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1. Introduction

1.1 Motivation

In the last decade an increasing number of elderly patients with reduced left ventricular
function are scheduled for cardiac surgery.' Left ventricular function is directly linked to
patients prognosis® and it is therefore of vital importance to have sensitive and continuous
methods for the assessment of left ventricular function.” Major causes for reduced cardiac
performance during surgery are global ventricular impairment due to relative hypovolemia

)*+*¢, reduced myocardial contraction as

(anesthetics, low intravascular volume, tamponade
seen after weaning from extracorporeal circulation or from extensive myocardial ischemia.’
Persistent ischemia is associated with a tenfold increase in mortality and is therefore the most
important factor for poor outcome.® The occurrence of ischemia is followed by an immediate
reduction in myocardial contraction.” However, regional myocardial ischemia may not
influence global left ventricular function, because adjacent regions that are not ischemic may
compensate with increased contraction, preserving global left ventricular performance.'®!! In
other cases, in particular in patients with extensive coronary artery disease, regional ischemia
could lead to de-compensation of neighboring regions because of increased work load. This
may eventually lead to global left ventricular collapse.'>"* The risk of myocardial infarction
increases with the total load and duration of the ischemic events,' and it is well recognized
that prevention or treatment of ischemia leads to reduced perioperative cardiac morbidity. '*'¢
This includes maintaining hemodynamic stability, sufficient coronary artery perfusion
pressure and avoidance of tachycardia.'*'®'” It is therefore of great importance that
perioperative ischemia is detected and treated quickly in order to reduce postoperative cardiac

complications.'®"

1.2 Left ventricular function

Systole begins with the onset of depolarization and contraction and ends at termination of
contraction. Systolic ventricular function can be defined as the ventricle’s capability to
contract and eject blood against an afterload, and thus involves properties of the ventricle as a
hemodynamic pump and the interrelated aspect on myocardial properties.” Systolic
myocardial function describes the degree of myocardial shortening which is determined by 1)
muscle length at onset of contraction (preload), 2) contractility of the muscle, 3) afterload,
which could be defined as the force against which myocardium contracts, 4) heart rate and
rhythm. Myocardial contractility is a dynamic intrinsic characteristic of the tissue which is not

influenced by pre-and afterload. Global contractility represents the performance of the left



ventricle whereas regional contractility signifies the performance of a region of myocardium
at a given preload and afterload. Changes in global contractility during cardiac surgery is
typically seen during inotropic stimulation, whereas reduced regional myocardial contractility
can frequently be observed due to coronary hypoperfusion and myocardial ischemia.?!

The different end systolic pressure-volume relations form a linear relationship, and the
slope of this line is called end systolic elastance. This parameter is an index of global left
ventricular contractility and is nearly independent of loading conditions.? The area within the
pressure-volume loop describes myocardial work and has been proposed as a measure of
elastance.” However, these methods are not used clinically. The peak first derivate of systolic
ventricular pressure, i.e. dp/dtmax, is an index of ventricular function which to some extent
has been used clinically.*® Other clinical methods are ejection fraction and end systolic
volume and derivates of these parameters. These parameters can be obtained by noninvasive
echocardiography. They are, however, pre-and afterload dependent and mainly describe the
pumping capacity of the heart and to a lesser degree myocardial contractility.*

In cardiac surgery left ventricular systolic function is usually judged by mean arterial
blood pressure (afterload and stroke volume), central venous pressure (preload), heart rate and
cardiac output.'®”” These routine methods poorly measure global left ventricular contractility
and show inadequate sensitivity in detecting and localizing regional left ventricular

dysfunction.”

1.3 Left ventricular contractions

Normal left ventricular contraction is characterized by longitudinal and circumferential
shortening and wall thickening.*** The myofibers of left ventricle configures helicoids with
two spiral turns.*® Viewed from the left ventricular apex, apical rotation is in the counter-
clockwise direction, whereas basal rotation is clockwise. Thus, normal circumferential motion
changes from counter-clockwise to clockwise in the equatorial level of the left ventricle. This
implies that there is a gradual decrease in circumferential motions from apex to the mid
ventricular level. The ventricular basis moves towards the apex due to contractions of
longitudinal orientated subendocardial and subepicardial myocardial fibers®'*? The ventricular
apex is essentially stationary in closed chest conditions,* and the most dominating contraction
in this region is in the circumferential direction.’**> Radial dimension of the left ventricle is
reduced by both circumferential and longitudinal shortening.*® In the subendocardial layer

velocity of myocardial contraction during systole is much larger than in the subepicardial



layer.* Thus, radial motion on the epicardium due to thickening and thinning of the heart wall
is considered small.

A total occlusion of a coronary artery will induce transmural myocardial ischemia
depending on collateral flow from other coronary arteries. This is due to a mismatch between
oxygen supply and consumption. In response to this the myocytes in the ischemic segments
stops contracting in order to survive (hibernating myocardium).’” All left ventricular layers are
affected during transmural ischemia, and thus the ischemic segments may become entire

passive and paradox movement of an ischemic region can be observed.”

1.4 Monitoring of regional left ventricular function by echocardiography

The basis for ischemia detection with echocardiography is that coronary hypoperfusion is
followed by an immediate reduction in heart wall contraction in the supply area of the
affected artery.”®*' The method can therefore be used to diagnose which coronary artery is
hypoperfused and to evaluate the extent of ischemia.” Depending on the degree of collateral
flow from other coronary arteries, acute coronary artery occlusion and/or increased work load
may further aggravate regional dysfunction.*” With echocardiography myocardial ischemia
can be characterized as reduced and delayed systolic contraction or even paradox heart wall
motion with post systolic contraction.*'** Quantification of ischemia with echocardiography is
usually not carried out during cardiac surgery, and the extent of ischemia is generally
evaluated subjectively by visual assessment of the heart wall motion disturbances.” In the last
decade, new clinical echocardiographic methods have been developed. With assessment of
myocardial strain (deformation) by tissue Doppler imaging, sensitive diagnosis of ischemia is
possible. Additionally, a precise description and quantification of the affected area can be
achieved.** Myocardial strain is caused by fiber contraction and thus is a measure of
myocardial contractile function. Myocardial velocities and strains can be measured with
echocardiography in all contraction directions intermittently by steering the ultrasonic beam.
A reference of regional myocardial function is the left ventricle pressure—segment length
(strain) loop which could be obtained with ultrasound techniques.* The area within the loop
described regional segmental work, and similar to the left ventricular systolic elastance, the
end-systolic pressure segment length relationship has been proposed as a measure of regional
elastance.” Although providing very important clinical information these methods require
complicated and time consuming off-line analysis. A skilled operator is needed to carry out
the echocardiographic examination and only intermittent measurements are available. In

addition, the technique is cumbersome to use in the postoperative period where myocardial



ischemia and infarctions occur most frequently.” Consequently, there is a need for new
methods which can be used clinically for continuous monitoring of regional myocardial

function and for detection of regional myocardial ischemia.

1.5 Monitoring of left ventricular function by 3-axis accelerometer

Sensors that measure acceleration (accelerometers) have been utilized in seismographs and
navigation systems for many decades, but their use has increased considerably after silicon
micromachining emerged in the 1990s. Currently accelerometers are included as sensors in
consumer electronics, such as mobile telephones, portable media players, digital cameras and
game consoles. In medicine accelerometers are mainly used for measuring physical activity,*
but can also be found in implantable pacemakers for the detection and treatment of
arrhythmias.*4’

Single axis accelerometers have been used in a few previous studies to examine the
origin of heart sounds and for investigation whether heart wall accelerations reflect ventricular
contractility.*®4**3° A more recent investigation evaluated the use of an endocardial
accelerometer for the detection of acute myocardial ischemia during percutaneous coronary
intervention treatment.” The main findings in these studies were that systolic accelerations
correlated with the positive time derivate of ventricular pressure during inotropic stimulation,
and that systolic accelerations decreased during temporary coronary artery occlusion. These
results therefore indicate that accelerometers can be used for measuring ventricular function.
In the previous clinical studies, assessing ventricular function by accelerometer, the sensor
was incorporated into a pacemaker lead and positioned on the endocardium in the right
ventricular apex.***’ The intention for clinical use of accelerometers in these studies was

limited to patients requiring permanent pacemaker treatment.

