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Automatic Correction of Left-Ventricular Pressure
Waveform Using the Natural Observation Method

Jun-ichi HORIT, Yoshiaki SAITOHT, Tohru KIRYUT, Members

SUMMARY The pressure waveforms indicated on a cath-
eter manometer system are subject to serious distortion due to the
resonance of the catheter itself, or the compliance of a particular
transducer. Although several methods have been proposed for
improving those characteristics, they have never been put into
practice. We have focused on the transfer function of the catheter
manometer, and made a pilot system, using the natural observa-
tion method. This method has been suggested as a means of
studying the structure of the instantaneous waveform. In this
manner, we were able to increase the bandwidth in the frequency
domain and reduce the ringing in the time domain. Correction
was performed automatically, using a step wave. Reproduction
of the waveform with a flushing device, was a task of equal
simplicity, that allowed us to estimate the system parameters so
that the response waveform became step-like. In the experiment,
our system provided distortion-free left-ventricular pressure
waveform measurements and exact evaluation of the cardiac
pumping system. The values obtained came much closer to the
original figures arrived at by the catheter-tip manometer system.
key words: automatic correction;, natural observation method;
catheter manometer system; left-ventricular pressure waveform,
flushing device

1. Introduction

Both in monitoring and diagnosing problems in
the cardiovascular system at the intensive or coronary
care unit, it is necessary to measure the blood-pressure
waveforms as accurately as possible. Measuring the
blood-pressure waveforms with a catheter-tip manome-
ter system (CTM) has commanded a lot of attention.
The CTM yields more nondistorted signals than do
conventional monitoring system. However, a distinct
disadvantage of the CTM is that it is subject to
immerse in blood clots, thus rendering it useless for
longterm monitoring. On the other hand, the conven-
tional catheter manometer system (CMS), which is
generally used in clinical studies, involved serious
frequency distortion due to the resonance of the cath-
eter tube and the compliance of the transducer dome.
Several methods for improving those characteristics
have been realized, such as the Fourier analysis'”,
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lowpass filters”~® and the digital signal processing®.
Nevertheless, they have never been put into practice,
because the frequency bandwidth was insufficient to
represent the blood-pressure waveform, or because it
was difficult to correct the waveform in real-time.

We have focused on the transfer function of the
CMS and designed a means to compensate for errors,
using the natural observation system (NOS)®. The
NOS has been proposed as a unique approach to the
problem of reconstructing a signal without its Fourier
series. We have already reported on the efficacy of the
NOS, and the degree to which it improves the fre-
quency response in an ambulatory electrocardiogram
system”. It is composed of a series of first-order
high-pass filters, which are able to reconstruct an
original waveform by the linear combination of out-
puts at each stage of filters.

In clinical studies engineering techniques should
be performed simply in real-time. The NOS realized
the inverse filter, which was limited in the higher-
frequency band, with minimum adjusting parameters.
That is to say, we improved the frequency characteris-
tics of the CMS in the condition of reducing the
high-frequency noise. We realized the automatic cor-
rection with digital filters in real-time. As a result, the
noise-free and high-fidelity waveforms were in good
agreement with those measured by the CTM.

After sampling signals through the analog-to-
digital converter, we estimate the NOS parameters by
the least square method. To execute the automatic
correction, a step wave is available as a control signal.
A step signal is easily produced by the flushing device.
When the flushed waveform was detected by the appro-
priate threshold level, an original flushed waveform
was subtracted from the blood-pressure waveform
automatically. We then estimated the NOS parameters,
so that the flushed waveform became a step waveform.
Consequently, our system automatically adjusts its
parameters, even during blood-pressure monitoring.
Through simulated experiments, we confirmed the
automatic correction in real-time, so that it compared
with the distortion-free waveform obtained by the
CTM. We also compared the evaluation indices in a
heart pumping function before and after correction.
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2. Method
2.1 Catheter Manometer System

The transfer function of the CMS, an under-
damped second-order dynamic system®, can be de-
scribed as follows:

1
STt 2Es ot 17 (1)

where s is the Laplace operator, w, is the natural
angular frequency, and ¢ is the damping factor. In a
conventional CMS, output waveforms are distorted
due to the low natural angular frequency and the small
damping factor.

