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A miniaturized accelerometer sensor attached to the heart may be applied for monitoring cardiac motion.
Proper understanding of the sensor measurements is required for successful development of algorithms
to process the signal and extract clinical information. In vivo testing of such sensors is limited by the
invasive nature of the procedure. In this study we have developed a mathematical simulation model of
an accelerometer attached to the heart so that testing initially may be performed on realistic, simulated
measurements. Previously recorded cardiac motion by sonomicrometric crystals was used as input to the
model. The three dimensional motion of a crystal attached to the heart served as the simulated motion
of the accelerometer, providing the translational acceleration components. A component of gravity is
also measured by the accelerometer and fused with the translational acceleration. The component of
gravity along an accelerometer axis varies when the axis direction slightly rotates as the accelerome-
ter moves during the cardiac cycle. This time-varying gravity component has substantial effects on the
accelerometer measurements and was included in the simulation model by converting the motion to pro-
late spheroidal coordinates where the axis rotation could be found. The simulated accelerometer signal
was filtered and integrated to velocity and displacement. The resulting simulated motion was consistent
with previous accelerometer recordings during normal and ischemic conditions as well as for alterations
of accelerometer orientation and patient positions. This suggests that the model could potentially be
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useful in future testing of algorithms to filter and process accelerometer measurements.

© 2012 IPEM. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Previous studies have indicated that an accelerometer sensor
attached to the heart wall may be used to measure cardiac motion
and automatically detect motion abnormalities that occur dur-
ing myocardial dysfunction [1-3]. Thus, an accelerometer sensor
may be useful for continuously monitoring patients who undergo
cardiac surgery as the accelerometer could immediately detect
myocardial dysfunction occurring during surgery or during the first
few days following the operation [4]. Early detection of myocardial
dysfunction has been shown to reduce complications and improve
the prognosis for patients undergoing cardiac surgery [5]. Current
methods to evaluate cardiac motion and detect ischemia during
surgery are limited. Transesophageal echocardiography may be
used but requires a skilled operator and only intermittent mea-
surements are available. For the same reasons echocardiography
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or other imaging modalities are not routinely used in the
postoperative phase. Hence, there is a need for new methods for
continuous real-time monitoring of myocardial ischemia, and a
solution may be a miniaturized accelerometer attached to the heart.

The ability of an accelerometer to detect motion abnormalities
is likely dependent on its accuracy to measure true motion and
its ability to do so in various settings such as different placements
of the sensor and orientations of the patient, e.g. sitting, supine,
or standing. Testing of the accelerometer performance in these
different settings is important as the accelerometer measurements
are influenced by gravity. The accelerometer cannot distinguish
between a translational acceleration and a gravitational field as
acceleration and gravitation are equivalent. The accelerometer
measures the vector sum of the translational acceleration and the
gravitation. Hence, for each of the three accelerometer axes, the
projection of the gravitation vector along this axis is added to the
translational acceleration. If the accelerometer rotates, its orien-
tation relative to the gravity field is changed, resulting in a change
in accelerometer output. A static component of gravity may be
removed from the measurement by high-pass filtering. However,
in a previous study we found that the gravity component along an
axis of the accelerometer is generally not static [6]. An axis of the
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accelerometer typically changes its orientation relative to the ver-
tical direction during the cardiac cycle, introducing a time-varying
gravity artifact that has substantial effect on the accuracy of the
accelerometer. This change in orientation is typically periodic,
with the heart rate as fundamental frequency; hence, it cannot be
removed from the translational acceleration by linear filtering. In
our previous validation study [6] we found that when the gravita-
tional component was correctly accounted for, cardiac velocity and
displacement could be calculated from the measured accelerom-
eter signal with very high accuracy (typically an error < 1%).

Generally, the direction of gravity relative to the orientation of
the accelerometer will vary with the different settings, and thus
alter the measured signal. In vivo testing of the accelerometer
in animals and humans is expensive and time-consuming. Few
situations may be tested in each subject due to the invasive nature
of the procedure. By first performing theoretical analyses using
mathematical simulation models of the heart and accelerometer
sensor, the number of in vivo tests may be reduced and optimized.
Development of such simulation models requires information of
both cardiac motion and understanding of what the sensor actually
measures.

