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/Noise tolerance is an important aspect of
arrhythmia detector performance which is difficult
to measure using conventional techniques. By
adding noise in known amounts to annotated EKG
recordings, the noise-handling capabilities of an
arrhythmia detector may be stressed, and one can
observe how detector performance measurements vary
as \functions of noise level and noise type. We
have\ developed a database of noise recordings, and
describe their use in automated noise stress tests
of arrhythmia detectors.

Noise is the neipal source of error in
well-designed arrhythm etectors. Developers of
arrhythmia detectors need a too can allow
them to observe the effects of noise on their sys-
tems, and which can aid in optimizing algorithm
decisions based on signal quality. Evaluators need
a tool which can help them to assess detector noise
tolerance in a quantitative, reproducible way.
Clinicians can make better use of arrhythmia detec-
tors if they are aware of the limits of acceptable
signal quality.

A beat-by-beat evaluation of a detector using
an annotated digital database is the best available
method of measuring performance. Existing data-
bases, because of their relatively small size, do
not exhibit the wide variety of noise in the range
of contexts in which it may be encountered in clin-
ical practice.

The concept of the noise stress test

The "noise stress test" is a quantitative,
reproducible technique for assessing the perfor-
mance of arrhythmia detectors in the presence of
noise and artifact. It is a beat-by-beat ?vglua-
tion using existing annotated ECG recgrdings ’® and
conventional performance measures”. Realistic
noise of the types encountered in ECG recording is
added to clean ECGs, and the noisy ECGs thus pro-
duced are analyzed by the detector under test. By
varying the type and level of noise, detector per-
formance may be measured as a function of noise
characteristics. The noise stress test is designed
to be strictly reproducible so that the effects of
changes 1in a detector may be assessed, and so that
comparisons between detectors may be made.
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The idea of adding noise to clean ECGs to test
the noise tolerance of ECG analysis programs was
proposeQ independently by two of the present
authors and by the developers of the Hannover
diagnosgic ECG analysis program (Alraun, Zywietz,
et al.”). The Hannover group examined the effects
of noise on the accuracy of their program's meas-
urements of time-domain ECG features. The noise
sources were artificial, and included band-limited
white noise, 1line frequency noise, low frequency
sine and sawtooth waveforms, and step function-like
artifacts. The ECG signals were constructed by
concatenating identical, essentially noise-free,
beats at fixed R-R intervals.

The noise database

Our goal was to provide a highly realistic
simulation of real-world noisy ECG recordings. We
chose to classify noise according to its source
rather than by its frequency~-domain characteris-
ties, into the following categories:

1. Baseline wander is the familiar low-frequency
signal usually caused by motion of the subject
or the leads.

2. Electrode motion artifact is often the most
difficult to handle since it can closely mimic
elements of the ECG signal. It is usually the
result of intermittent mechanical forces act-
ing on the electrodes.

3. Muscle noise (EMG) has a spectrum which over-
laps that of the ECG, but which extends to
higher frequencies.

4. Power line interference occurs at multiples of
the mains frequency (50 or 60 Hz).

In the present work, we ignored power line
interference since it is easily removed using a
digital filter, and presents no problem to the
detectors which were available for testing.

Noise recordings may be obtained from digital
or analog simulators, from noisy ECG recordings
from which the ECG has been removed, or by record-~
ing signals from electrodes placed in such a way
that the ECG is not visible. Each method has draw-
backs: one cannot prove that all significant
characteristics of real noise are reproduced in a
simulation, since noise-generating mechanisms are
not fully understood; it may be difficult to remove
all ECG information from a noisy ECG recording; and
recordings from specially-placed electrodes record
noise from different positions than those which are
used in typical ECG recordings. We adopted the
last approach, which, because of its simplicity,
seemed most likely to work well,
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We recorded approximately 25 hours of noise
using Avionics model 445 Holter recorders, with
standard cables and electrodes. Volunteers wore
electrodes on their thighs and arms with lead axes
chosen to eliminate ECG signals. Two channels of
noise were recorded simultaneously; though corre-
lation between channels is generally low, it is
non-zero, and must be maintained if the test is to
be realistic. The analog noise recordings were
digitized at 250 Hz per channel using the same
equipment and techniques used for digitization of
the ECG databases. By visual inspection, the data
were separated into the three categories of base-
line wander, electrode motion artifact, and muscle
noise. Half-hour segments of each category were

F—————’“—4 prepared by concatenating segments of similar noise
1 second type, avoiding discontinuities in amplitude.

Figure 1 illustrates each of the three types
of noise. All three excerpts include a sizeable

low-frequency component which is characteristic of
baseline wander. In practice, we found it nearly
impossible to record electrode motion artifact or
muscle noise without baseline wander.
Test protocol
Figure 2 illustrates the software components
of the noise stress test and the data flow between
them. The process of combining the ECG and noise

is performed under the control of a program which
follows a list of instructions describing how the
noise level is to be varied during the course of
the test. The ECG analysis program reads the noisy
ECG and generates a file of beat annotations, which
are compared against those supplied with the data-
base.,

L

The results of a noise stress test will be
dependent on the characteristics of the ECG as well
as the noise. The intrinsic difficulty of tapes
varies; PVCs which are very similar to normals may
be readily identifiable if the signal is clean, for
example, but may not be distinguishable in a noisy

[6aIN ———
CONTROL [-=4

r -
NOISE  —

i DATABASE

ECGy

———

\ ECG ANALYSIS
PROGRAM

ECG, S/\ ECG,’ ﬂ
(I I
—
Beat ANNOTATION |  Beat
e ,

Annotations ~ | COMPARATOR Annotations

S

ANNOTATED
ECG DATABASE

QRS Sensitivity
QRS Positive Predictivity
PVC Sensitivity
PVC Positive Predictivity

Figure 1. Five-second excerpts from Figure 2. The noise stress test. Gains
two—c?annel noise recordings, showing X1 and X, are chosen to produce equal
baseline wander (top), electrode motion noise/signal ratios in ECG and ECGZ'
artifact (center), and muscle noise (bot- (see text).
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