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Description
BACKGROUND

[0001] Many of the parameters that can be determined
from cardiac output related waveforms, e.g., peripheral
pressure waveforms, are important not only for diagnosis
of disease, but also for "real-time," i.e., continual, moni-
toring of clinically significant changes in a subject. Vari-
ous methods exist to identify and/or calculate these pa-
rameters based on analysis of various features in cardiac
output related waveforms. Few hospitals are without
equipment that employ these methods to monitor one or
more cardiac output related parameters in an effort to
provide a warning that a subject’s condition is changing.
[0002] US 2006/0264766 A1 concerns an automated
method for discriminating the cardiac beat, on the basis
of a blood pressure sampled signal, having a starting
point Pstart. The method operates according to a finite
state machine for determining at least the diastolic point
Pdia, the systolic point Psys, and the dicrotic notch point
Pdic of the pressure signal, wherein the method is apt to
iteratively repeat on subsequent sections of the pressure
signal.

SUMMARY

[0003] The presentinventionis defined by the append-
ed claims. Methods for detecting parameters in cardiac
output related waveforms are described. The methods
include methods for detecting individual heartbeat cycles
in a cardiac output related waveform, methods for de-
tecting an error in an assigned starting point for an indi-
vidual heart beat cycle in a cardiac output related wave-
form, methods for detecting a dicrotic notch for an indi-
vidual heart beat cycle in a cardiac output related wave-
form, and methods for detecting an error in an assigned
dicrotic notch for an individual heart beat cycle in a car-
diac output related waveform.

[0004] The methods for detecting individual heart beat
cycles in a cardiac output related waveform include pro-
viding cardiac output related waveform data and calcu-
lating a first derivative function for the waveform data.
The order of the data for the first derivative function is
then reversed in time. Next the amplitude of the first de-
rivative function is compared to a threshold value, with
the threshold value being a percentage of the maximum
amplitude in the first derivative function. The start of a
heart beat cycle is then determined by identifying the first
time the first derivative function equals zero immediately
after the point (i.e., prior in time) at which the amplitude
ofthe firstderivative function is greater than the threshold
value in the reversed time order data. The first time the
first derivative function equals zero indicates the begin-
ning of a heart beat cycle.

[0005] The methods for detecting an error in an as-
signed starting point for an individual heart beat cycle in
a cardiac output related waveform include providing car-
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diac output related waveform data for an individual heart
beat cycle, the individual heart beat cycle having a pre-
determined starting point, and determining a maximum
value of the cardiac output related waveform data. Next
a first point in the cardiac output related waveform is de-
termined, the first point being the first point on the cardiac
output related waveform prior to the maximum value that
has a value equal to one-half the maximum value. The
portion of the heart beat cycle between the starting point
and the first point is then searched for a local maximum.
If a local maximum is found, the portion of the heart beat
cycle between the first point and the local maximum is
searched for alocal minimum point, and the starting point
for the individual heart beat is reassigned to the local
minimum point.

[0006] The methods for detecting a dicrotic notch for
an individual heart beat cycle in a cardiac output related
waveform include providing cardiac outputrelated wave-
form data for an individual heart beat cycle, the individual
heart beat cycle having a previously determined starting
time point, and calculating a first derivative function for
the waveform data. Next a first time point and a second
time point are determined from the first derivative func-
tion, the first time point being the first zero crossing after
the starting time point for the first derivative function and
the second time point being the second zero crossing
after the starting time point for the first derivative function.
A second derivative function is also calculated for the
waveform data and a third time point and a fourth time
point are determined from the second derivative function,
the third time point being the first zero crossing after the
second time point for the second derivative function and
the fourth time point being the second zero crossing after
the second time point for the second derivative function.
Then the portion of the second derivative function be-
tween the third time point and the fourth time point is
searched for a local maximum, the local maximum oc-
curring at a fifth time point. The fifth time point corre-
sponds to the time point at which the dicrotic notch is
located in the cardiac output related waveform data for
the individual heart beat cycle.

[0007] The methods for detecting an error in an as-
signed dicrotic notch for an individual heart beat cycle in
a cardiac output related waveform include providing car-
diac output related waveform data for an individual heart
beat cycle, the individual heart beat cycle having a pre-
viously determined dicrotic notch time point, a previously
determined starting time point, a previously determined
cardiac output maximum point, and a previously deter-
mined ending time point, and calculating a first derivative
function for the waveform data. Then all the local maxi-
mums between the cardiac output maximum point and a
search time point in the first derivative function are de-
termined, the search time point being starting time point
plus two-thirds the time between the starting time point
and the ending time point. If more than one local maxi-
mum is found, the dicrotic notch is assigned to the time
point at the second local maximum.
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DESCRIPTION OF DRAWINGS
[0008]

Fig. 1 shows a flow chart illustrating an example of
logic for detecting individual heart beat cycles in car-
diac output related waveforms.

Fig. 2A shows an arterial pressure waveform taken
over several heart beat cycles.

