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Abstract

In coronary artery bypass graft patency research, the
quality of the graft is often quantified by the mean graft
flow, pulsatility index (PI) and diastolic filling (DF). Cal-
culation of PI and DF requires segmentation of the heart
cycle into systolic and diastolic intervals. In this paper we
present two methods to identify systolic and diastolic inter-
vals from arterial pressure and cardiac output (pulmonary
flow) signals. The methods were evaluated by comparing
the start of the systole and diastole in measurements from
6 pigs undergoing bypass surgery. Furthermore, we com-
pared DF and PI calculated using the timings from the two
different signals. We obtained a mean difference between
systole start of —2.76 ms (£ 18.26 ms) and 59.59 ms (+
81.17ms) for diastole start. Finally, we obtained a cor-
relation of 95.96 % for PI and 60.30 % for DF. The use
of more than one recording type can be used to ensure
more stable results when performing coronary graft pa-
tency quality assessments.

1. Introduction

During coronary bypass surgery the graft patency can be
assessed using the graft flow, electrocardiogram, cardiac
output and arterial pressure signals. From these signals the
diastolic filling (DF) and the pulsatility index (PI) can be
estimated. The mean graft flow together with the DF and
PI measurements gives an indication of the graft patency
[1,2].

To estimate the DF and PI it is necessary to know, when
the systolic and diastolic phases in the heart cycle occur.
They can be located using the electrocardiogram, by de-
tection of the Rpeak and the end of the T-wave [2,3]. The
systolic and diastolic phases can also be located from other
types of signals, e.g. cardiac output and arterial pressure
signals, which can be necessary if the electrocardiogram is
not recorded or is of a poor quality. Furthermore, it could
be hypothesized that the measurement of DF and PI could
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depend on the used signal type, as there is a delay between
the start of the systole and diastole in the different signal
types. This is due to the fact that the electrocardiogram
describes the electrical activity of the heart, while cardiac
output and arterial pressure describe the vaso-mechanical
properties.

Different methods to detect the start of the sys-
tole/diastole on arterial pressure signals exists such as the
wavelet-based [4], calculation of an auxiliary signal and
applying decision rules [5, 6], using deriviatives [7, 8] or
filter banks [9]. To the best of our knowledge, no efforts
has been made to detect the systole or diastole start on the
cardiac output signal.

In this paper, we present a method to detect the start of
the systole and diastole from cardiac output (pulmonary
flow) and compare it to a simple deriviative based method
that uses the arterial pressure signal to detect the start of
the systole and diastole. We investigate the bias between
them as well as the stability. Furthermore, we investigate
the correlation between DF and PI obtained using the two
different signals.

2. Methods

2.1. Study population

Recordings from 8 pigs undergoing coronary bypass
surgery were obtained. The signals include simultaneously
measured electrocardiogram, central venous pressure, car-
diac output (pulmonary flow), arterial pressure and graft
flow, and were obtained from the VeriQ VQ4122 (Medis-
tim A/S, Oslo, Norway).

For each pig a set of measurements exist, each 60s
long, and the total data set included 338 measurements.
Each measurement were measured under varying condi-
tions such as varying heart rate or blood pressure. If either
the cardiac output or arterial pressure signal in a measure-
ment contained noise, the measurement was removed.

To avoid over-training during the algorithm develop-
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Figure 1: The start of the systole and diastole on the car-
diac output (pulmonary flow) signal, was located at a zero-
crossing on both sides of the systolic peak.

ment, the measurements were divided into a training (57
measurements) and test (210 measurements) set.

2.2.  Detection of systole and diastole start

Cardiac output (fs = 310 Hz) and arterial pressure (fs
= 250 Hz) signals were filtered with a high-pass bidirec-
tional IIR filter with a cut-off frequency of 0.5 Hz in order
to remove baseline wander. Furthermore, the signals were
normalized according to their normal range ensuring ro-
bustness when noise were present.

2.2.1. Cardiac output

Initially, all maxima, exceeding a threshold of 0.5 of the
normalized signal, were located. The start of the systole
was defined as the first zero-crossing before a maximum,
see figure 1.

For some cardiac output signals no zero-crossing was
present, but a local minimum was. Therefore, the start of
the systole was identified as the closest zero-crossing or
minimum to the previously detected maxima. The start of
the diastole was identified in a similar manner.

2.2.2. Arterial pressure

The algorithm was initiated by a search for a maximum
exceeding a value of 0.025 of the normalized signal. From
here a backwards search for the start of the systole was
performed. In some cases the arterial pressure signals had
clear artifacts near the systolic peak, and these artifacts
would be found using the above mentioned threshold. To
allow for a robust algorithm any maxima within 120 ms
were discarded, and the remaining maxima were used for
the backwards search for a local minimum, corresponding
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Figure 2: The start of the systole was located on the left of
the systolic peak, while the start of the diastole was found
at the dicrotic notch.

to the start of the systole, see figure 2.

From each maxima a search within a window for the
dicrotic notch is performed. The search window is de-
fined from the current maxima to the following systole
start. Three criteria were used to identify the dicrotic notch
in the differentiated signal, which was calculated using a
Savitzky-Golay filter with an order of 3 and a window size
of 5. In the differentiated signal the first zero-crossing,
positive slope and local maximum were located. The one
closest to the systolic peak of the three was selected as the
dicrotic notch, i.e. the start of the diastole.