The aim of this study was to develop a realistic 3 dimensional
(3D) kinematic simulation model of cardiac motion for testing of
accelerometer performance and potential new algorithms to filter
and process the accelerometer signal in a controlled environment
where the ground truth motion is known. We applied the model to
test how gravity affected the accuracy of the accelerometer mea-
surements during different situations and investigated if the results
were consistent with a previous validation study of the accelerome-
ter. In the previous validation study [6] we attached the accelerom-
eter to a robot arm programmed to move like a point on the heart
wall during different situations, and we also compared measured
velocity and displacement from the accelerometer attached to pig
hearts with other reference methods. In the current study, we
finally compared if the changes seen in the simulated signal from
baseline to ischemia were consistent with previously recorded
measurements in pigs where ischemia was acutely introduced [13].

2. Methods

2.1. Background on cardiac motion and accelerometer
measurements

Technical specifications of the accelerometer and signal
processing of the measured signal are described in previous publi-
cations [7,8]. The accelerometer sensor is designed so that it may be
attached to the outer surface of the heart. The surface of the ven-
tricles may be approximated as a circular, truncated ellipse. Due
to the elliptical shape, the geometry of the heart is described in
elliptical notation: circumferential, longitudinal and radial direc-
tions. The ventricular walls undergo large deformations during the
cardiac cycle. During ejection the ventricular wall shortens in the
circumferential and longitudinal directions, while there is thicken-
ing of the wall in the radial direction; all deformations contributing
to the reduction of the cavity volumes. In the subepicardium the
myofibers run at an oblique angle with respect to the circumfer-
ential direction. Contraction of these fibers twists the ventricular
wall, rotating the base clockwise and the apical region counter-
clockwise as viewed from an apical perspective. Over the cardiac
cycle the measured rotation trace of an apical short-axis plane looks
approximately like a half sinusoidal wave peaking at 13 +4° in
the healthy human heart, while it may be significantly reduced
and with regional variations in the ischemic case [9]. Due to the
curved surface and the rotations, an accelerometer placed on the
surface will generally change the orientation of its axes with respect
to gravity as it is moved with the wall during the cardiac cycle.

The measured acceleration (a;) along an axis i (i€1,2,3) of the
accelerometer is:

a;(t) = a(t) - ej(t) — g - ej(t) (1)

where ais the 3D acceleration of the point where the accelerometer
is attached, e; is the direction vector of the accelerometer axis i and
gis the vertical gravity vector. Note that a stationary accelerometer
with an axis pointing upwards (opposite of g) will measure +1g
while it would measure 0g if the accelerometer was falling freely.
Eq. (1) does not include a term that accounts for motion of the
patient, so the system is limited to a situation where the patient is
in a stationary position.

The velocity and displacement of the accelerometer during one
heartbeat can be found by integration of the accelerometer signal.
Over one heartbeat it may be assumed that every point on the heart
starts and returns to the same position in space which is equivalent
to zero mean acceleration and velocity. Hence, prior to integra-
tion to velocity, the mean acceleration over one heartbeat may be
subtracted from the acceleration signal, which takes care of the
integration constant and avoids the potential problem of long-term
drifting of the accelerometer signal. Similarly, mean velocity may
be subtracted from the resulting velocity signal prior to integration
to displacement. This procedure also eliminates a static compo-
nent of gravity, and provides the true velocity and displacement if
the accelerometer orientation is fixed relative to the direction of
gravity. However, as demonstrated in our previous study [6], the
gravity component, the second term in Eq. (1), is not static. Sub-
traction of the mean acceleration over one cardiac cycle does not
totally remove the gravity term of Eq. (1), but effectively replaces
the last term with the remaining time-varying gravity component.
This time-varying gravity term is added together with the first term
(the true translational acceleration) and hence introduces errors
when the resulting acceleration (sum of the 2 terms) is integrated
to velocity and displacement. The impact of this error may affect
the performance of the sensor, including its ability to automatically
detect motion abnormalities.