Fig. 2B shows the first derivative function of the ar-
terial pressure waveform shown in Fig. 2A.

Fig. 3 shows a flow chart illustrating an example of
logic for verifying the number of individual heart beat
cycles in cardiac output related waveforms.

Figs. 4A-D show examples of cardiac output wave-
forms in which arrhythmia is occurring.

Fig. 5 shows a flow chart illustrating an example of
logic for detecting an error in an assigned starting
point for an individual heart beat cycle in a cardiac
output related waveform.

Fig. 6A shows an arterial pressure waveform taken
over several heart beat cycles in which the initiation
of heart beat cycles have been incorrectly identified.
Fig. 6B shows the relevant points of a heart beat
cycle for the application of methods for detecting an
error in an assigned starting point for an individual
heart beat cycle in a cardiac output related wave-
form.

Fig. 7 shows a flow chart illustrating an example of
logic for detecting a dicrotic notch for an individual
heart beat cycle in a cardiac output related wave-
form.

Fig. 8A shows an arterial pressure waveform taken
over several heart beat cycles.

Fig. 8B shows the first derivative function of the
waveform from Fig. 8A.

Fig. 8C shows the second derivative function of the
waveform from Fig. 8A.

Fig. 9 shows a flow chart illustrating an example of
logic for detecting an error in an assigned dicrotic
notch for an individual heart beat cycle in a cardiac
output related waveform.

Fig. 10A shows an arterial pressure waveform taken
over several heart beat cycles.

Fig. 10B shows the first derivative function of the
waveform from Fig. 10A.

Fig. 11 is a block diagram showing the main compo-
nents of a system to implement the methods de-
scribed herein.

DETAILED DESCRIPTION

[0009] Methods for detecting parameters in cardiac
output related waveforms are described. Specifically, the
methods described herein include detecting individual
heart beat cycles in a cardiac output related waveform,
detecting an error in an assigned starting point for an
individual heart beat cycle in a cardiac output related
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waveform, detecting a dicrotic notch for an individual
heart beat cycle in a cardiac output related waveform,
and detecting an error in an assigned dicrotic notch for
an individual heart beat cycle in a cardiac output related
waveform. The individual heart beat cycles and the di-
crotic notch in a cardiac output related waveform, in ad-
dition to themselves being important parameters for a
clinician, form the basis for the calculation of many other
cardiac output related parameters, thus, the initial accu-
rate identification of heart beat cycles and dicrotic notch
forms the basis for a clinician to appropriately provide
treatment to a subject.

[0010] As used herein, the phrase cardiac output re-
lated waveform is used to indicate a signal related to,
e.g., proportional to, derived from, or a function of, cardiac
output. Examples of such signals include, but are not
limited to, peripheral arterial and central aortic pressure
and/or flow, pulse oxymetry waveforms, impedance
plethysmography waveforms, and Doppler waveforms.
The term peripheral arterial pressure is intended to mean
pressure measured at any point in the arterial tree, e.g.,
radial, femoral, or brachial, either invasively or non-inva-
sively. If invasive instruments are used, in particular,
catheter-mounted pressure transducers, then any artery
is a possible measurement point. Placement of non-in-
vasive transducers will typically be dictated by the instru-
ments themselves, e.g., finger cuffs, upperarm pressure
cuffs, and earlobe clamps. Peripheral arterial pressure
increases the further away from the heart the measure-
ment is taken. Regardless of the specific instrument or
measurement used, the data obtained will ultimately yield
an electric signal corresponding (for example, propor-
tional) to cardiac output.

[0011] The method for detecting individual heart beat
cycles in cardiac output related waveforms as disclosed
herein is shown as a flow chart in Fig. 1 and involves
providing cardiac output related waveform data (10), and
calculating a first derivative function for the waveform
data and reversing the time order of the data (20). The
amplitude of the first derivative function is compared to
athreshold value (30), i.e., a percentage of the maximum
amplitude in the first derivative function. The start of a
heart beat cycle is determined by identifying the first time
the first derivative function equals zero immediately after
the point at which the amplitude of the first derivative
function is greater than the threshold value in the re-
versed time order data (40), i.e., the first time the first
derivative function equals zero indicates the beginning
of a heart beat cycle (50).

