk.y)).

[0064] In this case, the superposition of equation (3) is a Campbell-Process, as is described in: [N. R. Campbell, "The
study of discontinuous phenomena." Proc. Camp. Philos. Soc. Math. Phys. Sci. 15:117-136, 1909.]

[0065] According to the present embodiment, the cardiac function can be assessed in both conditions, i.e. for regular
and irregular heart activity, by means of the mean, variance and spectral density of the curve representing the blood
variable over time P(t),

[0066] The mean value <P>which essentially corresponds to a mean assessed pressure is derived from the integral
of the curve representing the blood variable over time P(f) over an appropriate time span T, i.e.

1 T
<P> = - OJP(t)dt (4)

[0067] The Variance of the blood variable is calculated from &P(t) = P(t) - < P > so that:
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[0069]

<(3P(t))

The Spectral density is the Fourier Transformation of the autocorrelation of P(t) and hence is determined by:

EP 2 281 504 A1

T
(t)- <P >)dt
= 5 o

o

S(w) = 4 feos(wr) < 8P(t)*OP(t - 7) > dr

In the case of arrhythmia, the arrhythmic conditions can be described by a Campbell-Process application of

equations (4) to (6), which results in the following functions:

<P>

<(8P) >

S(m)

= HR* (b(t)dt
F

= HR* [b*(t)dt
P

~
* b(o))(

with the Fourier Transformation b (w) of the average beat b(f):

[0070]

= Jb(t)*e"“"dt

For rhythmic conditions with periodic heart beats, the application of equations (4) to (6) results to:

<P> = HR* fb(t)dt
F

<(dP) >

= HR* [p*(t)dt - <P>’
F

(5)

(6)

(7)

(10)

(1)

(12)
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S(@) = 2a*HR*p(),  with a>1 (13)

[0071] The parameter o depends on the heart rate variability on a time scale much larger than T. For practical imple-
mentations, o can be determined through emperical studies or simply estimated taking into account the principles
described herein.

[0072] Merging the different conditions can be based on the following considerations. Equations (7) to (9) and (11) to
(13) have the same structure. In particular, o in eq. (13) decreases with a decreasing accuracy in the periodicity of the
beats b(t). Finally, for randomly occurring beats, o.tends to the lower limit . = 1 and the equations (13) and (11) become
identical. Equations (12) and (8) can also be merged. Therefore, a function o(c) is introduced, which tends to 0 as o
tends to 1, and o(a) tends to 1 for o >> 1. This relationship is described in an exemplary manner in figure 2.

[0073] In consequence, the rhythmic, arrhythmic and intermediate activity of the heart is described by:

<P> = HR*wa(t)dt (14)

<P > = HR* [pP(t)dt - olo) <P >’ (15)
0

5

P4

S(w) = 2a*HR*|b(w)

wherein o and o are limited as follows:

| a | o (alpha)
arrhythmic 1 0
intermediate | 21 >0and <1
rhythmic >1 1

[0074] Furthermore, the acquired data may be interpreted so as to afford a characterisation of the average beat in
terms of its amplitude A and duration d.

A = Md—t (17)
Jb(t)dt

d = _E(t)i (18)
Jbz(t)dt
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[0075] Thus, if a square wave is assumed,

bit) = A, forO<tsd
bt) = 0, otherwise (19)

[0076] Consequently, introducing the equations (14) to (16) yields:

<(®P)Y > + o<P>?

Ag = P> (20)

dy = S(0) 1)

200 (< (0P > + o<P>?)

[0077] Therein, the index "eff" was introduced to point out that A, and ds are effective values reconstructed from
the curve representing the blood variable over time P(t). It is emphasized that this reconstruction is possible in all
conditions, even if no heart beats are detectable in the curve P(t). Moreover, the product of the area A,z and duration
dgs results in the area under the effective beat Fg, which is

Fer = Ag * et

S(0)

= ——5— (22)
20<P>
even if the beats do not represent a square wave.
[0078] In addition, the ratio
200< P >?
et = ——~—— (23)
S(0)

gives an approximation of the heart rate in all circumstances.

