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(57) ABSTRACT

The invention consists of a device and method for the
prediction of left ventricular ejection fraction (EF) and other
cardiac hemodynamic parameters using systolic time inter-
vals in patients with narrow QRS, right bundle branch block,
left bundle branch block, right ventricular and/or left ven-
tricular cardiac pacing and in the presence of arrhythmia,
such as atrial fibrillation. The device has three inputs: the
BCG, a peripheral pulse and a phonocardiogram. Timing
parameters are obtained from these signals to calculate a
systolic function index, used for the prediction of ejection
fraction. Given the invention’s features it would be now
possible to assess cardiac performance and specifically left
ventricular ejection fraction in ambulatory patients as well
as during invasive procedures such as the implant of cardiac
rhythm management devices. Also, an implantable embodi-
ment of the invention would allow constant monitoring of
cardiac performance, parameter adjustment of cardiac
devices and automatic drug infusion.
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Figure 1. Effoct of right ventricular pacing on interventricular delay
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Figure 2. Effect of right ventricular pacing on pre-¢jection period.
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Figure 3. Flow chart of electronic circuitry
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Figure 4. Software flow chart used to estimate left ventricular gjection fraction.

23 1 Ovle | PEPSy |} LVET FIT GRS
i
24 1 WETC = IVET + 1.5 % {HR-60)
I
25 1 om

26 | Narrow QRS, ” &7 BV, VP RY Pace
28 svag: 0 34 N{i =0 33 i\f%ﬁ:i)é&*&ﬁ&ﬁ%
30 ?E?CJPE?SU--F‘TT 32 ?ﬁ?cz?i&?sw?ﬁ 34 F‘EP&?&S&&-PY’F»@V&
3B %

S5 = VETe/PEP:
3

38 1B = {0.45 * LN{SFI) + 0.03} * 100




Patent Application Publication Mar. 15,2018 Sheet 5 of 7 US 2018/0070833 A1

Figare 5. Software creen shot showing calculation of ejection fraction
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Figure 6. Alternative embodiment of the invention.
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Figure 7. Sensttivity and specificity of predicted efection fraction to discrininate normal vs.
heart fathure patients.
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DEVICE AND METHOD FOR ASSESSMENT
OF LEFT VENTRICULAR EJECTION
FRACTION AND OTHER PARAMETERS OF
CARDIAC PERFORMANCE

BACKGROUND OF THE INVENTION

Field of Invention

[0001] This invention relates generally to the field of
cardiac diagnostic devices and more particularly to the
detection and measurement of left ventricular ejection frac-
tion and other parameters of left ventricular systolic func-
tion.

Discussion of Prior Art

[0002] Left ventricular ejection fraction (EF) is the ratio
between the heart stroke volume (SV) and the end-diastolic
volume (EDV) of the same beat. (EF=SV/EDV). It is
generally expressed as a percentage ranging from 50% to
75% in normal subjects, that is, without cardiac malfunction.
EF is intended to express the value of SV (determinant of
cardiac output) corrected for EDV, a marker of preload.
Measurement of ejection fraction can be done either by
invasive or noninvasive methods. In the former, a special
catheter is introduced through an artery to the left ventricular
cavity, where a contrast medium is injected during several
heart beats, a procedure hereinafter referred to as contrast
cine left ventriculography (CineL.VG). Said contrast mate-
rial is opaque to X rays, so when filming the x ray fluoros-
copy image of the heart at fast frame rate it offers clear
visualization of the left ventricular endocardium (which
defines the heart’s chamber size) during each of several
cardiac cycles, allowing measurement of EDV and end-
systolic volume (ESV) for the calculation of ejection frac-
tion. By first calculating SV as the difference between EDV
and end-systolic volume (ESV) the final formula of EF=
((EDV-ESV)EDV)*100 can be obtained. For many
decades this invasive method has been (and still is) consid-
ered the gold standard for a precise assessment of cardiac
systolic function. Other non invasive or minimally invasive
methods can also be used, such as contrast echocardiogra-
phy (Echo), multi gated radionuclide ventriculography
(RNV) and magnetic resonance imaging (MRI) requiring
similar calculations of EDV and ESV to obtain EF, as
described above for CineLVG. Sometimes these methods
may require intravenous injection of contrast material to
enhance visualization of the endocardium, thus making them
minimally invasive and not exempt of some risks. Tracing of
the contour of the ventricular endocardium is needed to
calculate ventricular volumes by using Dodge et al method
! or the method of discs as described by Simpson, well
known in the art. Nevertheless, other problems exist for each
of these alternatives: Echo is observer-dependent, that is, the
result varies with the expertise of the person doing the study,
since the endocardium is traced by hand, and also, in a
considerable number of patients it is not possible to obtain
images of sufficient quality to accurately assess ventricular
volumes and EF. RNV requires the injection of a radioactive
contrast material to visualize the LV cavity in a sequence of
beats and some degree of operator and equipment-depen-
dence also exists. MRI is far more complex procedure, since
standard static images are not adequate. It may also require
contrast injection and special software is needed to increase
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frame rate by interpolation of several beats. Furthermore, it
is contraindicated in most patients with pacemakers or
implantable defibrillators. In spite of its limitations, Echo
with or without contrast is the most frequently used non
invasive method to measure EF. It is less expensive and less
time-consuming than RNV and MRI. A further problem
consists of the low correlation in the values of EF obtained
between above methods in the same patients. For example,
in previous studies it has been shown considerable discrep-
ancies when comparing them between each other in the
same patients. Differences may range between 10% and 20%
or more in absolute percentage values. That is, if with one
of above methods EF is calculated at 40%, the same patient
may show calculated EFs of up to 50% or down to 30%,
depending on the method being used®?.