1.6 Hypothesis

The idea to use miniaturized 3-axis accelerometer for early operator independent detection of
myocardial ischemia during and after cardiac surgery was initiated by the Interventional
Centre at Rikshospitalet in 2001. With the use of a 3-axis accelerometer ventricular
contraction could be automatically and continuously assessed in three directions. The
intention was to incorporate the sensor into temporary pacemaker leads which could be
attached to the epicardium during surgery and withdrawn in the postoperative period when
risk of ischemia is not longer imminent. The overall hypothesis was that this combined

pacemaker and accelerometer lead could improve the diagnosis of myocardial ischemia,



which is a prerequisite for treatments that can reduce morbidity and mortality in cardiac
surgery.

Being the first study on the use of accelerometer in the clinical setting of cardiac
surgery, the primary goal in this investigation was to test the performance of the
accelerometer in ischemia detection. It was therefore hypothesized that the 3-axis
accelerometer could detect and quantify regional left ventricular dysfunction induced by
temporary coronary artery occlusion (paper I) with similar sensitivity and specificity as
echocardiography (paper II-IV) and with higher sensitivity and specificity than routine
methods used during cardiac surgery (paper II-IV). It was also hypothesized that epicardial
contractions in longitudinal, circumferential and radial directions measured with the 3-axis
accelerometer are equally affected during coronary artery occlusion (paper I-III) and that the
3-axis accelerometer discloses the same information about myocardial contraction as
echocardiography during normal and ischemic conditions (paper II-IV). Finally, it was
hypothesized that operator independent automated detection of myocardial ischemia is
possible using epicardial acceleration signals (paper IV).

The hypothesis was tested in experimental and clinical models using an open
prospective repeated measurement design. Experimentally left descending coronary artery
was temporary occluded in a pig model to test sensitivity of the sensor in ischemia detection
(paper 1, IT and part of paper IV), whereas in paper II and part of paper IV pharmacologic
interventions were made to change global ventricular function to test specificity of the sensor.
The 3-axis accelerometer was validated for ischemia detection in the clinical setting on
patients undergoing off-pump coronary artery bypass grafting during left anterior descending

coronary artery occlusion (paper III and part of paper IV).
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2. Aims of the study
To validate a 3-axis epicardial accelerometer for continuous assessment of left ventricular

function in normal and ischemic myocardium:

1. by investigating whether 3-axis accelerometers could be used for continuous detection

of regional left ventricular dysfunction during temporary coronary artery occlusion,

2. by comparing the quantitative and qualitative changes in epicardial contractions in
longitudinal, circumferential and radial directions to the corresponding myocardial

strains obtained with echocardiography during temporary coronary artery occlusion,

3. by comparing changes in epicardial contractions to the corresponding hemodynamic

and electrocardiographic changes during temporary coronary artery occlusion,

4. Dby investigating whether epicardial motions measured with the 3-axis accelerometer
are markers of global left ventricular function during pharmacologic interventions by
correlating the epicardial motions to known experimental and clinical parameters of

ventricular function,
5. by testing sensitivity and specificity of algorithms for automated ischemia detection

with the 3-axis accelerometer during reduced myocardial function induced by

temporary coronary artery occlusion and by pharmacologically induced B-blockade.
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3. Material and methods

A total of 17 pigs were included in the experimental studies, 3 in study I and 14 in study II.
Ten of the 14 pigs included in study II were also analyzed in the experimental part of study
IV. Two pigs died before data collection was completed, thus in this study data from 15
animals are presented. Ten patients were included in the clinical material. Of the 10 patients
included in study III, seven were also included in the clinical part of study IV, because in
these patients left ventricular dysfunction was observed with echocardiography during

coronary artery occlusion.

3.1 Models
The 3-axis accelerometer was tested experimentally and clinically in an open chest and open

pericardium model.

3.1.1 Experimental model

Initial tests on performance of the 3-axis accelerometer were carried out on pigs (paper I, II
and part of paper IV). All pigs were treated according to The 1996 Guide for the Care and Use
of Laboratory Animals.’' Anesthesia and surgical preparation are described in details in paper
II. In the experimental studies one 3-axis accelerometer was sutured on the apical anterior
wall of the left ventricle. This region is perfused by the left anterior descending coronary
artery and was used as the interventional region in all studies. The apical anterior wall of the
left ventricle was chosen for study because this region is most frequently grafted during
coronary artery bypass surgery. In addition, the anatomy of the coronary arteries allowed
more reproducible placement of the accelerometer from animal to animal. To examine the
capability of the sensor in detecting regional changes in left ventricular function during
coronary artery occlusion an additional 3-axis accelerometer was sutured in the perfusion
region of the circumflex coronary artery (control sensor). The pigs remained placed in the
supine position with the chest and the pericardium left open.

In all experimental studies the animals were their own controls. Baseline recordings
were performed after a stabilizing period of at least 30 minutes. The left anterior descending
coronary artery was temporary occluded for one (paper I and II), three (paper IV) and five
minutes (paper I) to test sensitivity of the sensor and for measuring which epicardial
contraction direction is most affected during coronary artery occlusion. Accelerometer

measurements were also obtained after occlusion for evaluating the restoration of left
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ventricular function during reperfusion (paper I and II). For testing specificity of the sensor
global left ventricular function was changed by interventions altering preload, afterload and
contractility (nitroprusside, esmolol, epinephrine and fluid loading) in paper II, whereas in
paper IV a global reduction left ventricular function was induced by esmolol. Invasive
measurements (except paper 1) and echocardiography were used as reference techniques for
detecting changes in hemodynamics and myocardial function. Electrocardiography (except

study 1) and echocardiography were used for diagnosing myocardial ischemia.

3.1.2 Clinical model

The performance of the accelerometer was tested clinically on patients undergoing off pump
coronary artery bypass grafting in paper III and IV. Anesthesia and surgery are described in
details in paper III. This model allowed investigating sensitivity and specificity of the sensor
in detecting myocardial ischemia almost in an experimental way. Similar as in the
experimental model one 3-axis accelerometer was positioned on the apical anterior region of
the left ventricle. Regional myocardial dysfunction was induced by a three minutes pre-
grafting occlusion of the left anterior descending coronary artery followed by a five minutes
reperfusion period. After completed revascularization, but before chest closure, the internal
mammary artery graft to the left anterior descending coronary artery was occluded for three
minutes to investigate specificity of the accelerometer and to test whether graft occlusion was
possible to detect with the 3-axis accelerometer. Invasive measurements, electrocardiography
and transoesophageal echocardiography were used as reference techniques as described for

the experimental model.

3.2 Accelerometer

Two 2-axis accelerometers (ADXL-202, Analog Devices Inc, Noorwood, MA, USA) were
mounted perpendicular to each other in order to make a 3-axis acquisition of the acceleration
data in paper I, whereas a specialized 3-axis accelerometer (Kionix Inc, KXM52-1050, Itacha,
NY, USA) (paper IV, Figure 1) consisting of three piezoelectric plates assembled 90° to each
other were used in paper II-IV. Movement of the sensor induces bending of the piezoelectric
plates by inertial forces and is the principle of sensing and measuring acceleration with the
sensor. This causes changes in conductivity of the plates which eventually can be sensed and
quantified. Mass of the sensor with silicon coating was 0.8 g. Measurement range was +2 of
the gravitational field (G) and cross-sensitivity between axes was 2%.% The gravitational field

was used for calibrating the accelerometer. All acceleration signals were recorded
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synchronously with pressures and electrocardiography at a sampling rate of 250 to 500 Hz.
The acceleration signals were high pass filtered in order to reduce noise from the 220V net

(50Hz) and to remove fluctuations in the signals due to effects from ventilation.

