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Abstract
Perioperative mortality in coronary artery bypass grafting is usually caused
by reduced left ventricular function due to regional myocardial ischemia or
infarction. Post-operative graft occlusion is a well-known problem in coronary
surgery. A sensitive tool to detect graft occlusion and monitor myocardial
function may give the opportunity to revise malfunctioning grafts before
departure from the hospital. This paper describes how a new method can
detect cardiac ischemia using a 3-axis piezoelectric accelerometer. In three
anesthetized pigs, a 3-axis piezoelectric accelerometer was sutured on the lateral
free wall of the left ventricle. The left anterior descending (LAD) was occluded
for different time periods and the accelerometer data were sampled with a PC.
Short-time Fourier transform was calculated based on the accelerometer time
series. The results were visualized using a 2D color-coded time–frequency
plot. In the area of occlusion, a change to stronger power of higher harmonics
was observed. Consequently, a difference value between the instant frequency
pattern and a reference frequency pattern showed a rise in absolute value during
the occlusion period. The preliminary results indicate that early recognition of
regional cardiac ischemia is possible by analyzing accelerometer data acquired
from the three animal trials using the prototype 3-axis accelerometer sensor.

Keywords: biomedical sensor, myocardial ischemia, coronary bypass,
accelerometer, fast Fourier transform (FFT)

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Post-operative graft occlusion is a well-known problem in coronary surgery; 2–6% of arterial
and 10–20% of venous grafts are occluded after 1 year (Hol et al 2004). A number of
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occlusions occur immediately after surgery. A sensitive tool to detect graft occlusion and
monitor myocardial function may give the opportunity to revise malfunctioning grafts before
departure from the hospital. We have previously reported that 4% of grafts were malfunctioning
on angiography obtained in the operation theatre immediately after closure of the wound
(Hol et al 2004).

Myocardial ischemia after coronary artery bypass grafting (CABG) can be detected by
ECG changes, and eventually by reduction in the cardiac pump function as measured by
invasive hemodynamic monitoring of the heart. These findings, however, are not consistent
due to poor sensitivity and specificity of both methods (Jain et al 1997, Gianrossi et al
1989).

Angiography is commonly used to identify stenotic and occluded coronary arteries.
Echocardiography is used in the diagnostics of cardiac contractility, hemodynamic
performance and valve function. Regional reduced contractility or paradox movement
may indicate which coronary artery is occluded. Strain and tissue velocity are new
echocardiographic methods for estimation of the viability and the contractility of the
myocardium (Edvardsen et al 2001). However, the method is user-dependent and is unsuitable
for continuous post-operative monitoring due to the need for a cardiologist holding the probe
and analyzing the visual output.

Accelerometer sensors have been used in implantable cardiac pacemakers, such as the
pacing leads from Guidant (Guidant Corporation, Indianapolis, USA, www.guidant.com),
to sense abnormal heart activity. Academic papers have also addressed the idea of using
accelerometer sensors to sense different aspects of abnormal heart activity. Some of these
have detected motion changes at the surface of the ventricle by the use of a surface mounted
single-axis accelerometer sensor (Ishimitsu et al 1985, Ozawa et al 1983a, 1983b, Wood et al
1992, 1994). These papers refer to work where the accelerometer data were used with the
purpose to provide more knowledge about the mechanics in the generation of the heart sound
(as detected by stethoscope) in the different phases of a heart beat cyclus. The analogy between
acceleration and sound is easily understood if the heart surface is considered as the loudspeaker
membrane and the accelerometer as the microphone picking up the sound changes. A recent
publication from Theres et al (2004) addresses detection of myocardial ischemia during
percutaneous transluminal coronary angioplasty (PCI) by endocardial acceleration measured
by a 1D accelerometer.

This animal study addresses the development and performance of a prototype 3-axis
accelerometer sensor in detecting cardiac ischemia. The accelerometer sensor is based on two
commercially available 2-axis sensors mounted perpendicular to each other.

The aim of the present work was to establish whether a 3-axis accelerometer may detect
coronary occlusion by analysis of the accelerometer pattern with reasonable sensitivity.

2. Materials and methods

2.1. Prototype development—3D accelerometer

Two 2-axis accelerometers (ADXL-202) from Analog Devices (Analog Devices Inc, Norwood,
MA, USA) were mounted perpendicular to each other in order to make a 3-axis acquisition of
the acceleration data. Table 1 shows the specifications for this capacitive accelerometer.