[0079] According to the present embodiments, the obtained parameters are used to characterize a patient’s cardiac
function. In particular, the quantities Az, dgg Ao @and combinations thereof are useful to characterize stroke volume
SV, cardiac output CO, ejection fraction EF and others.

[0080] Specifically, the Cardiac output CO may be derived according to
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CO - HR * Aeff * deff

S(0)

= HR * 2%
20<P>

(24)

[0081] In order to test the values obtained with the inventive method, a comparison with a known standard reference
method was undertaken. For this purpose the cardiac output was measured according to the present invention and also
with the established thermodilution technique according to EP-A-0 637 932.

[0082] The results of this comparison are displayed in figure 3. Therein, the abscissa represents cardiac output in
liters per minute as determined by the reference method and the ordinate represents output in liters per minute as
determined by the inventive method. Accordingly, the results achieved for the cardiac output in both measurements are
in good agreement.

[0083] Furthermore, the other cardiac functions stroke volume and ejection fraction are also readily available from the
parameters determined according to the inventive method.

[0084] The stroke volume SV is afforded by dividing the cardiac output by the heart rate HR; thus: SV = A ¢ * dgs
[0085] Further, the quantity d s * HR corresponds to the (left ventricular) ejection fraction EF.

[0086] Further embodiments of the invention will be described below.

[0087] An optional simplification to the inventive method may be made, if the spectral density is required for frequencies
fclose to or at o = 2nf = 0. Then according to eq. (6), the variance of the blood variable P can be used to approximate

S(0) ~ 2 * (<P’>-<P>?) (25)

=2 * <8Py > (26)

[0088] This simplification can also be used in the other relations, particularly, in eq. (24).

[0089] In addition, an arrhythmia adjustment may be made since the coefficient 1/a. may depend on the heart rate
variability.

[0090] Furthermore, the central venous pressure CVP may influence the coefficient 1/c.. Therefore, in order to establish
o, CVP can be taken into account either by reading in measurement data directly as provided by a CVP measurement
source or by user input. Generally, measuring CVP per se is well known from the prior art and not part of the inventive
method.

[0091] The effect of a varying heart rate on the current invention can be detected by determining the number of heart
beats within a pressure sample and the effective heart rate A determined by equation (23). Particularly, the ratio of
HR and Ay leads to

HR * $(0)

= 27
“ 2<P>? (27)

[0092] Therefore, an adjustment of a patient monitoring system implementing the present invention to the current
heart rate variability is possible.
[0093] The Spectral density S(0) for = 2rf 0 can also be determined differently, e.g.

a) by means of the spectral density for frequencies tending to zero, i.e. S(0) = lim,,_,,S(w) = lim;_,,S(2xf), or

w—0

b) by fitting an appropriate function (e.g. S(®) = S(0) / [1 + (wt)2]"*1) to the measured spectrum. Therein, local

10
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maxima corresponding to the heart rate should preferably be neglected.

[0094] The embodiments described hereinabove in detail are based on plethysmographic measurements and/or on
pulse-oximetry measurements as mentioned in the introductory part of this description. Fig. 4 shows a setup with an
optoplethysmographic finger-clip sensor 11 employing a photometric means for measuring transmitted light intensity
and transmitting a respective signal to the input channel 3 of the patient monitoring apparatus 4. Instead of a finger-clip
sensor 11 other suitable sensor arrangements such as a an ear-lobe clip, toe-clip or strap-on sensor unit may also be
used. The patient monitoring apparatus 4 contains appropriate storage means for storing the photometer readings over
time and serving as a processing storage.

[0095] The patient monitoring also comprises a computing facility 9, which may include a digital signal processing
instance 9, which is programmed to perform calculations in accordance with equations as described above, wherein,
however, the curve and terms derived therefrom are substituted by respective terms based on the plethysmography
measurement.

[0096] With reference to the procedure described in figure 1, a first blood variable P is determineded by said apparatus
depicted in figure 4 by plethysmographic and/or pulsoximetric measurement techniques.