3.2.1 Measurement of epicardial motion directions

The cardiac coordinate system was used to assess left ventricular wall motions with
echocardiography. The 3-axis accelerometer was aligned to this system in paper I-IV to
compare the epicardial motions obtained with the accelerometer with the correspondent
myocardial contractions measured with echocardiography. The accelerometer x-axis
paralleled the longitudinal-, y-axis the circumferential- and z-axis the radial left ventricular
contraction directions. The acceleration signals were analyzed separately in the longitudinal,
circumferential and radial directions in paper I-III to test the hypothesis that the epicardial

contractions are equally affected during coronary occlusion.

3.2.2. Timing of heart phases
Myocardial ischemia induced by coronary artery occlusion is characterized with regional
decreased early systolic contraction and increased early diastolic contraction. In early diastole,
the isovolumic relaxation phase is particularly affected. Contraction in this phase is
considered a marker of myocardial ischemia and is widely used.”** The changes in wall
motions within these different heart phases during coronary artery occlusion can be precisely
detected and quantified with echocardiography.*** In order to measure left ventricular
epicardial motions in both early systole and diastole these heart phases had to be identified
accurately. This was achieved by gating the acceleration signals to electrocardiography (paper
II-IV) and to left atrial and ventricular pressures (paper II). Systole was defined from peak R
on electrocardiography to the peak negative time derivate of left ventricular pressure
(dP/dtneg). Diastole was defined from the peak negative time derivate of left ventricular
pressure to R on electrocardiography. The isovolumic relaxation phase was defined within the
period from the peak negative time derivate of left ventricular pressure to the cross-over of
left atrial- and left ventricular pressures. This enabled examining whether the 3-axis
accelerometer disclose the same information on heart motions in these phases as
echocardiography, both during normal and pathological left ventricular contraction.

In the clinical setting left ventricular pressure is not available and timing of the
isovolumic relaxation phase had to be performed differently. This heart phase has previously

been accurately determined using myocardial acceleration/time curves, in which aortic valve
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closure and mitral valve opening were automatically identified as distinct spikes.”**"

Therefore, to overcome this problem and for evaluating the accelerometers in the clinical
setting, the accelerometer signals were used to determine this heart phase (paper III).

During systole longitudinal acceleration was defined positive from basis to apex,
circumferential acceleration was defined positive in the counter clockwise direction and radial

acceleration was defined positive towards the left ventricular lumen.

3.2.3 Parameters measured from the 3-axis accelerometer

Myocardial acceleration, velocity and displacement are measures of cardiac function.’*>%¢%6!
By measuring one of these, the two others may be derived by integration or derivation, e.g.
velocity and displacement may be calculated from the time integral and double time integral,

1.62

respectively, of a measured acceleration signal.* Thus, with the accelerometer it is possible to

measure all these parameters. Velocity and displacement are well known parameters for

measuring myocardial function with echocardiography,**

whereas myocardial accelerations
are less examined. A reason for that could be that the interpretation of myocardial
accelerations can be difficult in the clinical setting, because opening and closure of heart
valves may generate large accelerations that do not necessarily reflect myocardial

contraction.>#¢>

To overcome this potential problem, and for comparisons with
echocardiography, epicardial velocities and displacements were also calculated from the

accelerometer signals.

Analysis on raw acceleration signals
In paper I the hypothesis was tested using diverse analyses of the raw acceleration signals in
longitudinal, circumferential and radial directions. Peak positive systolic acceleration and the
difference between peak positive and negative systolic acceleration were measured, since
previous investigations suggest that these parameters can be used for measuring ventricular
performance.”’

Changes in higher frequencies of the acceleration signals were also analyzed in paper
I, as myocardial ischemia has been found to induce great effects on the distribution of these
frequencies.* There is an analogy between sound and acceleration. Heart wall vibrations are
generated when the myocardium contracts isometrically and from opening and closing of
valves and blood flowing through the heart and great vessels.***% These vibrations are
responsible for the heart sounds and can be easily heard using a stethoscope. Both the audible

and inaudible spectrum of these vibrations can be measured with an epicardial
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accelerometer.>

The tone level changes according to changes in frequency, however, the same
tone played by different instruments may sound very different due to differences in the
strength (or power) of the higher frequencies. If one considers the epicardium a loudspeaker
membrane and the accelerometer the microphone, the heart rate or resonant frequency of the
heart is the “tone”. The resonant frequencies depend on the stiffness and geometry of the
vibrating ventricles, which could both be affected during coronary occlusion since ischemic
segments behave like net passive structures. The principle of analyzing higher frequencies of
epicardial acceleration signals has previously been used to examine the origin of heart sounds
and for investigating effects of regional myocardial ischemia on the first heart sound.”**° In
these studies a single axis accelerometer was used to generate time-frequency transforms
(spectrograms) of the acceleration signal in the radial direction. The higher frequencies of the
acceleration signals, as measured in the spectrograms, were markedly changed in the ischemic
region during coronary artery occlusion. In order to measure left ventricular dysfunction
during coronary artery occlusion and to examine whether the epicardial accelerations were
equally affected analyses of higher frequencies were therefore also performed on the
acceleration signals obtained from the 3-axis accelerometer.

Analyses of higher frequencies were made by two methods based on previous
investigations.** A detailed description of these methods can be found in paper I. In
summary a short-time Fourier transform of the acceleration signals was performed to generate
spectrograms with time on the x-axis and the different frequencies (higher harmonics) of the
acceleration signals on the y-axis. In the spectrogram the first harmonic indicates the heart
rate (analog to sound; the tone level). Power of the different frequencies of the acceleration
signals is indicated by color in the spectrogram, and red specify the strongest and blue the
weakest power (paper I, Figure 3). The spectrograms were made to examine the changes in
this frequency pattern during coronary artery occlusion. In order to quantify these changes the
difference in power spectrum of the acceleration signal (ASignalPower) was computed (paper
I equation 1, Figure 5). In contrast to previous studies, examining signal frequency
distribution within a specific time interval in systole, we examined signal changes within the
entire heart cycle. The reason for doing that was that the changes in higher frequencies during
coronary artery occlusion might be even more evident, since both systolic and diastolic
functions are affected during ischemia. To allow such analysis more than one heart cycle was
included in the sliding reference window.

In addition, to separate analysis of contractions in longitudinal, circumferential and

radial directions, the epicardial acceleration vector length (Vx> + y* + z°) was also examined
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by the methods described. The reason for doing that was that this vector is independent on

orientation of the sensor on the heart surface.

Analysis of epicardial velocities

The acceleration signals were numerically integrated to obtain epicardial velocities in the
longitudinal, circumferential and radial directions for comparisons with echocardiography.®
In the cardiac cycle peak early systolic ejection velocity in addition to the largest velocity
spike during the isovolumic relaxation are sensitive in the detection of myocardial ischemia
when measured with the ultrasound technique. Left ventricular dysfunction during coronary
artery occlusion is characterized with a decrease in peak early systolic ejection velocity
together with an increase in velocity during the isovolumic relaxation phase,* and therefore

velocities in similar heart phases were also measured with the 3-axis accelerometer.