2.2. Database of measured cardiac motion

Measurements of cardiac motion from previous studies of 7 dogs
[10] were used in the development of the simulation model. The
surgical preparation of these animals has been described previously
[11]. In short, in an open chest model sonomicrometric crystals
(Sononmetrics, London, Ontario, Canada) were implanted in the
myocardium at specified locations as shown in Fig. 1. Each crystal
can both send and receive sound. The sound travels at approx-
imately 1560 m/s in both blood and myocardium. The distance
between 2 crystals is calculated from the measured time-of-flight
for a sound pulse transmitted from one crystal until it is received
by the other. The different distances between the crystals were
sampled at 200 Hz.

During post-processing of the data, the crystal software
(CardioSoft, Sononmetrics, London, Ontario, Canada) allowed
calculation of the time-varying positions in space of each crystal.
To perform this calculation one crystal had to be chosen as the
stationary origin, while two other crystals were chosen to spec-
ify the x-axis and xy-plane of the crystals, respectively. A third
crystal was selected to specify the orientation of the z-axis. With
these input conditions the software calculated the time-varying
positions of the crystals from the transmit time measurements,
using a least-squares procedure to fit the different measurements.
The result was the time-varying positions of the crystals relative
to one another in the specified coordinate system where the
selected crystal representing the origin was stationary through
the cardiac cycle. However, all crystals in the myocardium are
generally moving in the real heart. Hence, we used custom made
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Fig. 1. Schematicillustration of the crystal placement (spheres) around the left ven-
tricle. The illustration also shows the standard positioning and orientation of an
accelerometer (box) in the apical, anterior region with axis 1 in the longitudinal
direction, axis 2 in the circumferential direction and axis 3 in the radial direction.

software [11] to calculate another point in the middle of the
equatorial plane of the left ventricle (approximately the center of
mass of the ventricle). This point was selected as the stationary
origin and the coordinates of the crystals were transformed to this
coordinate system. As a result the time-varying x,y,z-coordinates
of each crystal relative to this stationary origin was found where
the x-axis pointed in the direction of the apex and the crystal in
the anterior wall in the most apical crystal plane was lying on the
positive y-axis at the start of the cycle (R-peak of the ECG) (Fig. 1).

2.3. Development of a mathematical model of cardiac motion and
simulated accelerometer measurements

The 3D motion of a crystal, i.e. the x(t), y(t), z(t)-coordinates of
the crystal, was used to represent the motion of an accelerom-
eter attached to that point on the heart. In principle, motion of
any of the crystals at the different locations could be used. In
our previous studies with accelerometer in pigs and humans, the
accelerometer was placed in the apical, anterior region (LAD per-
fusion territory), which is easily accessible for the surgeon and a
region that we believe will be most affected by abnormal motion.
Therefore, we selected the crystal placed in this region (Fig. 1) to
represent the accelerometer motion. The simulated translational
acceleration was calculated by twice differentiation of the time-
varying position of the crystal. This differentiation provided the 3D
acceleration, i.e. a(t) in the first term of Eq. (1).

The accelerometer axes are generally not aligned with the x,y,z-
axes and their orientation vary as the accelerometer moves with
the heart during the cardiac cycle. To calculate the simulated
acceleration signal along each axes of the accelerometer, a;(t),
the time-varying orientations (e;) of the accelerometer axes were
found by applying a prolate spheroidal (PS) coordinate system. The
approximately truncated circular ellipsoidal geometry of the heart
may be represented by PS coordinates as shown in Eq. (2) and Fig. 2
[12].

X =f-cosh(A)cos(u)
y =f -sinh(1)sin(u)cos() (2)
z =f - sinh(\)sin(u)sin(@)

X

Fig. 2. Prolate spheroidal coordinates. The direction of the circumferential (6), lon-
gitudinal (1) and radial (A) coordinates is shown together with the focus (f) which
scales the size of the geometry.