The accelerometer sensors can provide digital or analog output signals proportional to
the acceleration. The sensors were tuned according to the instructions from Analog Devices
(www.analog.com). An operation amplifier was used as a buffering of the signals to make
them more robust to the surrounding noise, especially 50 Hz from the net. The electronic
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ADXL 202 JQC

Pin 11/12

22nF

3

1358 S (a)

3

10k

10k

100μμF

18k

18k

4,7k

1358 S (b)

2,5V

V+ (8V)

V- (7,7V)

COM

Break point for the tripple
x,y,z circuitry

VDD (5V)

VDD

X,Y,Z
sensor
signals

Figure 1. Electronic circuitry of prototype 3D-accelerometer sensor.

Table 1. Specification on the analog output pins for the capacitive accelerometer ADXL-202 from
Analog Devices Inc.

Property Value

Principal Capacitive acceleration sensor
Axes 2-axis
Range ±2 g
Sensitivity (3 V supply voltage) Typ. 167 mV g−1

Sensitivity (5 V supply voltage) Typ. 312 mV g−1

Resolution 2 mg at 60 Hz
Resonant frequency 10 kHz
3 dB bandwidth 6 kHz
Power <0.6 mA
Size 5 × 5 × 2 mm3

Supply voltage 3–5.25 V
Shock survival 1000 g
Measures Dynamic (vibrations), static (gravity)

circuitry is shown in figure 1. The electronics together with the two connected accelerometer
sensors were put into a polymer box and sealed. Small holes were made in the base plate to
apply the sutures when attached to the epicardium.
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Table 2. Timetable for animal experiments. The numbers in brackets show the part of the time
series of animal 1 used for spectrograms and FFT Euclidian distance plots (difference value) in
figure 5.

Startlog (a s) Occlusion time (b s) Stoplog (c s)

Animal 1 530 (80) 370 (170) –
Animal 2 80 85 35
Animal 3 30 128 60

2.2. Animal protocol

The prototype 3-axis accelerometer was tested in a porcine model. In a protocol approved
by the institutional Animal Care and Use Committee, three pigs of either sex (mean weight
52.4 kg ± 3.1 SD) underwent surgery.

2.2.1. Animal preparation. The pigs were kept fasting overnight with free access to
water. The animals were sedated with ketamine 20 mg kg−1 intramuscularly and azaperone
2 mg kg−1 preoperatively. Anesthesia was induced with intravenous pentobarbital titrated
until no reaction to skin incision (3–6 mg kg−1). Anesthesia was maintained with constant
infusion of morphine 20–40 mg h−1 and inhalation of isoflurane 0.5–1.5% titrated according
to autonomic responses to surgery. Immediately after induction of anesthesia, a tracheotomy
through a neck midline incision was performed and the pigs were ventilated with tidal volume
and rate adjusted to keep PaCO2 close to 40 Torr (5.3 kPa). FiO2 was kept sufficiently high
to ensure an arterial PO2 >100 Torr (13.3 kPa). The right carotid artery and right internal
jugular vein were isolated and cannulated. A single-lumen catheter was advanced into the
right internal jugular vein for continuous infusion of isotonic crystalloid solution (Ringer’s
acetate). For sampling of arterial blood specimens and continuous arterial pressure monitoring,
a 5 Fr catheter was advanced into the right carotid artery. An ECG was monitored from a
limb lead.

After a median sternotomy, the pericardium was split from apex to base, and a 3 mm
vascular occluder was positioned around left anterior descending (LAD) distal to the first
branch ready to occlude according to the protocol. A 3D accelerometer sensor was sutured
on the left ventricle free wall in the region of blood supply of the LAD, approximately 2 cm
proximal to apex. The animals were allowed to stabilize for 30 min to achieve a steady-state
condition.

2.3. Data acquisition

The DAQ 1200 Data Acquisition Card for PCMCIA bus (National Instruments Inc, Austin,
TX, USA) together with a data logger for analog readings programed in Lab View (National
Instruments Inc, Austin, TX, USA) was used to log the accelerometer data.

The investigation was performed by totally occluding LAD distal to the first diagonal
branch and reperfused according to the protocol (table 2).

1. Occluded left anterior descending artery after a seconds.
2. Then opened LAD for reperfusion of the heart after b seconds.
3. Finally, stopped log after c seconds.