Analysis of epicardial displacements

Epicardial displacements were calculated from the accelerometer by double numeric
integration of the acceleration signals. The rational for doing this was to examine which
accelerometer parameter was most sensitive in detecting myocardial ischemia. Additionally, a
standard method for measuring regional left ventricular work experimentally is the left
ventricular-myocardial segment length (-strain) loop area.***® To further evaluate the
accelerometer in ischemia detection left ventricular pressure—epicardial displacement loops
were generated (paper IV). The area within the loops was used as surrogate of regional
myocardial work, similar to the left ventricular pressure-segment length loop obtained with
echocardiography. The objectives were to investigate whether the accelerometer generated
loop area was a sensitive measure of regional myocardial dysfunction, and whether ischemia
induced similar changes in the accelerometer generated loops as previously described in left

ventricular pressure-segment length loop obtained with the ultrasound technique.

Automated analysis

For automated ischemia detection with the accelerometer and for investigating which
accelerometer parameter was most sensitive, peak systolic velocity and displacements within
a 150 millisecond interval after the electrocardiography R-peak were automatically measured.
These analyses were based on the knowledge that cardiac wall motions in early systole is

38,24

greatly affected during coronary artery occlusion and that defining end-systole and
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detecting the isovolumic relaxation phase in the clinical setting might be difficult, while

detection of systole using the electrocardiography R-peak is more feasible.

3.3 Echocardiography

In paper II-IV echocardiography was used as reference for the detection of left ventricular
dysfunction during coronary artery occlusion and for comparing myocardial motions obtained
with this technique with corresponding epicardial motions measured with the 3-axis
accelerometer.

The echocardiographic examinations were obtained by a Vivid 7 scanner (GE
Vingmed, Horten, Norway). In the experimental studies, the ultrasound probe was placed
directly on the heart using an ultrasound gel stand-off to obtain high quality images. The gel
allowed the heart wall to glide under the ultrasound probe with as little as possible influence
on left ventricular contraction. The technique has been used in several previous experimental
studies to evaluate left ventricular function. In the clinical studies the echocardiographic
images were obtained with a transesophageal probe. This method has been extensively
evaluated clinically and has demonstrated excellent ability for monitoring left ventricular
function during coronary artery occlusion.**4

Conventional two-dimensional grayscale echocardiography images were obtained
from left ventricle short axis at two left ventricle levels, through the apical and basal regions
in both the experimental and clinical studies. Analyses were performed off-line with the

software program EchoPAC (GE Vingmed Ultrasound, Horten, Norway).

Two-dimensional strain echocardiography
Myocardial strains were measured in paper II-IV. Myocardial strains reflect left ventricular
systolic function more precisely than myocardial velocities measured with tissue Doppler
echocardiography, since strains are less sensitive to segment tethering (motions in one
segment are determined by function in other neighboring segments as well) and cardiac
translation (movement that changes the position of an object, i.e motion from the entire heart
moving).

Strain defines fractional tissue deformation in response to applied force (stress). In the
myocardium this is directly related to myocardial fiber shortening.”*®*’" Thus, strain
represents fractional change of tissue length, i.e. changes in length per unit length. If an object

has an initial length Lo, and after a certain time changes to the length L, strain is defined as
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Strain =

Strain reflects deformation of the myocardium and thus describes the contraction/relaxation
pattern. Myocardial strain is expressed as percent shortening or lengthening, depending on
which direction is being measured. By convention, in the longitudinal and circumferential
directions, negative strain is defined as shortening and positive strain as lengthening, whereas
in the radial direction positive strain is defined as thickening.

Myocardial strains were calculated from ultrasound speckles based on grayscale
images (two-dimensional strain).”” The method is semi-automatic and tracks the speckle
pattern seen in the grayscale images during one cardiac cycle. The region of interest is marked
manually and throughout the cardiac cycle, peak systolic strain is calculated as a percentage
of end-diastolic dimensions. End-systole was defined after peak T, whereas end-diastole was
defined at start R in the electrocardiogram. An advantage of measuring strain with the speckle
tracking method compared to the tissue Doppler techniques is that accuracy of the speckle
tracking method is not dependent on the angle between the myocardium and the ultrasonic
beam.” A decline in systolic strain is a marker of reduced regional systolic myocardial
function and is used as a direct sign that ischemia occurs during the coronary occlusions.”"

Myocardial strains in the apical anterior and mid lateral regions of the left ventricle
were assessed for comparisons with the corresponding epicardial motions measured with the
3-axis accelerometers. Thus, peak systolic strains in the longitudinal, circumferential and
radial directions were measured in both regions. The mean of three consecutive heart cycles

was used for statistical calculations.

3.4 Hemodynamic measurements

2.4.1 Pressures

Left ventricular pressure was obtained with a 5 Fr Millar micro manometer-tipped catheter.
Based on previous experimental studies the peak positive time derivate of left ventricular
pressure (dP/dtmax) was used as a marker of global ventricular contractility in the animal
studies (paper II and IV).”” The left ventricular pressure was also used for generating left
ventricular pressure—epicardial displacement loops as a measure of regional myocardial work.

Detailed descriptions can be found in paper II and IV.
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An objective in this study was to validate the accelerometer measurements against
cardiovascular monitoring used routinely in cardiac surgery. Thus, in a clinical study (paper
IIT) mean arterial blood pressure and its positive time derivate (dP/dtmax) and central venous

pressures were measured.

2.4.2 Flow

Cardiac output describes the pumping capacity of the heart at a given preload and afterload.”
The parameter is widely used clinically as a marker of cardiac function” and was therefore
included in this study to describe and quantify the hemodynamic changes induced by the
different interventions, and for examining whether the accelerometer measurements correlated
to the changes in cardiac output. Experimentally (paper II), cardiac output was measured as
flow in aorta ascendence by using a 16 mm ultrasonic flow probe (Medistim, Oslo, Norway).
Aortic flow was averaged over a time interval of 7 seconds to obtain reliable measurements.
In patients cardiac output was measured with pulse-contour analyses using a PiICCO monitor
(versions 5.1, Pulsion Medical, Munchen, Germany) (paper III and IV). With this method
stroke volume is calculated from the systolic portion of the femoral arterial pressure curve.
The method has been validated during cardiac surgery in several previous studies.””’®” The
rational for using the technique in this study was that cardiac output could be measured
continuously in real time. Thus, any change in left ventricular pumping capacity induced by

coronary artery occlusion could potentially be detected almost immediately.

3.5 Electrocardiography

Analysis of the ST-segment in the electrocardiography signals are routinely used clinically to
detect regional left ventricular myocardial ischemia.**'* This analysis was therefore also
included in both experimental and clinical studies for comparisons with the accelerometer
measurements. In this study the ST-segment was defined 80 milliseconds from the J-point and
standard electrocardiography lead II was monitored in order to detect apical anterior left

ventricular ischemia. ST-segment depression greater than 0.1 mV was considered ischemia.

3.6 Statistics

In all papers parametric statistical analysis was performed and data are presented as mean +
standard deviation of the sample distribution. A repeated measurement design was used in all
papers. Multiple paired sample t-tests were used for the repeated measurements in paper 11, IIT

and clinical part of paper IV, and included all baselines and the corresponding interventional
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values. In order to evaluate whether the experimental model vas hemodynamically stable
during the experiments, a repeated measurement analysis of variance was performed on all
baseline values in paper II. This analysis was also performed in the experimental part of paper
IV, on both baseline and interventional values. Bonferroni corrections of the P-values were
made in all papers and a P<0.05 was considered significant. The Pearson correlation
coefficient was calculated in order to describe the association between accelerometer
measurements and hemodynamic and echocardiographic parameters, and together with the
Bland-Altman method,”® to describe reproducibility of the accelerometer measurements.

Receiver operating characteristic curves were generated in paper II, III and IV
to calculate cut-off values for ischemic states and to estimate sensitivity and specificity of the
accelerometer methods for detecting ischemia. Positive and negative predictive values of the
accelerometer measurements were computed from table analysis, and the 95% confidence

intervals constructed with the f-distribution.
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4. Summary of results

4.1 Paper 1

Early recognition of regional cardiac ischemia using a 3-axis accelerometer sensor. Physiol
Meas. 2005;26:429-40.

