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Continuous monitoring of the electrocardiogram
(ECG) in both patients and ambulatory subjects has
become a very common procedure during the past
30 years, with diverse applications that include
screening for cardiac arrhythmias or transient is-
chemia, evaluation of the efficacy of antiarrhythmic
drug therapy, and surgical and critical care monitor-
ing. Since the first intensive care units were estab-
lished in the 1960s, the need for automated data re-
duction and analysis of the ECG has been apparent,
motivated by the very large amount of data that must
be analyzed (on the order of 100,000 cardiac cycles
per patient per day).

As clinical experience has led to the identification
of more and more prognostic indicators in the ECG,
clinicians have demanded and received increasingly
sophisticated automated electrocardiographic ana-
lyzers. The early heart rate monitors rapidly evolved
into devices designed to detect ventricular fibrilla-
tion, and other devices for tracking ““premonitory”’
ventricular arrhythmias. Many newer devices at-
tempt to detect supraventricular arrhythmias and
transient ischemic ST changes.

Visual analysis of the long-term ECG is exceed-
ingly tedious and far from simple. Accurate diagnosis
of electrocardiographic abnormalities requires atten-
tion to subtle features of the signals, features that
may appear only rarely and are often obscured by or
mimicked by noise. Diagnostic criteria are compli-
cated by inter- and intrapatient variability of both
normal and abnormal electrocardiographic features.
Given these considerations, it is not surprising that
developers are faced with a difficult task in the design
of algorithms for automated electrocardiographic
analysis, and that the results of their efforts are less
than perfect.
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Since automated electrocardiographic analyzers
vary in performance, and since their performance is
dependent on the characteristics of their input, quan-
titative evaluations of these devices are essential in
order to assess the usefulness of their outputs. For
these reasons, several documented databases of long-
term ECGs have been developed over the past 20
years with the goal of providing material for standard
performance testing of automated long-term electro-
cardiographic monitoring algorithms and devices.
The purpose of this study is to review these databases
with respect to their advantages, limitations, and ap-
propriate use in evaluation protocols.

History

In September 1972, many of those working on the
development of automated arrhythmia detectors met
at the second biennial Congress on the Use of Com-
puters in Intensive Care Units and agreed that there
was a need for a large, well-documented ventricular
arrhythmia database for system development and
evaluation. Many of the attendees subsequently par-
ticipated in the Evaluation Group for arrhythmia de-
tectors that developed recommendations for the
characteristics of such a database, and a methodology
for gathering data and characterizing the database.’

After a hiatus of several years, marked by unsuc-
cessful attempts by the Evaluation Group for Ar-
rhythmia Detectors to secure funding to support the
database development, the National Heart, Lung and
Blood Institute agreed, in 1977, to fund such an ef-
fort, to be performed under contract by the American
Heart Association (AHA). Development of the data-
base was coordinated by a group at Washington Uni-
versity (St. Louis, MO). The first portions of the AHA
Database? were released in 1982; the database was
completed in 1985. Between 1976 and 1980, a group
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at the Massachusetts Institute of Technology and
Boston’s Beth Israel Hospital produced the Massa-
chusetts Institute of Technology-Beth Israel Hospital
(MIT-BIH) Database.? These two databases were the
first standard sets of test material for evaluating long-
term electrocardiographic monitors.

Although the Evaluation Group for Arrhythmia
Detectors and the AHA arrhythmia subcommittee
addressed the issues of the database, they did not
address the details of how best to use an electrocar-
diographic database for evaluation purposes. An
evaluation methodology for arrhythmia detectors
was first proposed by the developers of the MIT-BIH
Database.” Their proposal was refined for application
to in-hospital arrhythmia detectors by the Arrhyth-
mia Monitoring Subcommittee of the Association for
the Advancement of Medical Instrumentation
(AAMI) ECG committee, and was issued as an AAMI
recommended practice in 1987.°

The most recent contribution to this 20-year effort
has been made by the AAMI Ambulatory Monitoring
Subcommittee, which will, in the near future, pro-
pose a standard for ambulatory monitors that will
include recommended procedures for using existing
and future electrocardiographic databases to evalu-
ate computer-assisted Holter analysis systems.

Currently Available
Electrocardiographic
Databases

Several databases of electrocardiographic record-
ings are available for evaluating electrocardiographic
analyzers. They possess several important features:

1. They contain representative signals. Wide
variations in electrocardiographic characteristics
among subjects severely limit the value of synthe-
sized waveforms for testing purposes. Realistic tests
of electrocardiographic analyzers require large sets of
real-world signals.