The accelerations along the three orthogonal axes were logged to a PC with a sampling
frequency found to be above the Nyquist limit.
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Figure 2. Resultant acceleration raw-data vector of animal 1 before occlusion (upper) and after
occlusion (lower).

2.4. Signal processing

The signal processing for the detection of ischemia was carried out in MatLab (The MathWorks
Inc, MA, USA). The acquired accelerometer signals contained a significant offset due to
gravitation. This was removed by subtracting a moving average.

The data from each of the three orthogonal axes were analyzed separately. Also, the
vector length of the measured acceleration was investigated as a parameter for analysis
(figure 2).
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Figure 3. Spectrogram of acceleration signal from animal 1.

Let ai denote the length of the acceleration vector (axi, ayi, azi) at time step i. Figure 3
shows the spectrogram generated for this time series resulting from a short-time fast Fourier
transform (FFT) with a subvector (a n→n+l) of length (l) sliding from start to end of the time
series. The color of each point in the diagram indicates the power of a given frequency
component (2: axis) in the time series at a given time (1: axis). Thus, each vertical line shows
the approximated short-term frequency distribution at any given time. The scale goes from
blue as the weakest via green and yellow to red as the strongest frequency.

A fast Fourier transform with a sliding window of 512 elements was used to analyze the
data corresponding to the sampling frequency that were used in the acquisition of the data.
It calculates a vector containing the power of each frequency component in the signal, thus
giving the frequency distribution of the signal (power spectrum—PS).

The Euclidian distance calculation (difference value) between the power vector (FFT
vector) of the actual sliding signal window (PS(n)) and a reference (baseline) window (PSref)
was performed in order to find a single value that might represent the ischemic state of the
heart (equation (1)):

�Powertot =
length of log∑

t=1

√√√√ 512∑
n=1

(PS(n) − PSref)
2. (1)

The MatLab implementation of the difference value algorithm is shown in table 3.

3. Results

3.1. Detection of ischemia

Figure 2 shows the vector length of the acceleration raw-data in x, y and z from animal 1 before
(a) and after (b) the 130 s LAD occlusion time. The frequency pattern has changed due to
ischemia. The early positive peak systolic acceleration (PSA) is reduced from approximately
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Table 3. The MatLab implementation of the difference value algorithm. The x-, y- and
z-accelerations are found in the second, third and fourth columns of the data acquisition file,
respectively. A 512 points fast Fourier transform is used in the calculation of both the difference
value and the spectrogram. The sample frequency is 250 Hz.

load filename.txt;

x = filename (:, 2);

y = filename (:, 3);

z = filename (:, 4);

res = sqrt (x^2 + y^2 + z^2);

specgram (x, 512, 250);

x window = x (1 : 512);

x dc = x window-mean (x window);

fftx = fft (x dc, 512);

Pxx1 = fftx.* conj (fftx) / 512;

j = 1;

for i = 2 : (length (x) – 512)

x window = x (i : 511 + i);

x dc = x window-mean (x window);

fftx = fft (x dc, 512);

Pxx = fftx.* conj (fftx) / 512;

dist eucl x (j) = sqrt (sum ((Pxx–Pxx1).* (Pxx–Pxx1)));
j = j + 1;

i;

end

figure

plot ((1 : length (dist eucl x))/250, dist eucl x);

0.325 g to approximately 0.075 g, while the negative PSA is reduced from approximately
0.55 g to approximately 0.45 g giving a total reduction of peak to peak of about 0.35 g
corresponding to approximately 40% of baseline peak to peak. Morphological changes during
ischemia are observed, but a deeper look into these changes is needed to give more insight
into the phenomenon. The choice of signal processing is founded on these findings.

The heartbeat of approximately 1.7 Hz and its higher order harmonics can be seen as
strong horizontal (red) lines (figure 3). The strength of the harmonics of the 1.7 Hz heartbeat
changes after the occlusion. For instance, the fourth harmonic, at approximately 6.5 Hz, is
much stronger after the occlusion, whereas the sixth harmonic at roughly 10 Hz is weaker
(figure 3).

Calculation of the total power difference was performed for each of the three axes
separately in order to find the direction of myocardial vibration most sensitive to reduced blood
supply and ischemia (figure 4). According to the three animals experiments investigated, the
transversal direction (Y-direction) gives the most prominent motion change found (figure 4).