H(s)=

2.2 Natural Observation Method
Figure 1 shows a block diagram of our method

based on the NOS® -V The transfer function of the
M th-order NOS is given by
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where @, is the cutoff angular frequency, and ay, a1,
ay are the weighting parameters. We adjusted weight-
ing parameters so that the 2} term in Eq. (2) is identi-
cal to the denominator of Eq. (1). The transfer func-
tion of the total system, H; (s), is given by

H,(5) =H,(s) - Hy (5) =(—2_)" 3
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x1(n) *2(N) Xu(n)
Xo(n) HPF HPF ~-— HPF
Qo Q A ) e am
>
—| 9tn)
+
f(n) U > e(n)

Xo(n): observed signal

f(n): reference signal

g(n): corrected output

e (n):residual

Xin) . i =1, ...M): HPF's outputs
ai, (=0,..M): NOS parameters

Fig. 1 Mth-order natural observation system for the correction
of waveform.
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Equation (3) consequently forms a Mth-order low-
pass filter with the cutoff angular frequency w.. To
improve frequency responses w. should be higher than
the highest frequency component of blood-pressure
waveforms: this procedure corresponds to the replace-
ment of w, with w..

Correction of the conventional CMS requires the
second-order system because the transfer function of
the CMS was observed as the second-order dynamic
system indicated in Eq. (1). When we added an
extension tube to the CMS, the order of the total
transfer function might become more than two. In that
case, the higher order of the correcting system, M, is
required.

2.3 Realization in Digital Filter

We acquired digital signals through the A/D
conversion to estimate the NOS parameters. Each
first-order high-pass filter was designed by the bilinear
z-transformation. The corrected output, g(n), de-
scribed in Fig. 1 is given by

g(n)=é aix;(n), n=1,2, N (4)

where x;(n), i=1,2,---, M, are output signals of indi-
vidual high-pass filters and x,(#) is an input signal. N
is the processing interval. Comparing Eq. (1) with Eq.
(2), ao corresponds to 1. Assuming that f(n) is a
noise-free original signal, the residual, e(n), is given
by

e(n)=f(n)—g(n)
=f(n)—xi(n) *ﬁ‘,l aix:(n),n=1,2,-- N

(5)

N covered the enough time for the transient part of the
observed signal.

When H.(s) was noise-free system, NOS parame-
ter vector a=[ay, as, -, ax|” could be calculated theo-
retically. But, the H.(s) involved noises in practice.
The least square estimation determines the optimum
NOS parameter vector a*=[af, af,--, af]” by be fol-
lowing method:

Defining

=W, FQ), ],
xi:[xi(l),xi(z)y"',xi(N)]Ty
e=[e(1),e(2),, e(N)]*

and ‘
X =[x, x2,", X3,

then the Eq. (5) is rewritten as
e=f—x,— Xa. (6)
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Fig.2 Catheter manometer system with the flushing device.
The flushing operation produced a step-like pressure
waveform varying from negative to zero.

The evaluation function J is given by

J=(f—x—Xa)"(f —xo— Xa). (7)
By 0J/0a=0, the normal equation is
X" Xa=X"(f —x). (8)

The optimum NOS parameter vector, a*, is calculated
using the following equation.

a*=(X"X)' X" (f —x). (9)

The correction was achieved with the minimum num-
ber of parameters using the NOS.

* 2.4 Flushing Device

To estimate the NOS parameters, we require an
observed signal from the CMS and a noise-free signal
that has to be known in advance. We used a step wave
as a control signal. A step wave is easy to produce
with a flushing device!®, which is usually used to
remove bubbles from the fluid-filled catheter. Figure 2
shows the CMS with the flushing device attached. The
flushing device consists of a flushing valve and a
pressure transducer. It connects to a pressurized infu-
sion bag that is filled with saline solution. The flush-
ing operation originally produced a step-like pressure
waveform varying from negative to zero. Due to the
poor frequency characteristics, the flushed response
usually had ringing after flushing. We estimated the
system parameters so that the flushed waveform became
similar to the original step-like one.