[0097] By means of equation (6), the computing facility 9 calculates the mean value, the variance and the spectral
density for the mean value determined within an appropriate time frame (e.g. 10 s to 200 s). For calculating the spectral
density, designated fast fourier transformation means may be employed.

[0098] Furthermore, for ® = 0 and a = 1 the computing facility 9 employs equation (22) to calculate the effective area
Fef The relationship between the effective area Fg and the stroke volume SV is given by 1/a, wherein the latter can
be determined empirically or alternatively, with respect to reference SV measurements (e.g. transpulmonary thermodi-
lution) from the treated patient. In order to perform such reference SV measurements, the patient monitoring apparatus
4 may be equipped accordingly, e.g. by providing additional input channels for thermodilution measurement readings
and by implementing suitable thermodilution algorithms in the computing facility 9, as known per se from the prior art.
[0099] The knowledge of SV permits the determination of CO according to CO = HR * SV, wherein the heart rate HR
can also, optionally, be determined from the pressure and the spectral density or by other methods.

[0100] Adisplay 5 to visualize the determined parameters (as numeric values, graphically or both) and control elements
10 to operate said apparatus are also provided. In addition, the determined parameters may be stored at a recording
medium and/or printed. For this purpose, the patient monitoring apparatus 4 may comprise various interface ports for
connecting peripheral equipment.

[0101] The embodiment of figure 4 is configured such that the actual sensor device is essentially integrated in the
finger clip sensor 11, whereas the evaluation means are integrated in the monitoring apparatus 4. However, it is also
possible to advantageously implement the invention in a manner wherein the evaluation means are essentially integrated
in a finger clip unit, ear-lobe clip unit, toe clip unit, strap-on unit or the like that houses the sensor. In such a compact
arrangement, the determined parameter(s) may be indicated on a small display on the sensor unit and/or be transmitted
wireless or by cable to a patient monitoring apparatus.

[0102] Further, itis possible to implement the evaluation means partially in a clip or strap-on sensor unit and partially
in a patient monitoring apparatus, wherein intermediate evaluation data is transmitted from the clip or strap-on sensor
unit to the patient monitor. Such an arrangement will require that monitoring apparatus and sensor unit are particularly
adapted to each other and will thus assure that in practice only fully compatible components are used. A potential risk
of combining a non-validated sensor with the patient monitoring apparatus can, depending on the transmission protocol,
be easily reduced or fully avoided.

[0103] Theembodimentdepictedinfigure 5is generally set up as the embodiment of figure 4 but additionally comprises
an injection channel 13 for administering a bolus of a temperature below blood temperature through a central venous
catheter 14 to the blood stream in the vena cava sperior of the patient, and a temperature sensor 15 for measuring an
arterial blood temperature over the course of time. Both the arterial blood temperature and a signal indicating temperature
of the injected bolus and the time of injection are provided to the patient monitoring apparatus 4 via additional input
channels 16 and 17, respectively. The memory means of the patient monitoring apparatus 4 record the arterial blood
temperature measured over the course of time to determine a thermodilution curve therefrom. The patient monitoring
apparatus 4 is adapted to determine, using thermodilution algorithms known per se, at least one comparative value of
a physiological parameter from the dilution curve in order to allow calibration of the system.

Claims
1. Apparatus for determining at least one physiological parameter of a patient, said apparatus comprising:

- a sensor device adapted to provide readings of a blood variable of said patient,
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- memory means for storing said readings as a curve representing said variable over time t,
- evaluation means adapted to determine a mean value from said curve and to determine said at least one
physiological parameter using said mean value,

characterized in that
said sensor device includes a plethysmography and/or pulse-oximetry sensor setup and
said evaluation means are further adapted

- to determine at least one of a spectral density S(w) of said curve and a variance of said blood variable,

- to determine at least one model parameter representing an effective value of a heart beat using said mean
value and at least one of said spectral density S(w) and said variance, said effective value being selected from
an effective amplitude A of said heart beat, an effective duration dy of said heart beat and an effective area
Fefr under said heart beat, and

- to determine said at least one physiological parameter using at least one said model parameter.