[0012] Fig. 2A is an example of an arterial pressure
waveform taken over several heart beat cycles. The in-
dividual heart beat cycles are indicated by dots near the
waveform minimum values. Applying the method for de-
tecting individual heart beat cycles just described in-
volves calculating the first derivative function, which for
the waveform shown in Fig. 2A is shown in Fig. 2B (note
the first derivative function is not shown in Fig. 2B as
reversed in time order). Next the first derivative function
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is compared to a threshold value, which is shown in Fig.
2B for the purpose of this example as a thick line. Next,
the first zero crossing immediately after (shown as prior
in time to) the point at which the amplitude of the first
derivative function is greater than the threshold value is
located. The first zero crossing for the portion of the first
derivative function indicated by a dashed line is noted in
Fig. 2B. For a derivative function as shown in Fig. 2B,
the choice of a threshold crossing on the rising or de-
scending portion of the first derivative function peak does
notimpact the identification of the first zero crossing prior
to the peak. The identified zero crossing time is the time
at which the individual heart beat cycle began (see
dashed arrow pointing from Fig. 2B to Fig. 2A). To cal-
culate the next heart beat cycle, the first derivative func-
tion is searched for the next point at which the amplitude
ofthe first derivative function is greater than the threshold
value and the process is repeated. The method can be
repeated until the end of the provided waveform is
reached (or indefinitely if data is continuously provided,
e.g., in real-time monitoring).

[0013] The waveform data can be filtered to remove
high and low frequency noise prior to taking the calculat-
ing the first derivative waveform. A high-pass filter, for
example, can be used to suppress baseline drift and to
eliminate the effect of respiration in the subject. A high-
pass filter useful with the methods described herein could
achieve zero-phase distortion by using forward and re-
verse digital filtering techniques to retain the same phase
as the input signal. Anther parameter for a high-pass filter
useful with the methods described herein includes a low
frequency (e.g., 0.25 Hz) cut-off frequency to remove
baseline drift and respiration. For further example, a low-
pass filter can be used to smooth the waveform signal
prior to calculating the first derivative. A low-pass filter
canreduce the effect of any rapid time-domain transitions
and/or variations in the arterial pulse pressure signal. A
finite impulse response filter can be used to limit time
delay in the low-pass filtering operation. The use of low-
and high-pass filters to aid in the processability of data
is well known to those of skill in the art.

[0014] A common problem in detecting the cardiac
beat cycles in cardiac output-related waveforms is heart
rate irregularities. Examples of such heart rate irregular-
ities include, but are not limited to, the occurrence of pre-
mature atrial or ventricular contractions, arrhythmia, and
atrial fibrillation. Heart rate irregularities typically include
premature beats, which could occur at any time. These
premature beats typically generate less volume and low-
er pressure than the main beats. The lower volume and
pressure of these beats causes the appearance of small
beats in the signal of all cardiac output related wave-
forms. The small beats generated by the premature car-
diac contractions have very similar amplitude and fre-
quency characteristics as the pressure reflections that
could occur during the diastolic phase or during the late
systolic phase of the cardiac output related waveform
making these beats hard to differentiate from pressure
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reflections. For example, if lower thresholds are used to
detect the small beats generated by premature cardiac
contractions, large pressure reflections could be errone-
ously counted as cardiac cycles.

[0015] Toovercome the potential for counting pressure
reflections as cardiac cycles, the method for detecting
individual heart beat cycles in cardiac output related
waveforms as described above can be repeated at dif-
ferent threshold levels to verify the number of heart beat
cycles detected. To verify the number of heartbeat cycles
(as shown in Fig. 3), the method is performed as de-
scribed above using afirst threshold (10), then performed
a second time using a second (lower) threshold value
(20). Next, the number of heart beats detected using the
different threshold values is compared (30). If the ratio
ofthe number of heart beat cycles using the first threshold
value to the number of heart beat cycles using the second
threshold value is less than 65%, but the number of beats
perminute above 150 is not greater than 35% ofthe beats
per minute detected then using the heart beat cycles de-
termined using the second threshold value as the actual
number of heartbeat cycles (40). If the ratio of the number
of heart beat cycles using the threshold value to the
number of heart beat cycles using the second threshold
value is less than 65% and the number of beats per
minute above 150 is greater than 35% of the beats per
minute detected then using the heart beat cycles deter-
mined using the firstthreshold value as the actual number
of heart beat cycles (50). If the ratio of the number of
heart beat cycles using the first threshold value to the
number of heart beat cycles using the second threshold
value is not less than 65%, then using the heart beat
cycles determined using the second threshold value as
the actual number of heart beat cycles (60). The method
can be repeated using additional pairs of first threshold
and second (lower) threshold values.

[0016] The choice of a threshold value for use in the
method to detect individual heart beat cycles depends
upon a variety of factors. Examples of threshold values
useful with the methods described herein include 0.8,
0.75, 0.7, 0.65, 0.6, 0.55, 0.5, 0.45, 0.4, 0.35 and 0.3.
Examples of pairs of threshold and lower threshold val-
ues useful with these methods include various combina-
tions of these threshold values, such as, 0.75 and 0.6 or
0.6 and 0.3. Otherthreshold values and pairs of threshold
values can be useful depending on the circumstances.
Figs. 4A-4D show examples of cardiac output waveforms
in which arrhythmia is occurring. Each of these wave-
forms represent very challenging situations of beat de-
tection from cardiac output related waveforms. The
present method was used to successfully detect the
beats shown with the dots. Figs. 4A-4D demonstrate the
excellent performance of this method in very challenging
conditions.