The aim of this experimental pilot study on three pigs was to test the ability of the 3-axis
accelerometer in detecting regional left ventricular dysfunction induced by coronary artery
occlusion by analyses of raw acceleration signals. The study demonstrated the feasibility of
monitoring myocardial dysfunction by the 3-axis accelerometer. Significant and almost
instant changes were observed in all contraction directions during left anterior descending
coronary artery occlusion. This was found by measuring positive and negative peak systolic
accelerations and by use of methods for analyzing the higher frequency distribution of the
acceleration signals. The study also established that the accelerometer vector length, which
includes accelerations in longitudinal, circumferential and radial directions, could be used as a
measure of left ventricular function. For this vector the positive early systolic acceleration was
reduced by from 0.352 G to 0.075 G during coronary occlusion, while the negative early
systolic acceleration changed from 0.55 G to 0.45 G. The difference between positive and
negative peak systolic accelerations decreased by approximately 60% during two minutes
occlusion of left descending coronary artery. Another main finding in this study was that the
epicardial accelerations were unequally affected during coronary artery occlusions. The
accelerometer y-axis, measuring epicardial acceleration in the circumferential direction, was
most affected in all pigs. This was evident when using analysis of higher frequencies of the
accelerometer signal. Immediate and large increases in power of higher harmonics occurred in
the spectrograms during ischemia. The study also demonstrated that these changes were
possible to quantify by using the difference value between the actual power spectrum and a

baseline power spectrum.

4.2 Paper 11

Detection of myocardial ischaemia by epicardial accelerometers in the pig. Br J Anaesth.
2009,102:29-37.

In this study the main aim was to test sensitivity and specificity of the 3-axis accelerometer in
detection regional left ventricular dysfunction induced by coronary artery occlusion. For
comparisons with echocardiography and for evaluating epicardial motions in detecting
myocardial ischemia, velocities in longitudinal, circumferential and radial directions were

calculated from the 3-axis accelerometer signals. Two sensors were sutured on the left
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ventricle, one in of the supply area of left descending coronary artery (interventional region)
and the other in a control region (circumflex supplied area). Regional left ventricular
dysfunction was confirmed with strain echocardiography in the interventional region, but not
in the control region during one minute of left descending coronary artery occlusion. Both
during normal and ischemic conditions, the accelerometer generated epicardial velocity
curves looked similar to those obtained with the ultrasound method. The traces were of high
quality with low intra- and inter observer variation. In the interventional region peak early
systolic velocity in the circumferential direction decreased significantly (14.1 + 3.4 to 6.0 =
2.5 cm/s) during occlusion, whereas velocity in the isovolumic relaxation phase increased
(-5.3 £ 3.3 to 7.7 £ 6.6 cm/s). Similar, but non-significant changes were also found in
longitudinal and radial directions during ischemia. These results demonstrated the ability of
the accelerometer to detect left ventricular dysfunction during coronary artery occlusion, and
confirmed the findings in paper I that epicardial contraction in the circumferential direction
was most affected during occlusion. In contrast to the echocardiography strain measurements,
significant changes were also found in accelerometer velocities in the control region during
occlusion. Thus, the 3-axis accelerometer showed less ability than strain echocardiography to
precisely localize regional dysfunction. This study also documented that epicardial peak
systolic velocity in the circumferential direction was a measure of global left ventricular
function by correlating to changes in the positive time derivate of left ventricular pressure
(r=0.81) and cardiac output (r=0.73) during interventions affecting global left ventricular
function (nitroprusside, esmolol, epinephrine and fluid loading). Even though the
interventions on global left ventricular function caused the greatest hemodynamic changes,
the accelerometer was capable in distinguishing left ventricular dysfunction induced by
coronary artery occlusion from alterations in global function induced by the pharmacologic
interventions. The sensitivity and specificity of the accelerometer in detecting ischemia by
circumferential peak systolic and isovolumic relaxation velocities ranged from 94-100% and
from 92-94%, respectively. Another main finding was that the accelerometer was superior to
electrocardiography ST-segment monitoring, since there was no significant change in this

parameter during coronary occlusion.
4.3 Paper 111

Feasibility of a 3-axis epicardial accelerometer in detecting myocardial ischemia in cardiac

surgery patients. J Thorac Cardiovascular Surg. 2008, 136:1496-502
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This study aimed to test the 3-axis accelerometer in continuous detection of myocardial
ischemia during cardiac surgery. In 10 patients undergoing off-pump coronary artery bypass
grafting, one 3-axis accelerometer was sutured on the left ventricle in the supply region of left
descending coronary artery. Temporary occlusions (3 minutes) of the left descending coronary
artery at start of surgery and the left internal thoracic artery at end of surgery were performed
to test sensitivity and specificity of the sensor. A total of 20 occlusions were investigated. Of
them 7 occlusions of left descending coronary artery induced apical anterior left ventricular
dysfunction when measured with the reference method (strain echocardiography). A main
finding in this study was that during the occlusions where left ventricular dysfunction was
found by echocardiography there were no significant electrocardiographic or hemodynamic
changes, while significant changes were observed in accelerometer circumferential peak
systolic (P<0.01) and isovolumic velocities (P<0.05). Thus, the accelerometer was superior to
routine methods used for continuous detection of myocardial ischemia during cardiac surgery.
The epicardial velocities by the 3-axis accelerometer were unequally affected during coronary
artery occlusion in patients. Similar to the experimental studies the most significant changes
were observed in the circumferential direction. In contrast, myocardial strains as measured by
echocardiography were significantly changed in all contraction directions during ischemia.
This implies that there is a distinction between the methods in assessing heart wall motions
and that epicardial motions may be more affected by translational forces from non-ischemic
neighboring regions. Another major finding was that during the 13 occlusions that regional
left ventricular dysfunction was not observed by echocardiography, no dysfunction was found
with the accelerometer. Consequently, the accelerometer demonstrated similar ability as

echocardiography to detect ischemia in patients.

4.4 Paper IV

Automatic real time detection of myocardial ischemia by epicardial accelerometer. J Thorac
Cardiovascular Surg. In press.

The main aim in this study, including 10 pigs and 7 patients, was to test algorithms for
automated real-time detection of left ventricular dysfunction by accelerometer measurements
in both experimental and clinical settings. One accelerometer was fixed to the epicardium in
the area perfused by left descending coronary artery. Peak circumferential velocity and
displacement were automatically calculated from the acceleration signals within 150
milliseconds after peak R on electrocardiography. Additionally, in the experimental part of the

study, left ventricular pressure-epicardial displacement loop area was used as a measure of
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regional left ventricular work. Global left ventricular function was altered by esmolol infusion
and regional dysfunction induced by temporary left descending coronary artery occlusion. Of
the accelerometer measurements, mid systolic displacement demonstrated the greatest change
during the coronary artery occlusion in both the experimental and clinical settings. Although
the greatest hemodynamic changes occurred during the intervention with esmolol, the
automated accelerometer methods enabled discrimination of regional left ventricular
dysfunction induced by coronary artery occlusion from a global reduction induced by esmolol
with sensitivity and specificity of 100%. In the clinical material the automated accelerometer
methods detected ischemia in 6 of 7 patients (sensitivity of 86%). Another finding in the study
was that mid systolic displacement correlated to the left ventricular pressure-epicardial
displacement loop area (r=0.90), indicating that this parameter may be used as a surrogate for
regional work. Finally, it was found that mid systolic displacement changed even more than
the loop area during coronary occlusion. This demonstrated that the reduction in epicardial

contraction during ischemia primarily occurred during early systole.
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5. Discussion