Apparatus according to claim 1, wherein said at least one physiological parameter includes at least one of stroke
volume SV, cardiac output CO and ejection fraction EF.

Apparatus according to claim 2, wherein said evaluation means are adapted to determine said stroke volume SV
as a product of a first model parameter representing said effective amplitude A4 and a second model parameter
representing said effective duration dg.

Apparatus according to claim 2 or claim 3, wherein said evaluation means are adapted to determine said ejection
fraction EF as a product of a model parameter representing said effective duration do¢ and a heart rate HR of said
patient.

Apparatus according to one of claims 2 to 4, wherein said evaluation means are adapted to determine said cardiac
output CO as a product of a first model parameter representing said effective amplitude Ay, a second model
parameter representing said effective duration d.¢ and an approximation of a heart rate of said patient.

Apparatus according to claim 5, wherein said approximation of said heart rate is selected from an actual measured
heart rate HR and an approximate function A, said approximate function A including a quotient with a dividend
comprising the square of the mean value and a divisor comprising the spectral density S(w) at ©v=0.

Apparatus according to any of the preceding claims, wherein said evaluation means are adapted to use a correction
parameter o in determining said model parameter, said correction parameter a. assuming values greater than or
equal to 1, said values being the higher, the less the patient’s heart frequency deviates from a rhythmic condition.

Apparatus according to claim 7, wherein said evaluation means are adapted to use a monotonous correction function
¢ depending on said correction parameter o and assuming values from 0 to 1, wherein said correction function ¢
assumes the value of 0 if said correction parameter o. equals 1 and said correction function ¢ assumes the value
of 1 for said correction parameter o tending to infinity.

Apparatus according to claim 8, wherein said effective amplitude A is provided as a quotient with a dividend
comprising the sum of said variance and the product of said correction function ¢ and the square of the mean value
and a divisor comprising the mean value.

Apparatus according to claim 8 or claim 9, wherein said effective amplitude d is provided as a quotient with a
dividend comprising the spectral density S(w) at ®=0 and a divisor comprising the sum of said variance and the

product of said correction function ¢ and the square of the mean value.

Apparatus according to any of the preceding claims comprising Fourier Transformation means for determining said
spectral density S(w) as the Fourier Transformation of the autocorrelation of said curve.

Apparatus according to any of the preceding claims, wherein the spectral density S(w) at ®=0 is provided as said
variance multiplied by a constant factor.

Apparatus according to any of the preceding claims, further comprising
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- means for administering a travelling deviation of an intrinsic physical quantity to the blood stream of said
patient at a first location of the blood circulation of said patient, and

- sensor means for measuring said physical quantity at a second location of the blood circulation of said patient
over the course of time,

wherein said memory means are adapted to record said physical quantity measured over the course of time at said
second location as a dilution curve, and said evaluation unit is adapted to determine a comparative value of at least
one of said physiological parameters from said dilution curve using dilution algorithms.

Apparatus according to any of the preceding claims, wherein said evaluation unit is further adapted to determine a
blood oxygen saturation value from said readings and to output said blood oxygen saturation value.

Method for determining at least one physiological parameter of a patient, said method comprising the steps of:

- importing readings of a blood variable of said patient,

- storing said readings as a curve representing said blood variable over time t,

- determining a mean value from said curve and determining at least one physiological parameter using said
mean value

characterized in that

said imported readings are readings obtained through plethysmographic and/or pulsoximetric measurement tech-
niques and

said method further includes

- determining at least one of a spectral density S(w) of said curve and a variance of said blood variable,

- determining at least one model parameter representing an effective value of a heart beat using said mean
value and at least one of said spectral density S(w) and said variance, said effective value being selected from
an effective amplitude A of said heart beat, an effective duration dg of said heart beat and an effective area
Fesf under said heart beat, and

- determining said at least one physiological parameter using at least one said model parameter.
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