[0017] Also described herein (and shown as flow chart
in Fig. 5) is a method for detecting an error in an assigned
starting pointforanindividual heartbeat cycle in a cardiac
output related waveform. Examples of situations in which
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an assigned starting point may be incorrectly assigned
include arrhythmia conditions or tachycardia conditions,
in which large pressure reflections occur during the di-
astolic phase of the waveform and the next cardiac cycle
starts before the end of the reflection of the diastolic
phase of the previous cardiac cycle. In these cases, the
beginning of a heart beat cycle contains a small peak like
thatshownin Figs. 6A and 6B. In these types of situations,
standard beat detection methods can erroneously detect
the beginning of the beat before the small peak at the
minimum point of the diastolic phase of the previous cycle
rather than after the peak, where the true start of the beat
is located. Such an incorrect detection of the beginning
of a beat could cause significant errors in the determina-
tion of other cardiac parameters based on the waveform
being analyzed. The method for detecting an error in an
assigned starting point for an individual heart beat cycle
(as shown in Fig. 5) includes providing cardiac output
related waveform data for an individual heart beat cycle
with a predetermined starting point (10). Next a maximum
value of the cardiac output related waveform data is de-
termined (20) and a first pointis found (30). The first point
being the first point on the cardiac output related wave-
form prior to the maximum value that has a value equal
to one-half the maximum value. Then the portion of the
heart beat cycle between the starting point and the first
point is searched for a local maximum (40). If a local
maximum is found between the starting point and the first
point, the portion of the heart beat cycle between the first
point and the local maximum is searched for a local min-
imum point (50), and the starting point for the individual
heart beat is reassigned as the local minimum point (60).
If a local maximum is not found between the starting point
and the first point, the current starting point for the beat
is retained (70). The method may further include finding
the starting point of the next individual heart beat, which
will also be the ending point for the current individual
heart beat cycle.

[0018] To further illustrate this method, Fig. 6A shows
a waveform in which the beginning of each heart beat
cycle has been incorrectly detected (see the dots at the
local minimums). Fig. 6B shows the relevant points of a
heart beat cycle for the application of this method, i.e., k
is the predetermined starting point for the heart beat cycle
(k+1 is the beginning of the next heart beat cycle), s is
the maximum value of the cardiac output related wave-
form data, h is the first point on the cardiac output related
waveform prior to the maximum value that has a value
equal to one-half the maximum value, 1 is the local max-
imum between the starting point and the first point, and
dis the correct start of the heart beat cycle as calculated
using the method.

[0019] Further described herein (and shown in a flow
chart in Fig. 7) is a method for detecting a dicrotic notch
for an individual heart beat cycle in a cardiac output re-
lated waveform. This method includes providing cardiac
output related waveform data for an individual heart beat
cycle with a previously determined starting point (10) and
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calculating a first derivative function for the waveform
data (20). Next a first time point (the first zero crossing
after the starting time pointfor the first derivative function)
and a second time point (the second zero crossing after
the starting time point for the first derivative function) are
determined from the first derivative function (30). A sec-
ond derivative function is also calculated for the wave-
form data (40). Then a third time point (the first zero cross-
ing after the second time point for the second derivative
function) and a fourth time point (the second zero cross-
ing after the second time point for the second derivative
function) are determined from the second derivative func-
tion (50). Next the portion of the second derivative func-
tion between the third time point and the fourth time point
is searched for a local maximum, the local maximum oc-
curring at a fifth time point (60). Finally, the fifth time point
is assigned to be the dicrotic notch. The functions used
in this method can be filtered as described above.
[0020] To further illustrate this method, Fig. 8 shows
cardiac output data analyzed using this method. Specif-
ically, Fig. 8A shows a waveform with three indicated
heart beat cycles (dots at local minima), Fig. 8B shows
the first derivative function of the waveform shown in Fig.
8A, and Fig. 8C shows the second derivative function of
the waveform shown in Fig. 8A. Point 1 of Fig. 8A is the
start of the heart beat cycle being analyzed and dashed
line 2 between Figs. 8A and 8B shows the starting time
point for the heart beat cycle in the firstderivative function
and occurs at the first time point (i.e., the first zero cross-
ing at the starting point) in the first derivative function.
Point 3 in Fig. 8B shows the second time point in the first
derivative function (i.e., the second zero crossing after
the starting time point). Dashed line 4 shows where the
second time point is transferred to the second derivative
function shown in Fig. 8C to start the search for the third
time point (i.e., the first zero crossing after the second
time point in the second derivative function) and point 5
in Fig. 8C is the third time point. Point 6 in Fig. 8C is the
fourth time point (i.e., the second zero crossing after the
second time point in the second derivative function).
Point 7 in Fig. 8C (i.e., the fifth time point) is the local
maximum between the third time point and the second
time point. The time of the fifth pointis shown to be trans-
ferred back to the waveform of Fig. 8A where the time
point indicates the position of the dicrotic notch (shown
at point 9).