The PS coordinate axes are aligned in the circumferential (6),
longitudinal (1), and radial (1) directions of the heart. We scaled the
focal length of the coordinate system, f, to the crystal data of each
individual heart. This was performed by first measuring left ven-
tricular radius at the equatorial plane (found from a circle fitted to
the position of 4 crystals around the equator). We arbitrarily chose
that A should be equal to 0.75 for this circle and the focal length was
found as f=radius/sinh(0.75), corresponding to a point on equator
where £ =90° and 6=0°. The orthogonal direction vectors of the 6,
w and A coordinate axes on the prolate spheroidal surface change
orientation as a function of position on the surface. These PS coor-
dinate base vectors in rectangular Cartesian (RC) coordinates (uy,
pe(6, u, A)) and their unit direction vectors (ep) are found as the
derivative of x, y and z with respect to 6, u and XA as shown in Eq.
(3). The derivatives are found by differentiations of Eq. (2).

| ox dy oz o, U0
97 186°30° 30| 0 Juyl

T lug)

| ox 9y oz _ouy
u, = |:8M7 @7 a,u:| , ep = ™ (3)

_|ox dy oz _m

FEL | T

The 3 orthonormal direction vectors (eg, ey, €)) are aligned
with the circumferential, longitudinal and radial directions, respec-
tively, at any point of the prolate spheroidal surface. Thus, by
converting the time-varying x,y,z-coordinates of the accelerom-
eter to 6,u,A-coordinates for every time-step, the change of the
accelerometer axis vectors would be approximately parallel to the
change in the direction vectors ey, e, e), for every time-increment.
We utilized this property to simulate the time varying orientation
of the accelerometer direction vectors: at every x,y,z position of
the accelerometer the corresponding eg, e, ) were found and e,
e, e3 were subsequently calculated by maintaining a fixed angle
of these vectors in relation to the PS base vectors. The orientation
of the orthogonal accelerometer axes was specified with respect
to the 6, u, A directions as desired. This allowed simulation of the
accelerometer signal for different cases of how the accelerometer
was oriented when it was attached to the heart by the surgeon, e.g.
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mimicking attachment with accelerometer axis #2 parallel with the
circumferential direction of the heart (as in Fig. 1) or for example
15° off. This further allowed investigation of how accelerometer
orientation affected the accuracy of the derived velocity and dis-
placement measurements.

The procedure to generate simulated accelerometer signals can
be summarized as:

1. Extract the time-varying x,y,z position of a crystal which repre-
sents the attached accelerometer

2. Calculate the acceleration of this point, a(t)

3. Convert the RC coordinates to PS coordinates and find the PS base
vectors, (e, e, €,)

4. Calculate the orientation of the accelerometer direction vectors
(eq, ez, e3) from their prescribed, fixed orientation relative to the
PS base vectors

5. Calculate the translational acceleration term, a(t)-e;(t)

6. Calculate the gravity component, g-e;(t), where the orientation of
gravity has been prescribed according to the desired orientation
of the heart (i.e. patient in a supine, sitting or standing position)

7. The difference of the 2 terms from points 5 and 6 serves as the
simulated accelerometer signal as shown in Eq. (1)

2.4. Filter for removal of the time-varying gravity component

We have previously proposed a filter for removal of the artifact
caused by the time-varying gravity component along the circum-
ferential direction as described in detail in [6]. Briefly, the filter
is based on the assumption that an accelerometer in the apical
region moves along a purely circular path with radius R and time-
varying rotation angle («). The long-axis of the heart is presumed
to have a stationary angle, 8, with respect to the horizontal direc-
tion. We derived an algorithm to estimate « and S, i.e. test and Best,
respectively. This allowed estimation of the time-varying gravity
component which was subtracted from the measured acceleration
signal in order to extract the pure translational acceleration, ay(t),
in the circumferential direction as shown in Eq. (4). In the former
study we did not validate radial or longitudinal displacement. How-
ever, the centripetal and gravity components can be removed from
the radial acceleration signal as shown in Eq. (5) to estimate the
pure translational radial acceleration component. The filtered dis-
placements can be found by double integration of the acceleration
signal. Circumferential displacement can also be calculated directly
as the fraction of the circumference traveled by the rotation along
the circle as shown in Eq. (6). The algorithm requires measurement
of radius, R, which in the simulation model can be calculated as the
radius of the best-fitted circle to the 4 crystals in the apical plane at
end diastole. The proposed filtering algorithm to remove the time-
varying gravity artifact only works in the circumferential and radial
directions, thus longitudinal acceleration is not filtered.