2.3. Comparison of diastolic filling and pul-

satility index

The DF and PI are often used to quantify the quality of
graft flow. DF is defined by [10]:

_ Total diastolic flow
~ Total diastolic flow + Total systolic flow

DF

where total systolic and diastolic flow were defined as
the sum of graft flow during the systole and diastole. The
systolic and diastolic timing is either defined by the cardiac
output or arterial pressure signal. PI is defined as [10]:

pI— Mazimum flow — Minimum flow

Average flow

where maximum, minimum, and average flow was de-
fined using the graft flow, where the start and end of the
cardiac cycle is defined by the cardiac output or arterial
pressure signal.
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Figure 3: The described algorithms for detection of sys-
tole and diastole start on different types of signals are im-
plemented as a part of the software framework GraftGUI,
above is a screenshot of the program. The framework is
freely available per request to the authors.

2.4. Implementation

The algorithms were implemented and tested using
MATLAB 7.9.0 (Mathworks Inc, Natick, MA). Futher-
more, the algorithms were implemented as processing
modules in a software framework that facilitates statistical
processing of simultaneously recorded signals. The frame-
work is called GraftGUI, and a screenshot is shown in fig-
ure 3. The framework is freely available per request to the
authors.

2.5. Statistical analysis

The difference between systole and diastole start, for the
cardiac output and arterial pressure signals, was calculated
and the significance of the difference was tested using a
two-sided student’s T-test (o« = 0.05). To quantify which
signal type that had the most stable measurements of the
systolic duration, the standard deviation of the systolic du-
ration of each measurement was obtained. The difference
of the standard deviations was evaluated using a two-sided
student’s T-test (o = 0.05)

Finally, the PI and DF obtained using either cardiac
output or the arterial pressure signal was compared us-
ing Pearson’s correlation coefficient, and the significance
of the correlation coefficient was evaluated using the 95 %
confidence interval.

3. Results

3.1.  Systole and diastole start

The difference in systole start between cardiac output
and arterial pressure was —2.76 ms (+ 18.26 ms), p =
0.04. The difference for the diastole start was 59.59 ms
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Figure 4: The diastolic filling obtained using the timings of
the cardiac output (pulmonary flow) signal compared with
those obtained using the timings obtained with arterial
pressure. Pearson’s correlation coefficient was 60.30 %
(95 % CI: 58.88 % to 61.69 %). Outliers removed from the
pulsatility index, was also removed from the diastolic fill-
ings before calculating the correlation coefficient.

(£ 81.17ms), p < 0.01. The mean STD of the sys-
tolic duration obtained using cardiac output was 18.17 ms
(95 % CI: 15.87 ms to 20.48 ms) and 50.44 ms (95 % CL
45.13 ms to 55.75 ms) for arterial pressure.

3.2. Diastolic filling and pulsatility index

Figure 4 shows a plot of the DF calculated based on
the identified systole and diastole start on the cardiac out-
put and pressure signals. The correlation coefficient was
60.30 % (95 % CI: 58.88 % to 61.69 %). Figure 5 shows a
similar plot for the PI. The PI within a physiological level
is shown, i.e. outliers are removed. The same outliers that
were removed from the PI was also removed from the DF.
The correlation coefficient obtained for the PI was 95.96 %
(95 % CI: 95.79 % to 96.14 %).

4. Discussion and conclusions
Quantification of the quality of the graft patency is re-
quired to ensure optimal patient outcome after coronary
artery bypass surgery. This is done by investigating dif-
ferent physiological signals, such as the mean graft flow,
combined with derived parameters such as DF and PI,
which are defined by the start of the systole and diastole
periods. The systole and diastole start can be defined using
different signals such as cardiac output (pulmonary flow)
and arterial pressure, which is investigated in this study.
We obtained a difference between the systole and dias-
tole start measured on the cardiac output and arterial pres-
sure signals. The difference is more prominent for the di-
astole start, we speculate this is because of problems with
identifying the dicrotic notch. To further investigate this,
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Figure 5: The pulsatility index obtained using the tim-
ings of the cardiac output (pulmonary flow) signal com-
pared with those obtained using the timings obtained with
arterial pressure. Pearson’s correlation coefficient was
95.96 % (95 % CI: 95.79 % to 96.14 %). Outliers outside
the physiological level were removed, before calculating
the correlation coefficient.

we calculated the standard deviation of the systolic period
per recording, as the duration of the systolic period is as-
sumed to be stable for each recording due to the heart rate
being kept constant during each recording. Our findings
indicate that the systolic period is more unstable for arte-
rial pressure signals, which suggests that the diastole start
is not as precisely detected as the systole start. Finally, we
investigated the obtained correlation coefficient between
PI and DF obtained using either cardiac output or arterial
pressure, to define the systole and diastole start. The ob-
tained correlation coefficient for PI is higher than that of
DF, which suggests that the PI is less affected by the loca-
tion of diastole start, which makes sense with the definition
of PI in mind.

The proposed algorithm for detecting the systole and di-
astole start in arterial pressure signals can be further im-
proved, perhaps by using wavelets. On the contrary the
algorithm to detect systole and diastole start using cardiac
output is robust. Finally, we have shown that the location
of diastole start affects DF more than PI, indicating that PI
is a more robust measurement for graft patency.
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