Figure 5 shows spectrograms and FFT Euclidian distance plots (difference value)
calculated using the accelerometer data transversal to the heart surface (Y -direction) for the
three animals investigated. The area of occlusion is marked. Generally, the spectrograms show
the power of the different frequencies color coded, with red indicating the strongest power.
A rise in power of the higher harmonics is shown for the first animal with a correspondingly
steep rise in calculated difference value after 80 s where the left anterior descending artery was
occluded. Looking at the second spectrogram, a significant rise in power of higher harmonics
is shown at time 80 s when occlusion of LAD started. A new change to lower power in
the higher harmonics is shown at time 165 s when the LAD is reperfused. Correspondingly,
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Figure 4. Difference value, calculated as the Euclidian distance between the actual power spectrum
and the reference power spectrum in X- (longitudinal), Y- (transversal) and Z- (perpendicular)
directions relative to the heart surface.
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(a)

(b)

(c)

Figure 5. Spectrogram and FFT difference value calculated using the accelerometer data
transversal to the heart surface (Y-axis) for the three animals investigated. Occlusion and reopening
of the LAD are indicated with arrows.
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the Euclidian distance plot shows significant change in the calculated difference value at the
point where occlusion and reperfusion took place. The last animal showed changes in the
spectrogram and difference value corresponding to occlusion of the LAD between 30 s and
158 s though not as clear as the other two.

4. Discussion

The preliminary results indicate that early recognition of ischemia is possible through the
method described.

The reduction in total peak systolic acceleration during occlusion of the LAD indicates
the changes in acceleration due to ischemia (figure 2). This reduction of about 40% was found
after 130 s of occlusion. A method to detect the early changes in the measured acceleration
just after occlusion and during incipient ischemia is proposed using a difference value based
on the FFT frequency pattern.

The results also show that the myocardial movements consist of multicomponent periodic
signals. The difference between the actual frequency distribution and a reference distribution
is calculated as a measure of the cardiac motion pattern. This has an analogy with sound in that
the tone level changes according to changes in the frequency. The same tone can have different
sound (acoustic footprint) from different instruments according to the different strength of the
harmonics it contains. Thus, it is possible to observe the change in frequency pattern from
baseline to occlusion and occlusion to reperfusion corresponding to motion changes of the
myocardial wall.

The spectrogram in figure 3 seems to give an indication of how to detect a difference in
the acceleration signal before and after the occlusion.

One should perhaps not expect the distribution to be completely universal, but there could
be universal characteristics of a ‘healthy’ frequency spectrum. In any case, to warn of ischemia,
it is enough to confirm that the frequency distribution is stable in a healthy heart, since then any
significant change could trigger a warning. Such a system could be implemented by keeping
track of the first harmonics of the heartbeat, which may be accomplished by means of, e.g. a
FFT.

Wood et al (1992) described different signal processing and analysis techniques and
discussed advantages and disadvantages of these techniques related to the changing dynamic
nature of the heart vibrations using the single-axis accelerometer similar to the one used in
Ishimitsu et al (1985) and Ozawa et al (1983a, 1983b). They used a one-axis accelerometer
from Entran Devices (Entran EGA 125R-30D) oriented with its sensitive axis perpendicular
to the heart surface. In Wood et al (1994) knowledge from Wood et al (1992) is used to look
at the regional effect of myocardial ischemia related to the first heart sound.

The frequency spectrum changes throughout a heartbeat, and there is a trade-off between
frequency resolution and temporal resolution using power spectra since it is basically a time
average of a signal’s instantaneous frequency spectra (Wood et al 1994). By using bilinear
time–frequency transforms where the power spectrum analysis is limited to a sliding window, a
better time resolution is acquired sacrificing some of the frequency resolution. The width of the
sliding window has to be considered to optimize this method. Other time–frequency transforms
avoid this time-bandwidth compromise by using a window function that is the time-reversed
signal. The window has a long duration giving good frequency resolution, but the product of
the signal against its reversed counterpart simultaneously yields good temporal localization.
The Wagner distribution, the Choi–Williams distribution and the binomial transform are of this
type. These transforms are discussed in Wood et al (1992, 1994) for analysis of the dynamic
signal change within a heartbeat investigating the different phases through the heart sound. We
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are more interested in signal changes from heartbeat to heartbeat to detect myocardial ischemia
rather than changes within each heartbeat. Therefore, we used the fast Fourier transform with
a sliding window containing a couple of heartbeats. Additionally, the fast Fourier transform
is widely used in signal analysis and is therefore well documented.