[0003] EF is a very important parameter in cardiology. For
example, it is key to decide the implant of a cardioverter-
defibrillator (ICD), it determines eligibility for cardiac
resynchronization therapy (CRT) in heart failure patients
(Pts) with left bundle branch block (LBBB) (Madit 1 and
Madit 2 studies), it may help selecting the optimal left
ventricular pacing site of CRT devices at the time of implant
by detecting mechanical resynchronization with CRT pace-
makers and during follow-up help in device performance
optimization. Unfortunately, testing for optimal LV pacing
site for these patients is not routinely done in view of the
difficulties of doing an Echo study in the catheterization lab
or inserting left ventricular leads with manometers to mea-
sure LV dP/dt as a marker of cardiac function. These
methods, albeit they are valid markers of hemodynamic
performance, may augment the risks of complications and
significantly extend the duration of the procedure. Failure to
identify an optimal LV pacing site may be one of the reasons
for failure to respond to CRT in up to 30% of cases.
Furthermore, with the advent of endocardial left ventricular
pacing with conventional leads or leadless left ventricular
pacing (whereby a sub-miniature pacing device is implanted
on the endocardium of the left ventricle) require a fast,
simple non-invasive method to select the optimal LV pacing
site at the time of device implant. Selecting a site with
adequate pacing threshold may not suffice, for such place
may not provide the optimal mechanical (hemodynamic)
response. Therefore, using a simple, precise indicator of an
optimally placed LV lead, whether it is via the coronary
sinus, left ventricular epicardial or endocardial would be
very valuable. In addition to above, measurement of EF and
other hemodynamic parameters such as the pre-ejection
period and left ventricular ejection time may also allow
confirmation of heart failure in patients with equivocal
symptoms, as it may happen in patients with anemia or lung
disease. It can also be used in the follow-up of cancer
patients undergoing chemotherapy that may have cardiac
toxicity and to assess the mechanism of syncope during
head-up tilt testing. Another application of EF is described
in U.S. Pat. No. 5,154,171 where the value of EF, a marker
of contractility, is used to adjust pacing rate with an implant-
able pacemaker. Since other noninvasive or minimally inva-
sive methods are not cost-effective for most of the uses of
EF, and Echo is sometimes hampered by technical difficul-
ties, it is evident that the present invention provides an
alternative EF calculation method that is noninvasive, easy
to use, fast, cost-effective and operator-independent. This
would make unnecessary to have within the operating room
where a cardiac procedure is taking place, an echocardio-
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gram machine or to use more invasive approaches to test
cardiac performance such as measurement of left ventricular
dP/dt with indwelling catheters.

