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ABSTRACT

A rational strategy for the automated detection of artifacts in heart period data is outlined and
evaluated. The specific implementation of this approach for heart period data is based on the
distribution characteristics of successive heart period differences. Because beat-to-beat differences
generated by artifacts are large, relative to normal heart period variability, extreme differences
between successive heart periods serve to identify potential artifacts. Critical to this approach are:
1) the derivation of the artifact criterion from the distribution of beat differences of the individual
subject, and 2) the use of percentile-based distribution indexes, which are less sensitive to corruption
by the presence of artifactual values than are least-squares estimates. The artifact algorithms were
able to effectively identify artifactual beats embedded in heart period records, flagging each of the
1494 simulated and actual artifacts in data sets derived from both humans and chimpanzees. At the
same time, the artifact algorithms yiclded a false alarm rate of less than 0.3%. Although the present
implementation was restricted to heart period data, the outlined approach to artifact detection may

also be applicable to other biological signals.

DESCRIPTORS: Heart period, Artifacts, Artifact detection, Heart period artifacts.

Artifacts in recordings of bioelectric signals con-
stitute an inevitable plague on psychophysiological
studies. Clearly, the most effective approach to the
management of artifacts is prevention. Post hoc so-
lutions may require rejection of important seg-
ments of data, or may employ correction proce-
dures that yield only approximations to the ver-
idical values. Even with the most rigorous of re-
cording techniques, however, some degree of arti-
fact is typically encountered in psychophysiological
recordings, and some means of artifact processing
is generally necessary. The most critical aspect of
this processing is artifact identification, because un-
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detected artifacts can often compromise psycho-
physiological data far more than even the crudest
means of artifact correction.

Artifact detection may be straightforward if the
source of the artifact is known and can be inde-
pendently monitored. In some cases, however, the
psychophysiological data itself must be used for ar-
tifact detection. Fortunately, many types of artifacts
have characteristics that differ from the target bi-
ological signals within which they are embedded,
and such differences provide a potential means of
artifact identification. Indeed, these differences may
render many artifacts apparent on visual exami-
nation, and visual screening is often employed for
artifact identification. This approach, however,
may be difficult to quantify, can be time-consum-
ing, may vary with the skills of the examiner, and
can present significant vigilance problems for large
data sets. Consequently, some researchers have
adopted machine-based approaches to automati-
cally flag potential artifacts that exceed a criterion
level on some dimension (Berntson & Boysen,
1989; Cheung, 1981; Linden & Estrin, 1988). Al-
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though this approach is potentially preferable to
visual scanning, its ultimate value depends on: 1)
the selection of a rational criterion (see Rompel-
man, 1986), and 2) a quantitative evaluation of its
performance, relative to the rate of hits, misses, and
false alarms.

The present paper addresses these issues in the
context of heart period data. Although algorithms
for handling artifacts in different biological signals
will be necessarily disparate, common problems
faced by such algorithms suggest some general strat-
egies for artifact detection that may transcend spe-
cific instances. Automated artifact detection would
be possible if a critical dimension could be iden-
tified, along which artifacts and veridical signals
differ. A questionable signal could then be com-
pared against a template of the target signal or di-
mension. If the questionable signal deviated from
the template, it could be flagged as a potential ar-
tifact. Even if the distributions of artifacts and ver-
idical signals were partially overlapping, the target
dimension would still allow the derivation of an
expected probability of an artifact, which could
serve to flag suspect values for further evaluation.
Clearly, the initial phase in such an effort would be
the identification of the features of biological signals
that share the least overlap with artifacts.

A second phase would entail the derivation of a
model or a set of descriptors that characterize ar-
tifacts and veridical signals on the criterion dimen-
sion. The establishment of such a model is com-
plicated by the intrinsic variability of biological sig-
nals, and the descriptors will generally reflect a sto-
chastic, rather than an absolute model of the bio-
logical signal. Hence, distribution indexes may be
critical features of the model, likely including es-
timates of central tendency and variability (or high-
er order moments, Cacioppo & Dorfman, 1987).
For a normal distribution of signals, the mean and
variance may provide optimal indexes. Unfortu-
nately, distributions ot biological signals are often
non-normal (e.g., Jennings, Stringfellow, & Gra-
ham, 1974), and the mean and variance may not
provide an adequate characterization of the distri-
bution. Moreover, because between-subject varia-
bility in psychophysiological systems is often con-
siderably larger than within-subject variability, in-
dexes derived from the broader population would
likely overestimate the variance of signals for a giv-
en subject. Consequently, the performance of ar-
tifact algorithms may be superior if the signai tem-
plate 1s based on distribution indexes derived from
the individual subject. This imposes a further lim-
itation on mean and variance measures. Given that
they may be derived from the subject’s own exper-
imental data, these measures could be seriously cor-
rupted by the very artifacts one wishes to identify.

Heart Period Artifacts

587

In view of these considerations, alternative dis-
tribution indexes may be desirable. Percentile-
based estimates of central tendency and variability,
such as the median and interquartile range, are rec-
ognized to be less sensitive to deviations from the
normal, and to extreme values introduced by ar-
tifacts. For non-normal distributions or artifact-lad-
en records, percentile-based measures may provide
more viable distribution indexes than least squares
procedures.