5.1 Detection of myocardial ischemia by 3-axis accelerometer

In these studies we demonstrated that an epicardial 3-axis accelerometer enables earlier and
more sensitive diagnosis of left ventricular dysfunction caused by coronary artery occlusion
than hemodynamic and electrocardiographic ST-segment monitoring, and that the method
offer a possibility for continuous automated monitoring of left ventricular ischemia very
similar to what can be periodically obtained by echocardiography. The 3-axis accelerometer
was able to detect and quantify left ventricular dysfunction with comparable sensitivity and
specificity as echocardiography (paper II —IV) and the epicardial motions reflected
myocardial motions measured with the ultrasound technique, both in normal and ischemic
conditions (paper II-IV) All epicardial contraction directions were affected by coronary artery
occlusion, however, the dysfunction in apical left ventricular contraction was most
pronounced in the circumferential direction. This was found both experimentally and
clinically and was most likely due to transmural ischemia, affecting the dominating left

ventricular circumferential orientated myofibers (paper I-IV).*'*

5.1.1 Frequency analysis

Coronary artery occlusion induced immediate and large alterations in the epicardial
acceleration signals frequency distribution, confirming results from previous studies using
single axis accelerometers.® These results demonstrate that it is possible to detect and
quantify left ventricular dysfunction continuously with the accelerometer. However, pilot
experiments performed prior to study II showed that interventions affecting global left
ventricular function also induced great changes in acceleration signal frequency distribution.
These changes were difficult to differentiate from changes induced by coronary artery
occlusion. Therefore, apparently sensitive for detecting ischemia, these methods may show
poor specificity in recognizing ischemia. It might have been easier to characterize ischemia by
analyzing changes in the frequency distribution within specific heart phase rather than
analyzing changes from heart beat to heart beat, similar to what was done in the study by
Wood and co-workers.® In this study median frequency distribution in early systole was
increased 31% within 5 minutes of coronary occlusion. However, likewise in paper I coronary
artery occlusion was the only interventions to induce changes in left ventricular performance
in this study, thus specificity of such analysis has not been tested. Additionally, the change in
frequency was much less compared to the approximately 200% changes in the calculated

difference value described in Figure 4 and 5 in paper 1. Supplementary analysis of frequency
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distribution of the epicardial acceleration signals are therefore subjected to further studies in

our laboratory.

5.1.2 Peak systolic accelerations
In paper I a large decline in peak systolic epicardial accelerations was found during coronary
artery occlusion, demonstrating that epicardial accelerations are markers of regional
myocardial contractility. This result is in accordance with a previous study by Theres and co-
workers.” They examined endocardial peak systolic accelerations for ischemia detection
during per cutaneous coronary interventions. In our study coronary artery occlusion induced a
much larger effect on systolic accelerations compared to the study by Theres and co-workers;
a reduction of ~40% in epicardial acceleration vs. 7% decline in endocardial acceleration,
respectively. This may be explained by differences between species regarding the extent of
collateral flow and the degree of coronary artery disease, but also that different ventricles
were investigated. Nevertheless, the results from paper I indicate that epicardial accelerations
have similar ability to detect left ventricular dysfunction as endocardial accelerations.

Peak systolic acceleration is caused by isovolumetric contraction.®®' In the normal
ventricle isovolumetric contraction can be defined as segmental shortening before onset of
ventricular ejection, thus is active myocardial contraction in start systole. However, mitral

valve closure may also induce ventricular vibrations,**

which can be seen as multiple spikes
in the epicardial acceleration signals in both late diastole and early systole. These
accelerations can be difficult to separate from accelerations caused by ventricular contraction
and therefore epicardial accelerations could be difficult to interpret in the clinical setting. In
addition, by use of sonomicrometry it has been found that isovolumetric accelerations were

2 A more detailed

less affected than ejection velocities during coronary artery occlusion.
analysis of epicardial motions was therefore performed by analysis of accelerometer velocities
in paper II-IV and displacements in paper IV in order to find the most sensitive parameter for

ischemia detection.

5.1.3 Epicardial velocities

The results on epicardial velocities demonstrate that it is possible to detect left ventricular
dysfunction induced by coronary artery occlusion with high sensitivity (paper I-IV) and
specificity (paper II-IV) by use of accelerometer technology. Under normal conditions the
epicardial velocity traces looked similar to myocardial velocity traces obtained with

41

echocardiography.” There was a short positive velocity spike during the isovolumic
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contraction phase in all accelerometer velocity traces. This was followed by positive
velocities during ejection and negative velocities in the isovolumic relaxation phase. In
diastole early filling due to mitral valve opening (E”) and late filling by atrial contraction (A”)
were detectable in all directions as distinct negative velocity spikes (paper IV, Figure 2).
Thus, the epicardial 3-axis accelerometer provides information on left ventricular systolic and
diastolic function comparable to tissue Doppler imaging.

The epicardial velocity curves were characterized by reduced systolic velocities and
concurrent increases in isovolumic relaxation velocities during coronary artery occlusion.
Thus, the changes in epicardial velocities were qualitatively similar to changes seen in
myocardial velocities measured by sonomicrometry and tissue Doppler imaging.”**'** In the
experimental studies, both systolic and isovolumic relaxation velocities changed much more
during coronary artery occlusion than during interventions affecting global left ventricular
function, even though the interventions on global function induced greater hemodynamic
changes. The results also indicates that epicardial ejection velocities are more sensitive
parameters of left ventricular function than epicardial peak systolic accelerations, since
greater changes were observed in ejection velocities during occlusion.

An interesting finding in this study was that epicardial ejection velocities in
longitudinal, circumferential and radial directions differed to some extent. The longitudinal
ejection velocity was dominated by an early large velocity spike which was followed by
almost zero or even negative velocities in late systole. In contrast, circumferential and radial
ejections velocities were positive and relative constant during the whole systole. This might
be explained by different activation of longitudinal and circumferential fibers during
systole.®*® Left ventricle systolic contraction is initiated by contraction of longitudinal
oriented fibers and is followed by activation of the dominating circumferential oriented
fibers.* Thus, it is likely that the accelerometer epicardial velocities reflect this contraction
pattern. The open chest open pericardium model may explain the negative late systolic
velocities in the longitudinal direction, as apical left ventricular longitudinal motion may be

reversed under these circumstances.*

5.1.4 Epicardial displacements

Displacements reflect the sum of all velocities in a time interval and thereby potentially
provide more information. In paper IV, both experimentally and clinically, the greatest change
in accelerometer measurements during coronary artery occlusion was found by automated

analysis of epicardial early systolic displacement. This indicates that displacement is the most
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sensitive accelerometer parameter for monitoring left ventricular dysfunction. This result is in
accordance with previous findings using echocardiography, showing that systolic
displacement performed better than ejection velocities in detecting ischemia and that this
parameter was closest correlated to myocardial segmental work.” The accelerometer
displacement curves looked qualitatively similar to myocardial displacement curves obtained
with echocardiography (paper IV, Figure 2).* Therefore, the left ventricular pressure—
accelerometer displacement loops looked similar to left ventricular pressure—segment length
loops generated by sonomicrometry or echocardiography.* This implies that the
accelerometer provides the same information on the relationship between left ventricular
pressure and left ventricular motions during systole and diastole. In normal conditions there is
a great increase in pressure during the isovolumic contraction phase, while almost no
epicardial displacement occurs (paper IV, Figure 3). In contrast, during ejection epicardial
displacement is large despite little change in pressure. The loop is reversed during diastole
(isovolumic relaxation and filling).

In paper IV it was also found that the left ventricular pressure-accelerometer
displacement loops looked qualitatively similar to loops generated with ultrasound techniques,
both in normal and ischemic conditions. The loop area and early systolic displacement were
significantly more reduced during coronary artery occlusion than during the intervention with
esmolol. Thus, the accelerometer displacements discriminated between regional and global
left ventricular dysfunction.