[0004] Systolic Time Intervals

[0005] Systolic time intervals (STT) as known in the prior
art include pre-ejection period (PEP), left ventricular ejec-
tion time (LVET) and the ratio PEP/LVET and have long be
used to assess cardiac performance™®. PEP is the time from
the onset of QRS or ventricular pacing pulse to the onset of
central aortic flow or pressure. LVET is the time from the
onset to the end of aortic pressure or flow and remains
without significant changes as the pulse waveform travels
along the blood vessels®. Systolic time intervals can be
non-invasively obtained from recordings of the ECG, a
peripheral pulse waveform and heart sounds™*-'° as sur-
rogates of central measurements. One of the features of the
central aortic pressure or flow pulse is that the arterial pulse
waveform is not delayed; therefore PEP and LVET are
directly measured, and a indication of this is that the dicrotic
notch of the pulse is aligned with the aortic component of the
second heart sound, both signaling the closure of the aortic
valve and the end of ejection. Since an arterial pulse
obtained far from the heart is delayed as compared to a
tracing obtained in the central aorta, the time from the onset
of QRS to the upstroke of the peripheral pulse, representing
PEP, is prolonged. This extended PEP is hereinafter referred
to as a surrogate of PEP (PEPsu), and its value representing
the true PEP plus the pulse transit time (PTT). Since the
duration of ejection (LVET, from the foot to the dicrotic
notch of the arterial pulse) is not affected by the distance of
the arterial pulse from the heart'', that is, both the foot and
the dicrotic notch of the pulse are equally delayed, one way
of obtaining the true PEP is by subtracting the value of PTT,
from the duration of PEPsu: PEP=PEPsu-PTT (FIG. 1).
PEP reflects the duration of ventricular isometric contrac-
tion, which in turn is strongly related to left ventricular rate
of pressure rise (dP/dt), a marker of contractility. Given this
feature of PEP it has been used as a sensor signal for
rate-adaptive ventricular pacing'®** '*, shown in U.S. Pat.
No. 4,719,921 and U.S. Pat. No. 5,168,869) and proposed to
distinguish physiologic from pathologic tachycardia in U.S.
Pat. No. 4,865,036. As mentioned above, LVET requires no
correction because peripherally measured values are closely
correlated with LVET obtained in the central aorta''. LVET
is related to stroke volume and for that reason is pre-load
dependent, and is modified by heart rate*'®. The ratio of
both, PEP/LVET (or its reciprocal, LVET/PEP) have been
repeatedly shown over many decades that said ratio is very
valuable to distinguish degrees of cardiac performance, to
separate patients with normal vs. abnormal cardiac func-
tion’, and to detect sub-clinical manifestations of cardiac
dysfunction®. Although the preferred approach to measure
STI is by the traditional method of using ECG, pulse
waveform and phonocardiogram, systolic time intervals can
also be invasively assessed with pressure sensors, imped-
ance catheters or aortic flow obtained by Doppler.

[0006] STI and EF

[0007] Inthe original publication by Garrard, Weissler and
Dodge'® it was shown that EF can be predicted from STI
using the following equation: EF=1.125-1.25*PEP/LVET.
This regression equation was obtained by comparing the
ratio PEP/LVET (Weissler’s ratio) with ejection fraction as
measured by contrast cine left ventriculography, a gold
standard for ventricular volume measurements'. It can be
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observed from the equation that the higher the Weissler ratio,
the lower the predicted ejection fraction. Several studies
followed thereafter showing high correlations of said ratio
with EF'%!7. However, these studies were done in patients
with narrow QRS (that is, without right bundle branch block
(RBBB), left bundle branch block (LBBB) or any mode of
right and/or left ventricular pacing, therefore severely lim-
iting the use of STI to predict EF in a substantial number of
patients. The reason for this is that LBBB and right ven-
tricular pacing extend the duration of PEP because the onset
of left ventricular depolarization/contraction is postponed,
creating an inter-ventricular delay that alters the PEP/LVET
ratio independently from changes in contractility and EF'®.
For example, a patient with a right ventricular pacemaker
and normal ejection fraction (=50% by echocardiography or
other methods) will have an abnormally high Weissler ratio
by virtue of an extension of PEP (the numerator of the
equation) and EF predicted from it will be lower than that
observed. Therefore, a universal equation cannot be used for
all patients. U.S. Pat. No. 5,086,776 discloses a complex,
multi-parameter apparatus and method to predict EF using
Garrard’s equation but not considering cardiac pacing.
Using said equation will yield a lower value of predicted EF
in pacemaker patients, since PEP in these patients is longer
not because of longer isometric contraction time but due to
an artificially prolonged inter-ventricular conduction delay,
resulting simply in a late-onset LV contraction as described
above.