ax(t) ~ ax(t) + g cos(aest(t)) cos(Best) (4)
a3e(t) ~ a3(t) + Ritest(t)* — g Sin(lest(t)) cOS(Best) (5)
(‘Xest(t) - aest(o))

dy(t) ~ —2Rm o

2.5. Comparison of simulated measurements with previous
results

We calculated the simulated measurements from an accelerom-
eter placed in the LV anterior, apical region using data from 7 dogs
as input to the algorithm described in Section 2.3. We investi-
gated if the frequency components of the simulated acceleration
signal were comparable to the frequency components from mea-
sured acceleration in real hearts. This investigation was performed

by calculating the power spectrum of the simulated acceleration
signal from each of the 7 animals and comparing these with the
power spectra from actual accelerometer measurements in 12 pigs
recorded in a previous study [13].

The simulated acceleration was integrated to velocity and
displacement. We evaluated if the simulated velocity and displace-
ment traces included the characteristic phases corresponding to
systolic ejection, and early and late diastolic filling, e.g. the s/, e’
and a’ waves, respectively, which are typical observed in measured
velocity traces.

We investigated if the simulation model provided similar results
to the previous validation study with and without the filtering algo-
rithm to remove the time-varying gravity component. This was
first tested in the standard per-operative situation: the patient
in a supine position with the accelerometer placed in the ante-
rior, apical region with the accelerometer axis #2 parallel to
the circumferential direction. We subsequently simulated other
patient situations: patient sitting in a reclined position, stand-
ing patient, and patient lying on the left side. These situations
were simulated by altering the relative orientation of the heart
and direction of gravity: in the per-operative situation the grav-
ity pointed in the negative y-axis direction in Fig. 1; in the reclined
sitting position gravity pointed at 45° in the xy-plane with a posi-
tive x and negative y-component; in the standing position gravity
pointed parallel to the x-axis; in the left lateral lying position grav-
ity pointed in negative z-direction. Finally, we tested a situation
where the accelerometer was incorrectly fastened to the epi-
cardium, i.e. a misalignment of the accelerometer and the cardiac
axes so the accelerometer axis #2 was 15° off from the circum-
ferential direction. The simulated displacements were extracted
using the measured crystal motion from each of the 7 animals as
input to the simulation model, i.e. each situation with a differ-
ent patient position or accelerometer placement was simulated
7 times. The measured crystal displacement was used as ref-
erence and compared with the simulated displacement of the
accelerometer.

We extracted simulated measurements from the animals during
baseline conditions and after 15 min of LAD occlusion. We com-
pared the changes in the simulated measurements from baseline
to ischemia with our previous study in pigs [13] where circumfer-
ential displacement and velocity were measured by accelerometer
during baseline and ischemia.

3. Results

The power of the frequency components of the simulated accel-
eration signal was overall comparable to that from the measured
acceleration signal. The power spectrum of the simulated signal
laid for the most part within the same range as the spectrum of the
measured acceleration as shown in Fig. 3.

The velocity and displacement traces derived from the simu-
lated acceleration signal contained the characteristic systolic and
diastolic waves that are typically seen in measurements. However,
the wave corresponding to atrial induced filling of the ventricles
was relatively low in most of the animals. This was probably due
to the relatively high heart rate of the animals during the record-
ings (100 £ 20 beats/min) which caused most of the filling to occur
during early filling or a fusion of early and late ventricular filling.
Fig. 4 shows an example of the acceleration, velocity and displace-
ment traces along each of the 3 axes of the accelerometer which
in this simulation case were aligned in the standard orientation
along the longitudinal, circumferential and radial directions. The
online Supplement shows a movie with the simulated motion of
the accelerometer sensor and visualizes the time-varying rotation
of the accelerometer axes.
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Longitudinal Circumnferential Radial

Power
(dB)

Fig. 3. Power spectrum of the signal from an accelerometer attached in the anterior apical region. The solid lines are the mean + 2SD spectrum of measured accelerations in
12 pigs. The dots are the spectrum of the simulated acceleration signal using sonomicrometry recordings from 7 dogs as input to the simulation model.