[0021] Additionally described herein (and shown in a
flow chart in Fig. 9) is a method for detecting an error in
an assigned dicrotic notch for an individual heart beat
cycle in a cardiac output related waveform. These types
of errors commonly occurin dicrotic notch detection when
large reflected waves are present in the signal around
the dicrotic notch location. This method includes provid-
ing cardiac output related waveform data for an individual
heart beat cycle with a previously determined dicrotic
notch time point, a previously determined starting time
point, a previously determined cardiac output maximum,
and a previously determined end time point (10), and
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calculating a first derivative function for the waveform
data (20). Next, all the local maximums between the car-
diac output maximum point and a search time point in
the first derivative function are determined (30). The
search time point is determined by adding the starting
time point and two-thirds of the time interval between the
starting time point and the ending time point. If more than
one local maximum is found, the dicrotic notch is reas-
signed to the time point at the second local maximum
(40). Ifonly one local maximum is found, the dicrotic notch
remains the previously determined dicrotic notch (50).
[0022] To further illustrate this method, Fig. 10 shows
cardiac output data analyzed using this method. Specif-
ically, Fig. 10A shows a waveform with about three heart
beat cycles (and two local minima that could be the di-
crotic notch) and Fig. 10B shows the first derivative func-
tion of the waveform shown in Fig. 10A. Point 10 of Fig.
10A is the start of the heart beat cycle being analyzed
and dashed line 20 between Figs. 10A and 10B shows
the starting time pointforthe analysis of the first derivative
function. Dashed line 30 indicates the search time point
which is two-thirds the time interval between the starting
point and the ending point 40, thus the period between
dashed line 20 and dashed line 50 indicates the search
window for finding local maximums in the first derivative
function. Two local minimums M, and M, are found in
the search window. Because more than one local maxi-
mum was found, the dicrotic notch is assigned to the
second local minimum M,, which corresponds to point
60 in Fig. 10A.

[0023] Fig. 11 shows the main components of a system
that can be used to implement the methods described
herein for detecting individual heart beat cycles in a car-
diac output related waveform, detecting an error in an
assigned starting point for an individual heart beat cycle
in a cardiac output related waveform, detecting a dicrotic
notch for anindividual heartbeat cycle in a cardiac output
related waveform, and detecting an error in an assigned
dicrotic notch for an individual heart beat cycle in a car-
diac output related waveform. The methods may be im-
plemented within an existing patient-monitoring device,
or it may be implemented as a dedicated monitor. As is
mentioned above, a cardiac output related waveform, or
some other input signal proportional to, derived from, or
a function of cardiac output, may be sensed in either or,
indeed, both, of two ways: invasively and non-invasively.
For convenience, the system is described as measuring
arterial blood.

[0024] Fig. 11 shows both types of pressure sensing
for the sake of completeness. In most practical applica-
tions of the methods described herein, either one or sev-
eral variations will typically be implemented. In invasive
applications of the methods described herein, a conven-
tional pressure sensor 100 is mounted on a catheter 110,
which is inserted in an artery 120 of a portion 130 of the
body of a human or animal patient. The artery 120 is any
artery in the arterial system, such as, for example, the
femoral, radial or brachial artery. In the non-invasive ap-
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plications of the methods described herein, a conven-
tional pressure sensor 200, such as a photo-plethysmo-
graphic blood pressure probe, is mounted externally in
any conventional manner, for example using a cuff
around a finger 230 or a transducer mounted on the wrist
of the patient. Fig. 11 schematically shows both types.
[0025] The signals from the sensors 100, 200 are
passed via any known connectors as inputs to a process-
ing system 300, which includes one or more processors
and other supporting hardware and system software (not
shown) usually included to process signals and execute
code. The methods described herein may be implement-
ed using a modified, standard, personal computer, or
may be incorporated into a larger, specialized monitoring
system. For use with the methods described herein, the
processing system 300 also may include, or is connected
to, conditioning circuitry 302 which performs normal sig-
nal processing tasks such as amplification, filtering, or
ranging, as needed. The conditioned, sensed input pres-
sure signal P(t) is then converted to digital form by a
conventional analog-to-digital converter ADC 304, which
has or takes its time reference from a clock circuit 305.
Asiswell understood, the sampling frequency of the ADC
304 should be chosen with regard to the Nyquist criterion
so as to avoid aliasing of the pressure signal (this proce-
dure is very well known in the art of digital signal process-
ing). The output from the ADC 304 will be the discrete
pressure signal P(k), whose values may be stored in con-
ventional memory circuitry (not shown).