[0008] For the purpose of this invention a large number of
patients were studied during sinus thythm with narrow QRS,
during atrio-ventricular (AV) optimization in dual-chamber
pacemakers during right ventricular pacing and in patients
with cardiac resynchronization therapy (CRT) by recording
STI along with a calibrated non invasive recording of the
arterial blood pressure (Colin NIBP, Colin Corp, USA) and
using a prototype of the invention herein described. The
systolic function index (the ratio LVETc/PEPc) obtained in
these studies proved superior to arterial blood pressure to
detect subtle hemodynamic changes due to AV interval
modulation or when switching from biventricular to single-
ventricle or no pacing in patients with CRT devices. Addi-
tional testing was done in patients with RBBB, LBBB and
right ventricular pacing, with and without heart failure.
Furthermore, studies using said prototype included regres-
sion analysis of SFI vs. EF in patients with LBBB*®, and
tests of the ability of SFI to rule-in or rule-out the presence
of cardiac malfunction’.

[0009] Itis therefore the object of this invention to provide
a novel device and method to estimate a patient’s left
ventricular ejection fraction, calculated from a systolic func-
tion index (SFI), as well other parameters of cardiac func-
tion, in a wide variety of patients with narrow QRS, RBBB,
LBBB, and right ventricular and/or left ventricular pacing.
EF estimation with the invention results in a cost-effective,
easy to use and operator-independent procedure that would
allow evaluation of cardiac performance in ambulatory
patients as well intra-operative evaluations or within
implantable devices, so far not possible or non-practical.

SUMMARY OF THE INVENTION

[0010] This invention utilizes a specially designed appa-
ratus and software for automatic measurement of a set of
noninvasive parameters of cardiac function and to obtain
what hereinafter is called Systolic Function Index (SFI),
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from which the left ventricular Ejection Fraction can be
predicted. This invention allows prediction of ejection frac-
tion in patients with narrow QRS, bundle branch blocks and
a variety of cardiac pacing modalities, unlike prior art that
only allow prediction of EF in patients with narrow QRS.
The SF1 is obtained using measurements of heart rate (HR),
QRS duration, PEP, LVET, inter-ventricular delay (TVD) and
pulse transit time (PTT) using non-invasive, invasive, extet-
nal or implantable devices. In order to accomplish the main
objects of the invention, a combination of a specific hard-
ware, certain systolic time intervals, definition of a novel
systolic function index and dedicated software are used. In
a preferred embodiment, only sensors for non invasive
measurements were used in the prototype, although similar
results may be obtained using invasive means for the detec-
tion of ECG, heart sounds and arterial pulse, such as
intra-cardiac or thoracic impedance'?, sub-cutaneous photo-
densitometry, arterial blood pressure or flow, and other,
including implantable devices, such as a DDD pacemaker, a
cardioverter-defibrillator, a cardiac resynchronization
therapy device or drug infusion apparatus, all with included
Sensors.

DESCRIPTION OF THE DRAWINGS

[0011] FIG. 1. Systolic Time Intervals. The tracing of this
figure was obtained with a prototype of this invention, and
it illustrates a typical non invasive recording of the ECG, a
peripheral pulse and a phonocardiogram. Timing markers
for systolic time intervals measurements are also depicted.
Heart rate is calculated from QRS to QRS timing cycle time.
The pre-ejection period surrogate (PEPsu) is the time from
the onset of QRS (in this case a right ventricular paced beat)
to the upstroke of the peripheral pulse, which in this example
was obtained with a finger photo-plethysmograph. Left
ventricular ejection time (LVET) extends from the foot of
the peripheral pulse (marker of the onset of ejection) to the
dicrotic notch, a marker of the end of ejection. The pulse
transit time (PTT) is the time from the aortic component of
the second heat sound (S2) to the dicrotic notch, both of
which are expected to be aligned, if the tracing had been
obtained in the central aorta, with O PTT delay.