Longitudinal Circumferential Radial
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Fig. 4. Representative traces from the simulation model. Simulated measurements are extracted from a crystal placed in the anterior, apical region. The accelerometer axes
are aligned as shown in Fig. 1. Mean acceleration over the cardiac cycle is subtracted, removing the average gravity component in the different directions. The systolic wave
(s), early (e’) and atrial induced filling waves (a’) are shown in the longitudinal and circumferential velocity traces.
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Fig. 5. Correlation (upper panel) and Bland-Altman (lower panel) plots of peak systolic displacement along the different accelerometer axes. The calculated displacement
from the simulated accelerometer signal is compared to the true motion of a crystal attached at the same point as the accelerometer. The simulated measurements in the
circumferential and radial directions are calculated without (non-filtered) and with (filtered) the algorithm for removing the time-varying gravity component. The mean

error is indicated with the horizontal solid line in the Bland-Altman plot, while the dashed lines indicate mean error & 1.96SD.

If compensation for the time-varying gravitation was not

included, the simulation model overestimated circumferential
velocity and displacement by about 4-5 times in the 7 ani-
mals (Fig. 5 left panel and Fig. 6), which was consistent with
the overestimation observed in measurements from pigs [6]. Our
proposed filtering algorithm to remove the gravity artifact pre-
dicted circumferential displacement with high accuracy. Peak
systolic displacement correlated well (R=0.93, p<0.01) and dif-
fered marginally (0.2 + 0.7 mm) from the true displacement (Fig. 5
second column panel). Fig. 6 shows true, non-filtered and fil-
tered circumferential velocity and displacement traces from the
simulation model. In our previous studies we have focused on cir-
cumferential motion which is the largest in the apical region where
the accelerometer is attached. However, in this study we also inves-
tigated the accuracy of the radial and longitudinal axes (Fig. 5). In
most cases true displacement and accelerometer derived displace-
ment were in qualitative agreement along these 2 axes, however,
there were 3 cases when the accelerometer derived displacement
was in the opposite direction of the true displacement due to the
gravity artifact. The filtering algorithm corrected this in the radial
direction.

Table 1 shows the error of calculated peak systolic displace-
ment using the simulated accelerometer signal with respect to
the displacement of the crystal which mimicked the attached
accelerometer at that point, first during standard accelerometer
placement and orientation, and then during different situations.

The estimated circumferential displacement using the gravity fil-

tering method showed minor error with the true displacement

in most cases. The estimation error was highest in the standing
and sitting situations. The displacement was overestimated sev-
eral times without the filtering, except in the standing position

when circumferential motion occurred in the horizontal plane, i.e.

with no gravity component. The error in the non-filtered estimate

was relatively small also when the patient was lying on the left
side. These results were consistent with our previous validation
study of the accelerometer [6]. Circumferential displacement was

5 -
Velocity
(cm/s)
-5
0
Displacement
(mm)

Fig.6. Circumferential velocity and displacement traces from the simulation model.
The dashed traces are the true motion of the accelerometer; solid lines are derived
motion using the filtering algorithm to remove the time-varying gravity component;
dotted lines are without the filtering algorithm. The dashed and solid lines are almost

superimposed.
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the dominant motion and also most robustly estimated by the
accelerometer. Radial displacement was generally also captured
well by the accelerometer, but there were a couple of cases when
the accelerometer indicated an outward displacement in contrast
to the true inward displacement. The filtered radial displacement
generally overestimated the inward motion by about 1-2 mm, but
had slightly better correlation with the true displacement than the
non-filtered. Longitudinal displacement was minor and the perfor-
mance of the accelerometer was worst in this direction.

Mid-systolic circumferential velocity was reduced from
10.2+4.9cm/s at baseline to 5.6 + 5.2 cm/s during ischemia while
displacement was reduced from 10.6+8.6 mm to 1.7 4+10.2 mm
(both p<0.05). These results were consistent with our pre-
vious study in pigs [13] where the velocity was reduced
from 13.2+2.8cm/s to 3.5+1.8cm/s and displacement from
11.5+23mmto —1.2+2.8 mm.
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In the design and development of technological systems theo-
retical testing and mathematical simulation models may provide
useful information and reduce the need and number of costly real
life experiments. In this study we have developed a mathematical
model that simulates the signal from a cardiac accelerometer. The
model was based on previously measured cardiac motion and gen-
erated realistic 3 dimensional acceleration signals corresponding
to the output of an accelerometer attached to the outer surface of
the heart. The velocity and displacement that were calculated by
integration of the simulated acceleration signal corresponded well
with previous measurements from accelerometers attached to pig
and human hearts. This suggests that the model, where the ground
truth motion is known, may be applied to test new proposed meth-
ods to filter and process the accelerometer signal for extraction of
clinical information.