2.5 Parameter Estimation During Blood Pressure
Measurement

When we operate the flushing device during
blood-pressure measurement, the flushed waveform is
superimposed on the blood-pressure waveform. Figure
3 shows the parameter estimation procedure used
during measurement. When a step response was detect-
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Fig. 3 Parameter estimation during blood-pressure measure-
ment. A step response with additive blood-pressure
waveform, A, was separated from the blood-pressure
waveform, B. A-B indicated the desired waveform.

ed by an appropriate threshold level, a step response
waveform with additive blood-pressure waveform, A,
was separated from the blood-pressure waveform, B, by
segmentation. We also adjusted the timing for phases
of both waveforms. When B is subtracted from A, A-
B indicates the desired waveform. The components
except the flushed waveform in A should be equal to
the components in B. That is to say, the blood-pressure
waveforms must be periodic. We confirmed that
fluctuations of rhythm in blood-pressure had no
influence on our procedure.

3. Experimental Results
3.1 Results Corrected in Real Time

Figure 4 shows a block diagram of the automatic
correcting system consisting of digital filters. We
digitized pressure signals with a 12 bit analog-to-
digital conversion at a sampling rate of 500 Hz. When
a step waveform is detected, the procedure of waveform
segmentation and parameter estimation, the upper
sequence block of Fig. 4, is automatically performed.
Then the parameters are updated in the correcting
system of the lower sequence block. It took about 3s
from flushing operation to updating the correcting
system. After that, the correction was executed in
real-time.

Figure 5 shows the experimental procedure using
a pressure simulator (BIO-TEK Model 601A) and a
flushing device (SPECTRAMED DT-XX). High
fidelity left-ventricular waveforms detected with a
Miller CTM were fed into the pressure simulator. The
pressure simulator transformed an electrical signal into
a pressure signal. We measured the simulated pressure
signals with a Pig-tail CMS and corrected the distorted
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Fig. 4 Automatic correcting system. When a step waveform is
detected, the upper sequence block is automatically
performed. After updating the correcting system, the
correction was performed in real-time.
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Fig. 5 Experimental procedure using a pressure simulator and a
flushing device. The pressure simulator transformed an
electrical signal into a pressure signal. We measured the
simulated signals with a Pig-tail CMS and corrected the
distorted pressure waveforms.

pressure waveforms.

Figure 6 shows step waveforms and flushed
waveforms, before and after correction. The cut-off
frequency (=w./27), and the order, M, of the correct-
ing system is equal to 50 Hz and 6th, respectively. The
processing interval, N, is equal to 300 points (the
processing time corresponds to 0.6s). The step
response of the Pig-tail CMS (Fig. 6(a)) was followed
by ringing. After correcting the step response (Fig. 6
(b)), the ringing was suppressed to the point where it
became virtually flat. This resulted from the compensa-
tion of frequency characteristics by Eq. (3). The ring-
ing was observed in the flushed response as in the step
response. Applying the same H,(s) to the flushing
response observed by the Pig-tail CMS, the ringing
after flushing was improved to be flat.
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Fig. 6 Corrections of a step waveform and a flushed waveform.
(a) Response waveforms of the CMS. (b) Corrected
outputs of (a). Both response waveforms were corrected
with same NOS parameters.
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Fig. 7 Corrected results of pressure waveforms in real-time. (a)
Original pressure waveforms measured with a Miller
CTM. (b) Distorted waveforms measured with a Pig-
tail CMS. (c) Corrected outputs of (b).

3.2 Correction and evaluation of the Blood-pressure
Waveforms

Figure 7 shows the results of correction in clinical
studies. The left panel shows left-ventricular pressure
waveforms in normal rhythm and the right panel shows
aortic pressure waveforms in arrhythmia. Every kind
of waveforms were corrected by the NOS. Since cor-
rected waveforms showed no time-lag, we were able to
correct the pressure waveforms with a Pig-tail CMS, in
real-time.

Figure 8 shows left-ventricular pressure waveforms
in a human heart and the evaluation indices. The
pressure waveform and the rate of pressure rise (dP/
dt) in the Pig-tail CMS (Fig.8(b)) have lightly
damped oscillations, compared with those illustrated
in Fig. 8(a), as obtained by the Miller CTM. Correct-
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Fig. 8 Correction and evaluation of left-ventricular pressure waveforms.
(a) Original pressure waveforms measured with a Miller CTM. (b)
Distorted waveforms measured with a Pig-tail CMS. (c¢) Corrected
outputs of (b). The maximum velocity of the contractile element, V
max» and the time constant indicate the systolic and diastolic function
of an intact human heart, respectively.

ed outputs (Fig. 8(c)) show remarkable improvement,
and they were in good agreement with the waveforms
described by the Miller CTM.