[0012] FIG. 2. Effect of RV Pacing on IVD. Whenever the
right ventricle is paced, the left ventricular depolarization
and contraction are delayed because the electrical depolar-
ization wavefront follows a longer pathway to reach the left
ventricle, thus causing an artificial lengthening of inter-
ventricular delay (ND). This phenomenon is expressed in
this tracing as a prolongation of PEPsu of the paced beat
(third beat from the left) as compared to the PEPsu of a beat
with narrow QRS (second beat from the left). In this
example, the difference paced  PEPsu-sensed
PEPsu=IVD=32 ms.

[0013] FIG. 3. Electronic algorithm. Flow chart of a
preferred embodiment of the invention.

[0014] FIG. 4. Software Algorithm. Values of cycle length,
PEPsu, LVET, PTT and QRSd are used by the software to
normalize LVET to a heart rate of 60 bpm and to compensate
PEPsu for PTT and for IVD. IVD during right ventricular
pacing is calculated from the duration of QRS using a
previously published equation®®. A systolic function index is
calculated, and ejection fraction estimated from it.

[0015] FIG. 5. Screenshot of the computer display pro-
duced by software. This figure shows the results of a study
done on a patient with symptomatic heart failure using the
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prototype of the invention. The screen displays the actual-
real time waveforms of ECG, a marker channel, arterial
pulse tracing and phonocardiogram on the upper portion of
the screen. To the right of it, one single beat is shown
resulting from ensemble averaging of 2 to 8 or more beats,
with corresponding landmarks (dotted lines) for the begin-
ning and end of QRS, the foot and dicrotic notch of the pulse
waveform and heart sounds. At the lower part of the screen
beat-by-beat trends of key measurements is shown. On the
upper left, there is a statistics window with average values
of the measured parameters and the result of the calculated
ejection fraction. The value shown (41%) is below normal,
consistent with the patient’s heart failure condition.

[0016] FIG. 6. Alternative embodiment of the invention.
In this embodiment, detection and initial filtering of signals
is done by hardware while calculation of ejection fraction
and other hemodynamic parameters is done by an external
PC or a dedicated microprocessor.

[0017] FIG. 7. Sensitivity and specificity of predicted
ejection fraction. Two groups of patients were selected and
studied using a prototype of the invention. One group
consisted of asymptomatic patients with no evidence of
heart malfunction and the other with clinical symptoms of
heart failure. Ejection fraction was estimated from the SFI
and results tested for sensitivity and specificity to rule-in or
rule-out cardiac malfunction. Both sensitivity and specificity
values are very high’.

DESCRIPTION OF A PREFERRED
EMBODIMENT

[0018] In a preferred embodiment of the invention, esti-
mation of ejection fraction is done using a combination of
physiologic parameters and dedicated software. Said physi-
ologic parameters are the so-called systolic time intervals,
obtained from a plurality of inputs, such as the ECG, an
arterial pulse and a phonocardiogram. In this example, ECG
is obtained from three standard disposable electrodes placed
in a triangular fashion on the right clavicle, the right costal
border and at the mid-clavicular line at the level of the 47
inter-costal space. The peripheral pulse is obtained with a
commercially available transmittance O2 saturation sensor
placed on a finger, although reflectance types are also
suitable. The phonocardiogram, is recorded with a commer-
cially available microphone, such as part # Part #: TSD108
from Biopac Systems Inc or similar. The tracings shown in
FIGS. 1, 2 and 5 were obtained with the prototype at a
sampling rate of 4 KHz for an accurate detection of pace-
maker pulses, whenever they are present. Detection of
landmarks and automatic measurements of systolic time
intervals were obtained by software, shown as trends in FIG.
4, and hereinafter described in detail.