The inclusion of the accelerometer axes rotation through the
cardiac cycle is a key feature of the model for realistic simula-
tion of the effect of gravity. The accelerometer signals coming
from translation and from rotation in the gravitational field both
have base frequency equal to the heart frequency, but the transla-
tional component has more of its energy in the higher harmonics
of the heart rate. Integration with time is equivalent to division
by frequency in the frequency domain, hence, amplifies lower and
suppresses higher frequencies. When the accelerometer measure-
ments are integrated, once to velocity and twice to position, the
relative importance of the contribution from gravity increases rel-
ative to the contribution from translation. The model showed that
double integration of acceleration to displacement substantially
overestimated displacement relative to true displacement in the
circumferential direction due to the time-varying gravity compo-
nent.

The power spectrum of the simulated acceleration signals was
for the most part similar to the spectrum of the measured sig-
nals from accelerometers implanted in actual hearts. There was
a slight tendency to higher power at the high frequencies in the
circumferential direction (Fig. 3, middle panel). This could poten-
tially lead to low amplitude, high frequency noise in the simulated
acceleration signal. However, when integrated to velocity and dis-
placement, such high frequency noise is reduced. As the clinical
information lies in the major wave features at low frequencies,
small noise oscillations at high frequencies in the velocity and dis-
placement traces have no clinical impact or interest. The calculated
velocity and displacement from the simulated acceleration signal
demonstrated similar features to the measurements obtained in
our previous validation study of the accelerometer [6] including
the same overestimation of peak systolic circumferential velocity

R

-0.63
0.94

True displace-
ment=-2.9+1.3mm
-2.0+0.9

0.85

R
0.4+0.6

R

Radial
Filtered
-1.0+04
R=0.97
-24+1.1
R=0.75
-1.9+0.7
R=0.89
-1.2+49
R=

0.83
0.85
0+0
R

Non-filtered
—14.4+9.2
0.83
0.83

R
-10.2+6.5

1.00
-14+1.2
0.95

R
-13.3+8.5

R
-143+9.2

R

R=

ment=-3.94+1.5mm

Circumferential
True displace-
Filtered
0.2+0.7
R=0.93
-1.0+09
R=0.83
21+1.2
R=0.64
0.6+0.7
R=0.90
0.4+0.7
R=0.93

0.2+0.7
R=0.92

7).

—15° misalignment

Lying left side

Mean error + SD (mm) and regression coefficient of calculated peak displacement using the simulated accelerometer signal versus the true motion of the crystal attached at the same point as the accelerometer during different
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and displacement. The error caused by the time-varying gravity
component was in the same range in the simulation model as we
observed in the animal experiments which suggests that the prolate
spheroidal method serves as a good approximation for simulation
of accelerometer rotation. By applying our proposed gravity filter-
ing algorithm the displacement was calculated with good accuracy
compared to the true displacement in the model. Additionally in the
previous validation study, different orientations of the accelerome-
ter and positions of the patients were tested in a robot-experiment
where the accelerometer was attached to a robot programmed to
move like a point on the heart. The theoretical results of the current
simulation model study were similar to the findings in the robot-
study. Finally, the comparison between simulated measurements
during baseline and ischemia showed a similar reduction of early
systolic circumferential velocity and displacement as we have pre-
viously observed in pigs and humans [13]. The agreement between
the simulation model and the findings in the previous studies with
real accelerometer measurements suggests that the model pro-
vides realistically simulated measurements from an accelerometer
placed on the heart wall.