2. They contain rarely observed but clinically sig-
nificant signals. Although it is not particularly diffi-
cult to obtain recordings of common electrocardio-
graphic abnormalities, often those that are most
significant are rarely recorded. Both developers and
evaluators of electrocardiographic analyzers need ex-
amples of such recordings.

3. They contain standard signals. System compar-
isons are meaningless unless performance is mea-
sured using the same test data in each case, since
performance is so strongly data dependent.

4. They contain annotated signals. Typically, each

QRS complex has been manually annotated by two
or more cardiologists working independently. The
reference annotations produced as a result serve as
a gold standard against which a device’s analysis can
be compared quantitatively.

5. They contain digitized, computer-readable sig-
nals. It is, therefore, possible to perform a fully auto-
mated, strictly reproducible test in the digital domain
if desired, allowing one to establish with certainty the
effects of algorithm modifications on performance.

At present, the following long-term electrocardio-
graphic databases are available (see the Appendix for
sources): the AHA Database for Evaluation of Ven-
tricular Arrhythmia Detectors (development set: 80
records, 35 minutes each),? the MIT-BIH Arrhythmia
Database (48 records, 30 minutes each),’ the Euro-
pean Society of Cardiology (ESC) ST-T Database (90
records, 2 hours each),® the Noise Stress Test (NST)
Database (12 records, 30 minutes each),” and the
Creighton University Sustained Ventricular Arrhyth-
mia Database (35 records, 8 minutes each).®

Each of these databases represent a very substan-
tial effort by many workers; in particular, the AHA,
MIT-BIH, and ESC databases each required more
than 5 years of sustained effort by large teams of
researchers and clinicians from many institutions.
Nevertheless, it should be recognized that even these
databases cannot represent the entire variety of real-
world ECGs observed in clinical practice.

Evaluation Protocols

Between 1984 and 1987, the AAMI sponsored the
development of a protocol for the use of the AHA
and MIT-BIH databases, which was published as an
AAMI recommended practice.®

More recently, the Ambulatory ECG Subcommit-
tee of the AAMI ECG Committee has been charged
with drafting a standard for ambulatory electrocar-
diographic monitors. Significant portions of this
standard address the issue of accuracy of the auto-
mated analysis performed by some of these devices.
This standard will build upon the previously adopted
evaluation protocol,” incorporating provisions for
the use of all of the databases listed above, with ex-
tensions for assessing detection of supraventricular
arrhythmias and transient ischemic ST changes. The
standard will break new ground in establishing stan-
dard tests for the performance of automated electro-
cardiographic analyzers using these databases.

A significant constraint to be imposed on evalua-
tors by the standard is that they must obtain annota-



tion files containing the analysis results of the device
under test. Although the device itself need not pro-
duce these files, the standard will require that they
be produced by an automated procedure, which
must be fully disclosed. The intent of this require-
ment is to permit reproducible independent evalua-
tions in which neither the proprietary data of the
developers (the analysis algorithms) nor that of the
evaluators (the test signals and reference annota-
tions) need to be disclosed. By defining the interface
between the developer and evaluator to be the anno-
tation file, the responsibilities of each party are
clearly defined: the developer must make certain that
the device’s outputs are recorded in the annotation
file in the manner intended by the developer, but in
the language of the standard; and the evaluator must
make certain that the algorithms used to compare
the device’s annotation files with the reference anno-
tation files conform to the specification of the
standard.

For many existing devices, it may be difficult or
impossible to obtain such annotation files without
the cooperation of the manufacturers. Newly de-
signed devices should incorporate the necessary
“hooks” for producing annotation files.

Accuracy of QRS detection, which is fundamental
to any automated analysis, can be tested using the
AHA, MIT-BIH, and NST databases, which may also
be used to test the accuracy of heart rate and heart
rate variability measurement, and that of ventricular
ectopic beat detection. Detection of ventricular flutter
or fibrillation can be tested using the Creighton Uni-
versity, AHA, and MIT-BIH databases. Detection of
supraventricular ectopic beats, atrial flutter, or atrial
fibrillation can be tested using the MIT-BIH Data-
base. The ESC Database is appropriate for testing the
measurement of ST deviation and the detection of
episodes of abnormal ST deviation. The new stan-
dard for ambulatory electrocardiographic monitors
will describe evaluation protocols for each item listed
above.