[0019] FIG. 3 depicts a preferred electronic circuitry algo-
rithm used in the present embodiment, although other con-
figurations may be equally suitable. The front-end of the
device has inputs for above mentioned physiologic signals,
namely the ECG, an arterial pulse and the phonocardiogram.
The ECG cables 1 are connected to an amplifier and analog
to digital converter 2, sampling at 4 Khz to be able to
accurately detect pacemaker pulses which could be as short
as 0.2 ms in duration. Then the signal is directed to pace-
maker spike filter 7 and QRS filter 3 for signal conditioning
to remove AC and noise by applying a band-pass between
0.5 to 35 Hz. Said conditioned QRS signal in 3 is then
directed to step 4 for QRS onset detection, and simultane-
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ously to QRS end detector 5. Signal from QRS onset
detector 4 is directed to logical switch 9. Said logical switch
also receives a signal from high-pass spike filter 7 after
going through spike detector 8. Logical switch 9 therefore
signals the onset of QRS or pacemaker spike, whichever is
first to occur and drives the timing signal to QRS duration
timer 6, cycle length duration timer 10 and PEPsu timer 14.
QRS duration timer 6 calculates QRS duration as the time
difference from the onset of intrinsic or paced QRS, which-
ever occurs first from logical switch 9, to the end of QRS as
detected in step 5. Cycle timer 10 calculates cycle length as
the timing difference between current and preceding con-
secutive logical switch 9 outputs. Outputs of QRS duration
6 and Cycle Timer 10 are directed to memory and signal
processor CPU 22 for further processing.

[0020] Pulse transducer 11 output is fed to analog to
digital converter 12 and its output to both pulse upstroke
detector 13 and dicrotic notch detector 15, both of which
include band-pass digital filters from 6 to 20 Hz. Timing of
these outputs are directed to timer 16 for left ventricular
ejection time calculation as the difference between them, and
value further directed to said memory and signal processor
CPU 22. Timing of dicrotic notch detector is also directed to
PTT timer 21.

[0021] Phonocardiogram signal 17 goes through the ana-
log to digital converter 18, programmable 30-70 Hz band-
pass filter 19 and second heart sound detector 20. The object
of said detector 20 is to identify the aortic component of the
second heart sound; therefore the sound wave vibration of
maximum amplitude is detected. The signal output from
dicrotic notch detector 15 and aortic second sound detector
20 are fed to PTT timer 21 where pulse transit time is
calculated as the timing difference between dicrotic notch
detector 15 described above and second heart sound detector
20. Signal from PTT timer is further directed to memory and
signal processor CPU 22. 21 to calculate the value of pulse
transit time. This interval will be used to correct PEPsu to
true PEP. Said memory and signal processor CPU 22 stores
Cycle Length, PEPsu, LVET, PTT and QRSd in memory 23
for further calculations according to software algorithm.
[0022] Software Algorithm:

[0023] Block diagram is depicted in FIG. 4. Based on data
stored by CPU 22 in memory 23, a first step 24 is taken to
calculate rate-corrected LVET as: [VETc=LVET+k*(HR-
60), where k is the slope of LVET vs. heart rate and which
by default 1.5 but could range from 1.0 to 2. If necessary, an
actual slope value can be calculated as the ratio between a
change in LVET resulting from a change in heart rate, which
said heart rate is calculated as HR=60,000/cycle length (in
ms). LVET needs to be corrected for heart rate because rate
changes affect the duration of LVET, thus altering the
systolic function index. Not correcting LVET for rate makes
comparisons difficult within the same patient at different
heart rates or when compared to other patients. Next, the
device operator needs to enter QRS type or pacing mode by
selecting one of options 26, 27 or 28. If option 26 for narrow
QRS or RBBB is selected, then IVD is considered 0 in 29
and PEPsu is thus only corrected for pulse transit time in 30
as: PEPc=PEPsu-PTT, where PEPc indicates that PEPsu has
been fully corrected for the selected QRS type or pacing
mode, with 0 IVD. If option 27 for biventricular pacing
(BiV) or left ventricular pacing (LVp) is selected IVD is also
considered 0 in 31 and PTT correction is done as shown in
step 32: PEPc=PEPsu-PTT. Selecting option 28 RVPace
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(right ventricular pacing) inter-ventricular delay is calcu-
lated in 33 as IVD=0.38*QRSd-8, according to previously
published equation® and PEPc=PEPsu-PTT-IVD in 34.
This equation however could be replaced by other calcula-
tions aimed at predicting the value of TVD based on QRS
total or partial duration or on other cardiac parameters. Once
correction of PEPsu for PTT and IVD have been done for
each QRS type or pacing modality, calculation of the sys-
tolic function index is possible in 35 as: SFI=LVETc/PEPc,
which leads to step 36 to calculate ejection fraction as
EF=(0.45*LN(SF1)+0.03)*100, where LN(SFI) is the natu-
ral logarithm of SFI. This equation is one example of the
numerous possible ways EF can be correlated and predicted
from the quotient LVETc/PEPc, or its reciprocal, PEPc/
LVETc.