Evaluation indices calculated are shown in the
center and right panel of Fig. 8. The maximum veloc-
ity of the contractile element ( ¥pay) is an index of the
contractile state of an intact human heart. It was
calculated from the pressure-velocity curve during a
isovolmic systole"™®. The time constant (7C) is an
index of the isovolmic diastole function after ejection.
It was calculated by fitting an exponential function to
the pressure-fall from the time instant of the maximum
negative dP/dt". Vpax and TC could not be calcu-
lated as accurately with the pressure waveform in the
Pig-tail CMS, as they could by the Miller CTM. The
estimates by our method were similar to those arrived
at by the Miller CTM.

4. Discussion

Overshoot minimization techniques for filters were
proposed by several researchers. Kuo reduced this
figure by adding a constant, times the second derivative
of the response, to the original response®®. Reck and

Melvin investigated an optimum value for the constant
used in the above technique®®. Suhash and Dutta
replaced the second derivative with a series of first and
second derivatives"”. A defect of these filters, how-
ever, was their susceptibility to the interference of a
random noise.

The band-limiting technique, realized by a biquad
filter™® or an autoregressive moving average model
also decreased the unnecessary high-frequency noise.
The transfer functions of the above filters are construct-
ed in the same manner as the transfer function shown
in Eq. (2). Implementation of the NOS is different
from these other methods. The NOS is a simple
composition of successive first-order high-pass filters,
where the number of parameters adjusted is limited to
the minimum number in the filter of Eq. (2). In
clinical studies implementation of engineering tech-
niques should be as simple as possible. The band-
limited inverse filter with the minimum number of
parameters was implemented only using the NOS.
Thus, the NOS proposed in this paper is, we believe,
most appropriate and applicable for the situation.

Our pressure measuring system, or the CMS, con-
sists of a flushing valve and a disposable pressure
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transducer. If we depress the flushing valve button, the
entire catheter tube and transducer dome are pressur-
ized to a high level. When the button is released, the
negative pressure is reversely applied to the tip of the
catheter, thereby creating a step-like waveform that
varies from negative to zero. Since the system function
of a linear filter is represented by the step response, the
system function of the CMS can be estimated by the
step-like waveform produced by the flushing operation.

During long term blood-pressure monitoring, the
condition of the CMS may vary. For example, when
air bubbles are generated in a catheter, the frequency
characteristics tend to deteriorate. In such cases, the
correcting system should be updated, in order to
maintain the optimum condition or weighting parame-
ters, even during pressure measurement. We accom-
plished this only pushing flushing: the update of
weighting parameters follow the description of the
flushing procedure. We also confirmed that fluctua-
tions of rhythm in blood-pressure had no influence on
our correction technique.

To evaluate a cardiac pumping function, it is
necessary to measure the left-ventricular pressure
waveform, with as high fidelity as possible. Recently,
the catheter examination continued through few days
in clinical study. Thus, the pressure measurement
requires not only high-fidelity but also a high
anticoagulant factor. High anticoagulant factor refers
to the tip of the catheter becoming only slightly immer-
sed in blood clots. Since a measuring system of the
pressure waveform satisfying both conditions is as yet
unavailable, either the anticoagulant of the CTM
should be increased, or the frequency characteristics of
the conventional CMS should be improved. In the
former case, the CTM would be subject to coagulate
blood clots during long term monitoring because of its
complicated structure. Alternatively, we improved the
frequency characteristics of the conventional CMS and
achieved distortion-free measurement of the left-
ventricular waveform.

Vmax and TC are typical evaluation indices calcu-
lated from the left-ventricle pressure waveform. By our
technique, we were able to obtain values of much
greater accuracy from a conventional CMS, an achieve-
ment that will, in the very near future, enable us to
easily monitor patients in intensive, and coronary care
unit.

5. Conclusion

Using the NOS, we corrected the distorted blood-
pressure waveforms obtained by conventional CMS.
Digital filters were incorporated in the NOS, and the
correction was accomplished in real-time. Automatic
correction is performed by the least square estimation
and the automatic segmentation of the flushed
response. Our system provides distortion-free blood-
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pressure waveform and, therefore, exact evaluation of
the cardiac pumping system. With an anticoagulant
CMS, we shall be able to obtain high-fidelity wavefor-
ms, even during long-term monitoring.
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