Software to Support
Evaluations

The CD-ROM that supplies the MIT-BIH, NST, and
Creighton University databases also includes a suite
of programs” that support evaluations of automated
electrocardiographic analyzers in accordance with
the methods described in the new standard, as well
as those in the earlier AAMI recommended practice.’
These programs are written in C language and run
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under MS-DOS or UNIX. By making reference im-
plementations of the evaluation algorithms available,
much needless duplication of effort may be avoided.
Circulating these programs in source form permits
public inspection of the accuracy of the implementa-
tions and rapid discovery and correction of bugs,
with the eventual result that evaluators of devices
should not have to bear the burden of evaluating the
evaluation technique itself. By using these programs
for evaluation, any ambiguities in the specification of
the evaluation algorithms are resolved in a consistent
manner for each device tested.

The major tasks facing an evaluator are presenting
the reference signals to the device under test and
collecting annotation files from the device. The de-
tails of these tasks vary for each device. The remain-
ing work required—that of comparing the device’s
analysis against the gold standard—-can be per-
formed automatically.

Discussion

Although the databases listed above permit stan-
dardized, quantitative, automated, and fully repro-
ducible evaluations of analyzer performance, it is
risky to extrapolate from the results of these evalua-
tions expectations of real-world performance. Such
extrapolations can be particularly error prone if the
evaluation data were also used to refine an analysis
algorithm, since an algorithm (perhaps unintention-
ally) “tuned” to its training set may not perform as
well in the field.

The issue of tuning was a major consideration in
the design of the AHA Database, for which separate
development and test sets of equal size were pro-
duced using the same selection criteria. The intention
was that independent evaluators would use the test
set, which has never been released, to obtain perfor-
mance measurements untainted by any possibility of
tuning. Long-term electrocardiographic analyzers
have never been required to produce annotation
files, however, making independent evaluations te-
dious, expensive, and error prone. As a result, the
AHA Database test set, which required 8 years to
complete, has never been used.

It should also be noted that the first four of the
above-mentioned databases were obtained from
Holter electrocardiographic recordings, with the
limited frequency response common to all such
recordings. Although this recording technique is
not a limiting factor in the performance of many
clectrocardiographic analyzers, its use in these data-
bases may tend to favor devices that are designed to
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analyze Holter recordings over those that have been
designed to analyze higher-fidelity input signals.

In the context of many of the tasks performed by
an electrocardiographic analyzer, dealing with noise
is the major problem faced by system designers. Al-
though measurements such as ST deviation may be
obtained reliably in clean signals, the presence of
noise may render them inaccurate. In some in-
stances, it is sufficient to recognize the presence of
noise and either to mark the measurements as unreli-
able or avoid making measurements altogether. In
other cases, excluding noisy data is inappropriate (eg,
given the multiple correlations among physical activ-
ity, noise, and transient ischemia, excluding noisy
signals is likely to introduce sampling bias in an is-
chemia detector).

It is difficult to measure the effects of noise on an
electrocardiographic analyzer using ordinary record-
ings. Even if existing databases include an adequate
variety of both electrocardiographic signals and
noise, the sample size is certainly too small to include
all combinations of noise and electrocardiographic
signals that may be encountered in clinical use. In
ordinary recordings, it is difficult or impossible to
separate the effects of noise from the intrinsic prob-
lems of analyzing clean signals of the same type.

The NST Database” circumvents these problems.
By adding noise in calibrated amounts to clean sig-
nals, any combination of noise and signal types is
possible. Since both the noise-corrupted signal and
the clean signal can be analyzed (in separate experi-
ments) by the same analyzer, the effects of noise on
the analysis are readily separable from any other
problems that may arise while analyzing the clean
signals. Finally, since the test can be repeated using
different amounts of noise, it is possible to character-
ize analyzer performance as a function of the signal-
to-noise ratio.

The NST Database includes a small set of electro-
cardiographic records with calibrated amounts of
added noise. The new AAMI ambulatory electrocar-
diographic standard will require that performance on
these records must be reported, although no specific
performance levels are required. Software provided
with the NST Database can be used to generate addi-
tional records for noise stress testing.

The long history of the development of standard
databases to test the performance of long-term
electrocardiographic monitors and standard proto-
cols for evaluation testifies to the importance and
difficulty of the problems discussed above. Advances

in analysis algorithms have driven much of the devel-
opment of databases and evaluation protocols. Some
of these advances have significantly reduced the ef-
fort required for database development. Inevitably,
however, more ambitious analysis algorithms re-
quire new databases and testing methods. Among
the subjects of current interest are late potentials (and
wideband ECGs, in general), QT measurement and T
wave analysis, long-term heart rate variability, paced
rhythms and pacemaker function, intracardiac elec-
trograms, and multiparameter monitoring (ECG,
blood pressure, blood gases, respiration, etc.). None
of these subjects is adequately addressed by existing
databases or evaluation protocols.
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