[0024] Another embodiment for this invention is shown in
FIG. 6. ECG signal is amplified in 37, peripheral pulse in 38
and phonocardiogram in 39. Outputs of these amplifiers are
fed to an analog to digital converter 40 connected to signal
insulator 41 which also powers the A-D converter 40 and
photo-plethysmograph 38. Digital signals are further pro-
cessed in CPU 42, which feeds its output via USB or
wireless 43 to a PC 44 where the analysis software resides.

[0025] The prototype of this invention was tested in 69
patients with right ventricular pacing, 52 of them asymp-
tomatic, with no cardiac malfunction and expected to have
normal EF, and 17 with heart failure of various degrees,
expected to have reduced EF. The ability of the ejection
fraction predicted with the prototype of this invention to
rule-in or rule-out cardiac malfunction is shown in FIG. 7.
Using an EF cut-off point of 50% (lower limit of normal for
ejection fraction obtained by other methods) sensitivity to
detect heart failure was 100% and specificity 87%’.
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1. A device for automatic measurement of systolic time

intervals, including heart rate (HR), QRS duration, a surro-

gate of left ventricular pre-ejection period (PEPsu), left
ventricular ejection time (LVET), inter-ventricular delay

(IVD) and pulse transit time (PTT) allowing automatic

detection and display of corrected systolic time intervals, the

calculation of a systolic function index, and estimation of
left ventricular ejection fraction in patients with narrow

QRS, bundle branch block and artificial cardiac pacing,

wherein the device comprises:

a. amplifiers and filters for each of: ECG, arterial pulse
and phonocardiogram,

b. a first timer for the onset of QRS or ventricular pacing
pulse, whichever is first to occur,

c. a second timer for detecting end of QRS,

d. a third timer for the upstroke of the arterial pulse,

e. a fourth timer for the dicrotic notch of the arterial pulse
(Tnotch),

f a fifth timer for detecting aortic component of the
second heart sound (TS2A),

g. a processor unit for running software for:
calculating a beat to beat heart rate,
calculating QRS duration (QRSd),
calculating rate-corrected LVET as:

LVETe=LVET+k*(HR-60),

wherein k is a value between 1.0 and 2, which can be
defaulted as 1.5 or calculated as the ratio delta
LVET/delta HR,

calculating of inter-ventricular delay caused by bundle
branch block and/or cardiac pacing, as:

IVD=0.38*QRSd-8,

calculating PTT as:
Thotch-7524

obtaining a corrected PEP as:
PEPc=PEPsu-PTT-1VD,

wherein PTT=0 for central pulse recordings
calculating a systolic function index as:

SFI=LVETt/PEPc,
calculating a left ventricular ejection fraction (EF) as:
EF=(0.45*LN(SFI)-0.03)*100,

wherein LN(SFI) is the natural logarithm of the SFI.
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2. The device according to claim 1, wherein said systolic
time intervals and said systolic function index and ejection
fraction are obtained as integral part of an implantable
medical device such as a pacemaker, cardiac defibrillator,
monitoring device or drug infusion apparatus.

3. The device according to claim 1, wherein said ECG,
pulse and phonocardiogram amplifiers, filters are the inte-
gral part of a system including analysis, calculation software
and display means.

4. The device according to claim 1 wherein said ECG,
pulse and phonocardiogram amplifiers, filters, are connected
via USB, Bluetooth or other transmission means to a com-
puter running the software for measurement and calculations
of said systolic time intervals, heart rate, corrections of PEP,
corrections of LVET, systolic function index and ejection
fraction.

5. A device as described in claim 1 wherein said param-
eters of cardiac performance are used for diagnosis, auto-
matic adjustment of medical devices, such as home moni-
toring, arthythmia detection, device optimization, drug
delivery, rate adaptive pacing, pacing mode selection and/or
atrio-ventricular interval optimization in pacemaker
patients.

6. A device and method as described in claim 2 wherein
said parameters of cardiac performance are used to trigger an
alarm when one or more of said detected parameters exceed
a pre-selected or programmable risk level.

I I T T
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