A recent publication from Theres et al (2004) addresses detection of myocardial ischemia
during percutaneous coronary intervention by endocardial acceleration. They placed a single-
axis lead-based accelerometer in the RV apex via a femoral approach. The different coronary
arteries were occluded using a balloon catheter in the actual artery. A 12-lead surface ECG
was continuously monitored. Changes in measured acceleration due to artery occlusion were
calculated as peak endocardial acceleration (PEA), time of endocardial acceleration (TEA)
and Max Filteres EA. A significant drop of 7% was found in PEA and Max Filteres EA
(p < 0.05). TEA did not change significantly.

In this paper, peak systolic acceleration is defined as the maximum acceleration observed
on the myocardial surface in systolic contraction. A reduction in peak-to-peak PSA of about
40% was observed.

The method described in this paper differs from the method described by Theres et al
(2004) mainly in two aspects. The first is that the acceleration sensors in this paper are
attached to the heart surface during coronary artery bypass grafting to monitor changes in heart
movements postoperatively due to occlusion of the coronary arteries. The method described by
Theres et al describes a transluminal method that is useful in percutaneus coronary intervention
where a blocking of the occluded artery or placement of a stent in the artery is the treatment of
the coronary disease. Second, this paper describes a method where a 3-axis accelerometer is
used to make the method insensitive to in which orientation the sensor is attached as opposed
to Theres’ method where the single-axis is placed in a predetermined direction. Valuable
information for sensitivity of the method will be lost when the direction of the sensor axis is
not aligned with the direction giving the most prominent motion changes. Thus, the method
can fail or give less good sensitivity and specificity in detection of myocardial ischemia.

As seen from figure 4, the direction transversal (Y-direction) to the heart surface is the one
showing the most clean and prominent change in power due to occlusion and reperfusion of the
LAD. The normal to the heart surface (Z-direction) shows the less prominent change, and both
the longitudinal (X-direction) and the normal direction are probably affected by disturbances
due to the occlusion and reperfusion process of the LAD.

To make the detection method insensitive to the orientation of the accelerometer sensor, the
length of the 3-axis accelerometer vector can be used as a resultant vector. Using the resultant
from the spatial accelerometer data, user friendliness is provided in that the attachment of the
sensor device to the heart surface is independent of the orientation of the sensor.

From the spectrogram of the second experiment that is shown in figure 5, a rise in power
of the higher harmonics is observed in the area of occlusion. The rise in calculated difference
value confirms this observation. The spectrogram of the third experiment shows a general
impairment of the power when occluded. The calculated difference value is squared providing
the magnitude of the difference in the frequency distribution.

The calculated difference value of the second experiment shown in figure 5 shows that
the magnitude of the value before occlusion of LAD is lower than after reopening of LAD
(reperfusion). This phenomenon could have a connection to a preconditioning of the heart,
where the change in frequency pattern is prolonged after occlusion.

The performed experiments indicate that the frequency spectrum of the acceleration signal
can be used to detect ischemia. Although the present study demonstrated an immediate change
in regional wall motion pattern when the coronary vessel was occluded, further studies are
needed to establish reproducibility, sensitivity and specificity of the method.
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Given favorable results, continuous wall motion monitoring by a miniaturized
accelerometer sensor incorporated into a temporary pacing lead may prove a new clinical
tool for coronary surgery patient monitoring.

5. Conclusion

The experiments show that accelerometer data can be used to detect regional cardiac ischemia.
A rapid change in frequency distribution from the accelerometer data measured occluding
the blood flow in the LAD indicates that early recognition of regional myocardial ischemia
can be provided by analyzing accelerometer data real-time using fast Fourier transform.
The Euclidian distance calculation (difference value) can be used to track changes between
reference and actual frequency distribution in time. By proper selection of limit values, a
single value can be used to raise an alarm if the limit is exceeded indicating possible ischemia.

In this animal model, the LAD was occluded distal to the first diagonal branch producing
significant ischemia. Further study is needed to detect graft occlusion with only partial
impaired blood supply.

Disclosure: A patent application has been filed on this concept and the preliminary result
(Elle et al 2003).
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