Another important finding on epicardial displacement in paper IV was that early
systolic displacement was even more changed than the left ventricular pressure-accelerometer
displacement loop area. This indicates that the reduction in epicardial contraction during
ischemia primarily occurs during early systole. In contrast, Skulstad and co-workers showed
that myocardial displacement by sonomicrometry was found reduced during whole systole
during comparable duration of coronary artery occlusion in dogs.” Compared to myocardial
displacement by sonomicrometry the epicardial systolic contractions therefore seem to be
more affected by translation heart motion. This was considered when developing algorithms
for automated analysis of accelerometer signals, and therefore epicardial motions in early

systole were measured by use of this analysis.

5.1.5 Automated analysis of accelerometer signals
Automated analysis of accelerometer signals may facilitate the use of accelerometers during

and after cardiac surgery. This study clearly demonstrates that it was possible to detect
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regional left ventricular dysfunction induced by coronary artery occlusion with high
sensitivity and specificity with use of automated analysis of accelerometer systolic velocity
and displacement. This was evident also in patients undergoing coronary artery bypass
surgery (paper IV), despite coronary artery occlusion induced no hemodynamic or
electrocardiography changes. Such analysis of accelerometer signals may provide continuous
operator independent early warning of myocardial ischemia. A premise for automated
ischemia detection with accelerometers is that the signals are of high quality. This was
demonstrated by our results regarding intra- and interobserver variation (paper II-III). In
addition, exact timing of the accelerometer signals is important to obtain reliable and
analyzable data. Our system enables real-time presentation of both accelerometer signals and
electrocardiography. A robust timing of the accelerometer signals to systole was ensured by
gating the signals to peak R on electrocardiography. Automated real-time ischemia detection
by use of this algorithm depends on a high quality electrocardiography signal and accuracy of
the method may be influenced by conduction system abnormalities, arrhythmias and heart rate
changes. However, these limitations are also seen with echocardiography and

electrocardiographic ST-segment monitoring.®

5.2 Effects of tethering
A characteristic with epicardial motions by accelerometer was that they were affected by
function in other left ventricular segments as well. This is also seen when measuring
myocardial motions with the tissue velocity imaging technique and is due to tethering
between segments and cardiac translation motion.”® Reduced epicardial motions in a region
may therefore not necessarily reflect a decreased function in these segments. This was
documented in paper II as accelerometer velocities were significantly reduced in the non-
ischemic region, while the echocardiography strain values remained unchanged. Likewise
contractions in non-ischemic regions may influence epicardial contraction velocities in
neighboring ischemic regions due to tethering and cardiac translation.® Therefore, similar to
the tissue velocity technique, nonviable myocardium may appear to contract. This implies that
the accelerometer can not be regarded as a strictly regional method for detecting ischemia and
that myocardial strains by echocardiography were superior to the accelerometer in defining
the anatomical extension of the myocardial dysfunction. However, due to effects of tethering
the number of sensors needed for monitoring all coronary artery supply areas may be reduced.
Both experimentally and clinically myocardial strains changed to a greater extent than

accelerometer measurements during coronary artery occlusion. This indicates that strains by
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echocardiography are more sensitive in ischemia detection. Nevertheless, the accelerometer
has an obvious advantage in the clinical setting, since continuous detection of ischemia is
possible, while intermittent measurements and off-line analysis complicates the use of speckle

tracking echocardiography.

5.3 Accelerometer measurements and global left ventricular function

Accelerometers can also be used to monitor global ventricular performance. In the current
study a strong correlation was demonstrated between accelerometer circumferential peak
systolic velocity and the peak positive time derivate of left ventricular pressure and cardiac
output during interventions affecting global left ventricular function. This denotes that the
accelerometer had the ability to measure global left ventricular function and that this
parameter may be used as a substitute for left ventricular contractility and pumping capacity.
These results indicate that the accelerometer can be used in the guidance of effects of
treatment and in hemodynamic stabilization of the patients. From a clinical point of view it is
of great interest to distinguish ischemia from other causes affecting left ventricular function.
Myocardial ischemia regularly occurs in connection with cardiac surgery and alterations in
global left ventricular function are frequent due to changes in anesthesia, volume status,
myocardial contractility and vascular resistance. In paper II and IV accelerometer velocities
and displacements during ischemia were quantitatively and qualitatively different from the
corresponding velocities obtained during interventions on global left ventricular function. Post
systolic prominent positive velocities, as regularly are found during ischemia, were not
observed during the interventions affecting global left ventricular function. We therefore
concluded that the accelerometer had the ability to distinguish ischemia from changes in load
and contractility. For hemodynamic and electrocardiographic monitoring this is not possible,
and as a potential monitoring device during cardiac surgery the accelerometer definitely has

an advantage.

5.4 Divergences in measured epicardial motions

The accelerometer measurements reflected known left ventricular contraction pattern. In
normal conditions left ventricular epicardial motions in interventional and control regions
differed to some extent. Circumferential motion was largest in the interventional region,
whereas longitudinal epicardial motion was greatest in the more basal control region (paper
I1). Radial motion was found similar in both regions. These results are in accordance with

other studies using echocardiography and magnetic resonance imaging, showing that
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longitudinal shortening increases towards the basis of the heart and that circumferential
motion changes from counter-clockwise to clockwise in the equatorial level of the left
ventricle.” This implies that there is a gradual decrease in circumferential motions from apex
to the mid ventricular level. This also explains the finding in paper II that the accelerometer

systolic circumferential velocities were found greatest in apical region of left ventricle.

5.5 Accelerometer vs. other techniques

Echocardiography, magnetic resonance imaging, isotope and radiological techniques have
dominated assessment of left ventricular function in the clinical situation. In this work we
have shown that the 3-axis accelerometer is a promising future tool. Besides the accelerometer

method epicardial motions have also been measured continuously by use of video,*#3%

888 and gyro sensors.* These techniques have only been utilized

electromagnetic coils
experimentally in open chest models, and are most likely due to their complicated use in the
clinical setting, and that the techniques are difficult to miniaturize. Furthermore, except for the
gyro technique, more than one sensor or marker is needed for measuring motion. Continuous
monitoring of regional left ventricular function is also possible with implantable miniature
ultrasonic crystals (sonomicrometry),*** but this method is not suitable in clinical practice
due to its invasiveness. Recently, we successfully tested a miniature epicardial ultrasound
transducer for detection of regional myocardial function by continuous assessment of
transmural myocardial velocities.” Miniature ultrasonic transducers may therefore become an
alternative to the accelerometers in continuous perioperative monitoring. However, accuracy
of this method depends on correct angel of the ultrasonic beam, and more sensors are
probably required for monitoring left ventricle since the method is strictly regional. Further

studies are needed to determine which sensor is most suitable in cardiac surgery.

5.6 Limitations

In this thesis we used a model of coronary artery occlusion which resulted in great changes in
left ventricular function, shown by the strain echocardiography measurements. Our
accelerometer results were therefore obtained during severe ischemia. The present findings
and proposed use of epicardial accelerometers may not be applicable to subendocardial
ischemia, which represent a significant fraction of ischemia in cardiac surgery. Moreover the
duration of acute ischemia in patients varies widely and there may be considerable changes in
intensity of ischemia over time. All our hypotheses have been tested under well controlled

experimental conditions and our conclusions may be related to these situations. The clinical
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scenario is much more complex and further studies must be performed in order to examine
whether the concept of ischemia detection with epicardial accelerometers is of value in
patients, in particular in the postoperative phase. In this thesis coronary artery occlusion was
only performed during open chest situations and the accelerometer measurements may not be
valid in closed chest conditions. The regional epicardial response to coronary artery occlusion,
especially in longitudinal direction, may be different. The presently large size of the prototype
accelerometer did not allow investigating the effects of chest closure on the accelerometer
measurements. However, we still believe that the model is valid for studying the performance
of the sensor in ischemia detection.