[0026] The values P(k)are passed to or accessed from
memory by a software module 310 comprising computer-
executable code for implementing one or more aspects
of the methods as described herein. The design of such
a software module 310 will be straight forward to one of
skill in the art of computer programming. Additional com-
parisons and/or processing as used by a method can be
performed in additional modules such as 320 and 330.
[0027] Ifused,signal-specific data such asapreviously
determined dicrotic notch time point, a previously deter-
mined starting time point, and a previously determined
end time point can be stored in a memory region 315,
which may also store other predetermined parameters
as needed. These values may be entered using any
known input device 400 in the conventional manner.
[0028] Asillustrated by Fig. 11, the results may be ul-
timately displayed on a conventional display or recording
device 500 for presentation to and interpretation by a
user. As with the input device 400, the display 500 will
typically be the same as is used by the processing system
for other purposes.

[0029] The above disclosure makes reference to block
diagrams and flowchart illustrations of methods, appara-
tuses, and computer program products. One of skill will
understand that each block of the block diagrams and
flowchart illustrations, and combinations of blocks in the
block diagrams and flowchart illustrations, respectively,
can be implemented by various means including compu-
ter program instructions. These computer program in-
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structions may be loaded onto a general purpose com-
puter, special purpose computer, or other programmable
data processing apparatus to produce a machine, such
that the instructions which execute on the computer or
other programmable data processing apparatus create
a means for implementing the functions specified in the
flowchart block or blocks.

[0030] The methods described herein further relate to
computer program instructions that may be stored in a
computer-readable memory that can direct a computer
or other programmable data processing apparatus, such
as in a processor or processing system (shown as 300
in Fig. 11), to function in a particular manner, such that
the instructions stored in the computer-readable memory
produce an article of manufacture including computer-
readable instructions for implementing the function spec-
ified in the blocks illustrated in Fig. 11. The computer
program instructions may also be loaded onto a compu-
ter, the processing system 300, or other programmable
data processing apparatus to cause a series of opera-
tional steps to be performed on the computer, the
processing system 300, or other programmable appara-
tus to produce a computer-implemented process such
thatthe instructions that execute on the computer or other
programmable apparatus provide steps forimplementing
the functions specified in the blocks. Moreover, various
software modules 310, 320, and 330 can be used to per-
form the various calculations and perform related method
steps described herein also can be stored as computer-
executable instructions on a computer-readable medium
in order to allow the methods to be loaded into and exe-
cuted by different processing systems.

[0031] Accordingly, blocks of the block diagrams and
flowchart illustrations support combinations of means for
performing the specified functions, combinations of steps
for performing the specified functions, and program in-
struction means for performing the specified functions.
One of skill will understand that each block of the block
diagrams and flowchart illustrations, and combinations
ofblocks in the block diagrams and flowchartillustrations,
can be implemented by special purpose hardware-based
computer systems that perform the specified functions
or steps, or combinations of special purpose hardware
and computer instructions.

[0032] The presentinvention is not limited in scope by
the embodiments disclosed herein which are intended
asillustrations of a few aspects of the invention. The term
"comprising" and variations thereof as used herein is
used synonymously with the term "including" and varia-
tions thereof and are open, non-limiting terms.

Claims
1. A computer-implemented method for detecting a di-

crotic notch for an individual heart beat cycle in a
cardiac output related waveform comprising:
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providing (10) cardiac output related waveform
data;

calculating (20) a first derivative function for the
waveform data and reversing the original time
order of the data;

comparing the amplitude of the first derivative
functionto a threshold value, the threshold value
being a percentage of the maximum amplitude
in the first derivative function;

determining a starting time point (1) of an indi-
vidual heart beat cycle, the starting time point
(1) indicating the beginning of the individual
heart beat cycle and being the first time the first
derivative function equals zero immediately af-
ter the point at which the amplitude of the first
derivative function is greater than the threshold
value in the reversed time order data;
determining a first time point (2) in the first de-
rivative function, the first time point occurring at
the starting time point (1);

determining (30) a second time point (3) from
the first derivative function, the second time
point (3) being the second zero crossing after
the starting time point (1) for the first derivative
function in the original time order of the data;
calculating (40) a second derivative function for
the waveform data;

determining (50) a third time point (5) and a
fourth time point (6) from the second derivative
function, the third time point being the first zero
crossing after the second time point (3) for the
second derivative function and the fourth time
point (6) being the second zero crossing after
the second time point (3) for the second deriv-
ative function; and

searching (60) the portion of the second deriv-
ative function between the third time point (5)
and the fourth time point (6) for a local maximum,
the local maximum occurring at a fifth time point
(9),

wherein the fifth time point (9) corresponds to
the time point at which the dicrotic notch is lo-
cated inthe cardiac output related waveform da-
ta for the individual heart beat cycle.

The method of claim 1, further comprising filtering
the second derivative function using a low-pass filter.

A system for detecting a dicrotic notch for an individ-
ual heart beat cycle in a cardiac output related wave-
form, comprising

a pressure sensor (100, 200);

a processing system (300) configured to receive
signals from the pressure sensor (100, 200) as
input;

wherein the processing system is configured to
perform the method of one of the preceding
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claims.

The system of claim 3, wherein the pressure sensor
is a pressure sensor (100) configured to be mounted
on a catheter (110).