Our simulation model for the accelerometer is novel in the sense
that it is specific for cardiac motion and based on realistic motion
from sonomicrometric crystal data. However, theoretical analysis
of accelerometers for motion monitoring has been performed pre-
viously. Elble [14] performed a mathematical study on the impact of
gravity on acceleration measurements of tremor and showed sub-
stantial gravitational artifact during rotational motion. His findings
were similar to ours, but in contrast to the more random tremor
motion, the relatively deterministic cyclic motion of the heart may
be utilized in filters designed to correct for the gravity component.
There have also been studies showing theoretically how combina-
tion of 2 or more 3-axes accelerometers may be used to quantify
motion by separating the inertial and gravitational components of
acceleration [15,16].

4.1. Limitations

The simulation model has only been validated in a qualitative
manner which showed that the simulated velocity and displace-
ment traces look realistic and that the error due to the gravity
artifact is within the same range as shown in former studies. We
have not been able to quantitatively validate the accuracy of the
simulation model in a direct comparison study. We used sonomi-
crometric data from previous studies as input to the model. The
motion in space of these crystals was not directly measured as
the ultrasound crystals only measured distances relative to one
another. However, the crystal software provided a mathematical
conversion of these distances into 3D positions. A specified point
that remained stationary, which the crystals moved relative to, was
required for this conversion. We specified that the center of equator
was stationary. If this point actually moved it will have introduced a
time-varying offset between the simulated and true motion of the
crystals. In a normal subject with intact pericardium and closed
chest, the apex is often assumed to remain stationary. However,
during open chest cardiac surgery with split pericardium the valve
plane and apex typically contract towards the equator [17] which
suggests that the equator is the more stationary region. Ideally, the
crystal recordings should have been performed with inclusion of
one or more crystals that were fixed in space. Thus, we would not
have needed to make assumption where the stationary origin was
as these fixed crystals could have been used. Such a crystal setup
is difficult to implement as the fixed crystals cannot be placed far
away due to limited signal strength, they must have direct “view”
to the moving crystals (air or bones will block the signal), and
proper fixation of these crystals is difficult. Thus, we have not been
able to perform such a quantitative comparison study. However,

the simulation model predicted the same findings as the findings
from previous studies with the actual accelerometer. This indicates
that the simulation model is realistic and may be applied it in our
future work during initial testing of new algorithms to process the
accelerometer signal.

The simulation model is based on measured motion of sonomi-
crometric crystals sutured to the epicardial wall, which is a highly
invasive procedure only performed in animals. The accessibility to
this type of measurements is low and thus limits the number of
simulation cases based on this type of measurements. However, to
estimate the motion of a point on the heart wall it may be possible
to apply non-invasive measurements of rotation and longitudinal
and radial displacement by e.g. echocardiography as an alterna-
tive approach. These 3 motions could be used as input for the 6,
1, A-coordinates, respectively, and prescribe the changes in these
coordinates during the cardiac cycle. A change in these coordinates
is the same as motion in the prolate spheroidal space and would
then serve as an estimate of the 3 dimensional motion of a point on
the heart. The respective x, y, z-coordinates could be used in point
#1 in the simulation procedure outlined as described in Section 2.3.
The rest of the simulation procedure would be identical. This alter-
native procedure could potentially serve as a non-invasive based
simulation model of the cardiac accelerometer and the echocar-
diographic recordings could be obtained from patients in a number
of different situations.

Accelerometers will always have a small bias, e.g. at zero accel-
eration, the output will be slightly different from zero. If one desires
to study the effects of bias or drifting, the simulated acceleration
signal in Eq. (1) can be extended with an extra term on the right
hand side that incorporates this feature. However, in our system
this is a limited problem as the signal is high-pass filtered at a fre-
quency just below the heart-rate frequency, which removes any
bias or slow varying drift.

5. Conclusions

Based on previously measured motion of the heart we have
developed a simulation model of an accelerometer attached to the
surface of the heart. The model generated a simulated accelerom-
eter signal which included both the translational motion of the
accelerometer and also the time-varying gravity component which
was due to rotation of the accelerometer axes as the accelerome-
ter moves with the surface during the cardiac cycle. The simulated
velocity and displacement from the model were consistent with
actual measurements from previous studies during different sit-
uations including baseline and ischemia. This suggests that the
simulation model may serve as a means to theoretically test new
algorithms to filter and process the accelerometer measurements
in our future work to extract clinical information from the sensor.
The theoretical testing is expected to increase the efficiency of our
work and reduce the need for animal experiments.
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