No other methods for measuring epicardial motions were used in our model and
therefore accuracy of the accelerometer measurements are uncertain. Left ventricular
epicardial accelerations in longitudinal, circumferential and radial directions are expressed as
vectors which are given by sum of the translatory and rotational components. An
accelerometer can not distinguish between translatory acceleration and rotation in a
gravitational field.® This can be particularly relevant in the left ventricular apex since during
systolic ejection epicardial apex rotation is found to be approximately -11°. In general,
rotation of the sensor in a gravitation field will be measured as increased motion by the
accelerometer. The effects of ventricular rotation on the accelerometer measurements have
recently been studied in detail and an algorithm for adjustment of rotation has been
proposed.”” Nevertheless, further studies must be undertaken in order to investigate the effects
of rotation on the accelerometer measurements. In addition, the effects of change in body
position have to be further investigated.

Another limitation is that ischemia was only introduced in the left descending coronary
artery perfusion area. Further investigations should address to what extent accelerometer
measurements are influenced by the presence of ischemia in other heart regions and to
determine how many sensors are needed for monitoring ischemia in the presence of multi
vessel disease.

In our model the duration of coronary artery occlusion was based on previous studies
demonstrating left ventricular dysfunction almost immediately after coronary occlusion. The
short occlusion time was sufficient to induce left ventricular dysfunction. However, it is likely
that myocardial ischemia defined as myocardial anaerobic metabolism and lactacidosis was
not present in our coronary artery occlusion model, since high energy phosphate components
in the myocardium is not fully consumed after 1-3 minutes of coronary occlusion.” The

motion disturbances can persist for hours after prolonged occlusion despite reperfusion and
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restoration of myocardial energy balance.”* In this situation, known as myocardial stunning,
the myocardium is viable.”” Motion disturbances caused by stunning may be difficult to
separate from dysfunction caused myocardial infarction when using accelerometers. However,
this is also a limitation with the ultrasound technique. Further studies are needed in order to
examine performance of the accelerometer during prolonged ischemia and to test the ability of
the sensor in separating viable from nonviable myocardium. At present such a study is
performed by our group with use of accelerometer and measurements of myocardial
metabolism, such as lactate, glucose, tissue tension of carbon dioxide and oxygen.

The electrocardiography ST segment in lead II was only monitored in this study. It is
likely that myocardial ischemia could have been detected with higher sensitivity with use of 5
or 12 lead electrocardiography.' However, electrocardiography has generally shown much
lower sensitivity and specificity in detecting perioperative ischemia than echocardiography.
Echocardiography was therefore used as reference for evaluating the accelerometer in
ischemia detection, and since 3 lead electrocardiography is most often used in cardiac surgery
it was also utilized in this study.

Aortic flow might be affected by coronary artery occlusion. An alternative is to

measure flow in arteria pulmonalis and this has been implemented in our present pig models.
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6. Conclusions

1. The 3-axis accelerometer can be used for continuous detection of myocardial
ischemia. The technique showed almost similar ability as echocardiography to detect
left ventricular dysfunction during coronary artery occlusion. Epicardially placed 3-
axis accelerometers offer a possibility for continuous monitoring of left ventricular

motions very similar to what can be periodically obtained by echocardiography.

2. The 3-axis accelerometer detected regional ischemia with higher sensitivity and
specificity than hemodynamic parameters and electrocardiography ST-segment

monitoring.

3. Epicardial accelerations, velocities and displacements by accelerometer were
parameters of regional left ventricular function. Coronary occlusion induced greatest

effect on epicardial displacement.

4. Left ventricular epicardial contractions in longitudinal, circumferential and radial
directions were quantitatively different. Coronary artery occlusion induced greatest
dysfunction in the circumferential direction and systolic velocity in this direction was

a marker of global left ventricular function during pharmacologic interventions.

5. Detection of left ventricular dysfunction was possible by automated analysis of
epicardial accelerometer signals. The technique therefore offers promise as a potential

monitor for ischemic events.
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7. Future perspectives

A monitoring system with a miniaturized 3-axis accelerometer incorporated into temporary
pacemaker leads, together with automated analysis of signals may become important sensors
for detection of myocardial ischemia and for monitoring left ventricular performance. Further
miniaturization of the accelerometer is expected in the near future and at present a 3-axis
accelerometer with dimensions of 2x2x0.95 millimeter is commercial available (VTI
Technologies CMA3000-A01, Helsinki, Finland). Based on results from this study we have
developed a specialized software program for online analysis of signals. Like
electrocardiography ST-segment analysis it gives the possibility to choose accelerometer axis,
parameter and time interval for measurements. A chosen average (5-60 seconds) of
accelerometer signals is continuously displayed on the monitor and compared to a baseline
template. The cut-off values for the different accelerometer parameters could be implemented
as indicators of ischemic state. The program also allows analyzing the signals as percentage
change from a baseline signal. If there is a reduction >30% in epicardial motion an alarm
indicator shifts from green to yellow and further to red if motion is reduced >50%.

Further signal analysis may improve sensitivity of the sensor in ischemia detection.
The 3 dimensional concept of the accelerometer was not completely investigated in this study.
The program also provides monitoring the sum vector of the 3 accelerometer axis, as
suggested in paper 1. This vector is less dependent on orientation of the sensor to the cardiac
coordinate system. By use of the x, y, z coordinates it may also be possible to automatically
find and monitor the most dominating epicardial contraction, regardless placement of the
sensor on the left ventricle. With the accelerometer it is also feasible to generate epicardial 3
dimensional displacements loops where 3 dimensional displacements can be measured as
contraction length during systole and diastole. Pilot experiments have demonstrated the
possibility of such analyses to detect ischemic motions as coronary artery occlusion induced a
typically twist in the 3 dimensional displacement loop in addition to a great reduction in
systolic length of contraction. No such twist was seen during interventions affecting global
cardiac functions.

In addition to automatic ischemia detection the accelerometer parameters can be used
as surrogates for contractility. The sensor may therefore also be important in monitoring and
stabilizing of high risk patients with reduced left ventricular function. In particular the
technique may be beneficial in monitoring graft function after heart transplantation. In the
future we envision miniaturized wire less accelerometers may be implanted on the left

ventricle in high risk patients during surgery. After hospital discharge such permanent sensors
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may give continuous information on heart rate, arrhythmias, ventricular performance and
occurrence of ischemic events during daily activities. This offers promise for better diagnosis,

earlier treatment of complications and improved guidance of interventions.
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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 a/ 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 a/ 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 ez 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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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~
Sensitivity (5 V supply voltage) ~ Typ. 312mV g~!
Resolution 2 mg at 60 Hz
Resonant frequency 10 kHz

3 dB bandwidth 6 kHz

Power <0.6 mA

Size 5% 5 x 2mm?
Supply voltage 3-525V

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 (@s)  Occlusion time (bs)  Stoplog (¢ 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~! intramuscularly and azaperone
2 mg kg~' preoperatively. Anesthesia was induced with intravenous pentobarbital titrated
until no reaction to skin incision (3-6 mg kg~!). Anesthesia was maintained with constant
infusion of morphine 2040 mg h™! 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 PaCO, close to 40 Torr (5.3 kPa). FiO, was kept sufficiently high
to ensure an arterial PO, >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 @ seconds.
2. Then opened LAD for reperfusion of the heart after b seconds.
3. Finally, stopped log after ¢ 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 a; denote the length of the acceleration vector (ay;, ay;, a;) 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 ,_,,+1) of length (/) 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(#)) and a reference (baseline) window (PS..f)
was performed in order to find a single value that might represent the ischemic state of the
heart (equation (1)):

length of log 512
APower = Y D (PS(n) — PSpep)”. o)

=1 n=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+2°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

fori=2: (length (x) —512)
x_window=x (i : 511 +1i);
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=i+ty
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 ditferent 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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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 ez 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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