The system of claim 3, wherein the pressure sensor
is a photo-plethysmographic blood pressure probe
(200) configured to be mounted externally or a trans-
ducer configured to be mounted on the wrist of a
patient.

The system of one of the claims 3 to 5, further com-
prising a conditioning circuitry (302) configured to
perform normal signal processing tasks such as am-
plification, filtering, or ranging.

The system of one of the claims 3 to 6, further com-
prising a display or recording device (500) for pres-
entation to and interpretation by a user.

A computer-readable medium comprising computer-
executable instructions which, when executed by a
processor, cause the processor to perform the meth-
od according to one of the claims 1 to 2.

Patentanspriiche

1.

Computerimplementiertes Verfahren zum Nachwei-
sen einer dicrotischen Kerbe fiir einen einzelnen
Herzschlagzyklus in einer herzleistungsbezogenen
Wellenform, umfassend:

Bereitstellen (10) von herzleistungsbezogenen
Wellenformdaten;

Berechnen (20) einer ersten Ableitungsfunktion
fur die Wellenformdaten und Umkehren der ur-
spriinglichen zeitlichen Reihenfolge der Daten;
Vergleichen der Amplitude der ersten Ablei-
tungsfunktion mit einem Schwellenwert, wobei
der Schwellenwert ein prozentualer Anteil der
maximalen Amplitude in der ersten Ableitungs-
funktion ist;

Bestimmen eines Startzeitpunktes (1) eines ein-
zelnen Herzschlagzyklus, wobei der Startzeit-
punkt (1) den Beginn des einzelnen Herzschlag-
zyklus angibt und der erste Zeitpunkt ist, zu dem
die erste Ableitungsfunktion gleich null ist, un-
mittelbar nach dem Punkt, an dem die Amplitude
der ersten Ableitungsfunktion tiber dem Schwel-
lenwert in den Daten mit der umgekehrten zeit-
lichen Reihenfolge liegt;

Bestimmen eines ersten Zeitpunktes (2) in der
ersten Ableitungsfunktion, wobei der erste Zeit-
punkt zum Startzeitpunkt (1) auftritt;
Bestimmen (30) eines zweiten Zeitpunktes (3)
anhand der ersten Ableitungsfunktion, wobei
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der zweite Zeitpunkt (3) der zweite Nulldurch-
gang nach dem Startzeitpunkt (1) fiir die erste
Ableitungsfunktion in den Daten mit der ur-
spriinglichen zeitlichen Reihenfolge ist;
Berechnen (40) einer zweiten Ableitungsfunkti-
on fiir die Wellenformdaten;

Bestimmen (50) eines dritten Zeitpunktes (5)
und eines vierten Zeitpunktes (6) anhand der
zweiten Ableitungsfunktion, wobei der dritte
Zeitpunkt der erste Nulldurchgang nach dem
zweiten Zeitpunkt (3) fur die zweite Ableitungs-
funktion ist und der vierte Zeitpunkt (6) der zwei-
te Nulldurchgang nach dem zweiten Zeitpunkt
(3) fur die zweite Ableitungsfunktion ist; und
Absuchen (60) des Abschnittes der zweiten Ab-
leitungsfunktion zwischen dem dritten Zeitpunkt
(5) und dem vierten Zeitpunkt (6) nach einem
lokalen Maximum, wobei das lokale Maximum
zu einem fiinften Zeitpunkt (9) auftritt,

wobei der fiinfte Zeitpunkt (9) dem Zeitpunktent-
spricht, bei dem sich die dicrotische Kerbe in
den herzleistungsbezogenen Wellenformdaten
fur den einzelnen Herzschlagzyklus befindet.

2. Verfahren nach Anspruch 1, ferner umfassend Fil-

tern der zweiten Ableitungsunktion unter Verwen-
dung eines Tiefpassfilters.

System zum Nachweisen einer dicrotischen Kerbe
fur einen einzelnen Herzschlagzyklus in einer herz-
leistungsbezogenen Wellenform, umfassend:

einen Drucksensor (100; 200);

ein Verarbeitungssystem (300), das dazu kon-
figuriert ist, Signale von dem Drucksensor (100,
200) als Eingabe zu empfangen;

wobei das Verarbeitungssystem dazu konfigu-
riert ist, das Verfahren nach einem der vorher-
gehenden Anspriiche durchzufiihren.

System nach Anspruch 3, wobei es sich bei dem
Drucksensor um einen Drucksensor (100) handelt,
der dazu konfiguriert ist, an einem Katheter (110)
befestigt zu werden.

System nach Anspruch 3, wobei es sich bei dem
Drucksensor um eine photoplethysmographische
Sonde (200) handelt, die dazu konfiguriert ist, extern
befestigt zu werden, oder um einen Wandler, der
dazu konfiguriert ist, am Handgelenk eines Patien-
ten befestigt zu werden.

System nach einem der Anspriiche 3 bis 5, ferner
umfassend eine Konditionierungsschaltung (302),
die dazu konfiguriert ist, normale Signalverarbei-
tungsaufgaben, wie etwa Verstarkung, Filterung
oder Klassifizierung, durchzufiihren.
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System nach einem der Anspriiche 3 bis 6, ferner
umfassend eine Anzeige- oder Aufzeichnungsvor-
richtung (500) zur Prasentation an und Interpretation
durch einen Benutzer.

Computerlesbares Medium, umfassend computer-
ausfiihrbare Anweisungen, die bei der Ausfiihrung
durch einen Prozessor den Prozessor dazu veran-
lassen, das Verfahren nach einem der Anspriiche 1
bis 2 durchzufiihren.

Revendications

Méthode mise en ceuvre par ordinateur pour détecter
une incisure dicrote pour un cycle de battement car-
diaque individuel dans une forme d’onde liée au débit
cardiaque comprenant :

la mise a disposition (10) de données de forme
d’onde liées au débit cardiaque ;

le calcul (20) d’une premiére fonction dérivée
pour les données de forme d’onde et I'inversion
del’'ordre chronologique d’origine des données ;
la comparaison de I'amplitude de la premiere
fonction dérivée a une valeur seuil, la valeur
seuil étant un pourcentage de I'amplitude maxi-
male dans la pre-miére fonction dérivée ;

la détermination d’'un point temporel de départ
(1)d’uncycle de battement cardiaque individuel,
le pointtemporel de départ (1) indiquantle début
du cycle de battement cardiaque individuel et
correspondant ala premiere fois que la premiére
fonction dérivée est égale a zéro immédiate-
ment apres le point auquel I'amplitude de la pre-
miere fonction dérivée est supérieure a la valeur
seuil dans l'ordre chronologique inversé des
données ;

la détermination d’un premier point temporel (2)
dans la premiére fonction dérivée, le premier
point temporel se produisant au point temporel
de départ (1) ;

la détermination (30) d’'un deuxiéme point tem-
porel (3) a partir de la pre-miére fonction dérivée,
le deuxieme point temporel (3) correspondant
au deu-xieme passage azéro apres le pointtem-
porel de départ (1) pour la premiére fonction dé-
rivée dans I'ordre chronologique d’origine des
données ;

la calcul (40) d’'une deuxieéme fonction dérivée
pour les données de forme d'onde;

la détermination (50) d’un troisieme point tem-
porel (5) et d’'un quatrieme point temporel (6) a
partir de la deuxieme fonction dérivée, le troisie-
me point temporel correspondant au premier
passage a zéro apres le deuxieéme point tempo-
rel (3) pour la deuxiéme fonction dérivée et le
quatrieme point temporel (6) correspondant au
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deuxieme passage a zéro apres le deuxiéme
point temporel (3) pour la deuxieme fonction
dérivée ; et

la recherche (60) de la partie de la deuxiéme
fonction dérivée entre le troisieme point tempo-
rel (5) et le quatrieme point temporel (6) pour un
maximum local, le maximum local se produisant
a un cinquiéme point temporel (9),

le cinquieéme point temporel (9) correspondant
au point temporel auquel I'incisure dicrote est
localisée dans les données de forme donde
liées au débit cardiaque pour le cycle de batte-
ment cardiaque individuel.

Méthode selon la revendication 1, comprenant éga-
lement le filtrage de la deuxiéme fonction dérivée a
I'aide d’un filtre passe-bas.

Systéme de détection d’'une incisure dicrote pour un
cycle de battement cardiaque individuel dans une
forme d’onde liée au débit cardiaque, comprenant

un capteur de pression (100, 200) ;

un systeme de traitement (300) configuré pour
recevoir les signaux du capteur de pression
(100, 200) comme entrée ;

le systéeme de traitement étant configuré pour
mettre en ceuvre la méthode selon 'une des re-
vendications précédentes.

Systéme selon la revendication 3, le capteur de pres-
sion étant un capteur de pression (100) configuré
pour étre monté sur un cathéter (110).

Systéme selon la revendication 3, le capteur de pres-
sion étant un capteur de pression artérielle photo-
pléthysmographique (200) configuré pour étre mon-
té de maniére externe ou un transducteur configuré
pour étre monté sur le poignet d’'un patient.

Systéme selon I'une des revendications 3 a 5, com-
prenant également un circuit de conditionnement
(302) configuré pour exécuter des taches de traite-
ment de signal normales telles que I'amplification, le
filtrage ou la télémétrie.

Systéme selon I'une des revendications 3 a 6, com-
prenant également un écran ou un dispositif d’enre-
gistrement (500) pour la présentation a et I'interpré-
tation par un utilisateur.

Support lisible par ordinateur comprenant des ins-
tructions exécutables par ordinateur qui, si elles sont
exécutées par un processeur, entrainent la mise en
ceuvre de la méthode selon I'une des revendications
1 a2 par le processeur.
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