The final steps in the development of an artifact-
detection algorithm entail a determination of the
optimal criterion placement along the target di-
mension, and an evaluation of its performance. The
criterion placement is not a trivial consideration,
because the expected values of different types of
erroneous classifications may be widely divergent.
The cost of a missed artifact is often considerably
greater than that of a false alarm. A number of sta-
tistical and theoretical models, some perhaps em-
ploying simulated artifacts, could be used to derive
the expected operating characteristics of an algo-
rithm. Although such approaches are often desir-
able, they may not fully capture the diversity of
actual artifacts occurring within biological signals.
Consequently, evaluation of a potential artifact al-
gorithm should probably include actual psycho-
physiological data, representative of those to which
it will ultimately be applied. If the performance
characteristics of the algorithm were expressed in
terms of a signal detection/payoff matrix model, the
relative discriminability of artifacts and veridical
signals, as well as the consequences of varied cri-
terion placements, could be quantitatively speci-
fied. In the present paper, we follow this general
plan of development and evaluation of an algo-
rithm for the detection of artifacts in heart period
records.

Heart Period Data Bases

Subjects

Development and evaluation of the present al-
gorithms was based on a data set of heart period
records from 60 subjects, obtained during perform-
ance on cognitive tasks in two separate studies. All
subjects were male undergraduate students (18-42
yrs), with no reported history of cardiovascular dis-
orders. The present algorithms were also applied to
heart period data of 6 infant chimpanzees (2-5 mo),
derived from a study of the ontogeny of vocal per-
ception (Berntson, Boysen, Bauer, & Torello, 1989).

ECG Data

The ECG was recorded using silver/silver chlo-
ride electrodes secured at thoracic monitor sites and
connected to an Amerec ERM 101 cardiotachom-
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eter. The raw ECG signal was recorded on a Grass
Model 7 polygraph (60 mmy/s), and the pulse output
of the cardiotachometer was coupled to a micro-
computer interface for on-line determination of
heart periods (+ 1 ms).

The human heart period data were derived from
two separate studies of cognitive performance, un-
der typical laboratory conditions (Ns = 20 & 40
for Experiments 1 & 2, and baseline heart periods
= 810.2 ms=+69.4 SD and 888.5 ms+67.1 SD, re-
spectively). To equate each subject’s contribution
to the overall data set, and avoid biases related to
individual differences in baseline heart periods,
analyses were based on the first 256 beats from each
subject (yielding a total of 15,360 beats).

In addition to the raw heart period data, heart
period records were edited to provide a correspond-
ing artifact-free data set. We employed a highly con-
servative approach in this editing to ensure that the
resulting data were accurate and artifact-free. First,
the raw polygraph recordings were closely exam-
ined for the presence of electrical or movement-
related noise, which could yield spurious R-wave
detections. In addition, beat-by-beat heart periods
were graphically displayed, and deviant values were
checked and corrected, if necessary, by measure-
ments from the polygraph record. As a final screen-
ing, potential artifacts in the heart period records
were flagged off-line by the computer system, as
beats that deviated from either of the surrounding
periods by more than 30%. Again, all suspect values
were verified or corrected. This redundant combi-
nation of manual and automated screening served
to increase our confidence in the integrity of the
resulting edited data. These methods identified a
total of 33 (0.2%) artifacts across all subjects (4 due
to failures to detect actual beats, and 29 due to
spurious triggering on an ECG artifact).

In addition to the raw and the edited heart pe-
riod data, one further transformation of this data
set was employed, which entailed the systematic
introduction of simulated artifacts. This served to
increase the total number of artifacts in the records,
and ensure that a balanced sampling of potential
artifacts could be examined. For each subject, 10
simulated missed beats and 10 simulated artifactual
beat detections were introduced into the edited
data. Missed beats were simulated by summing ad-
jacent heart periods, and extra beats were intro-
duced by splitting given heart periods into two spu-
rious interbeat intervals. The temporal position of
each of these extra beats within the actual heart
period was randomly determined to yield a ratio of
the two resulting beats ranging from 1:1 to 1:9. The
location of the artifacts within the serial stream of
heart periods was determined by a constrained ran-
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dom procedure which, for the primary analysis, pre-
cluded immediately adjacent artifacts’. Overall,
this approach yielded a total of 1200 simulated ar-
tifacts, which corrupted approximately 7.8% of the
heart periods. We also examined an equivalent set
of simulated artifacts, in which 50% of the artifac-
tual values immediately followed another artifact.
Performance of the artifact algorithms was also
evaluated by application to heart period data of
infant chimpanzees. These data were included to
broaden the range of species and experimental test
conditions. The data were derived from a study of
reactive heart rate changes to discrete acoustic stim-
uli. Evoked cardiac responses to the stimuli entailed
both acceleratory and deceleratory changes, and no-
table somatic movements were elicited in some cas-
es. Baseline heart periods of the chimpanzees were
considerably shorter than those of the human sub-
jects (mean heart period = 353.5 ms=*37.8 SD).
ECG and heart period data were processed as out-
lined above, except that simulated artifacts were not
employed. In view of the smaller number of animal
subjects tested, the present evaluation was based on
all available data (17,361 heart periods over the 6
animals). The editing process outlined above iden-
tified 261 artifacts (1.5%) in the raw data files.

Artifact Identification

The initial step in the development of an arti-
fact-detection algorithm is the identification of a
critical dimension along which artifacts and ver-
idical signals differ. Given that the cardiac beat is
a quantal event, only two types of artifacts arise in
heart period data. The monitoring system may
either fail to detect an actual beat, or may spurious-
ly report a nonexistent beat. A QRS complex that
is not detected will result in a measured interbeat
interval that is comprised of two actual heart pe-
riods, and the resulting spurious period will be ex-
actly twice the mean of the two actual beats (or
more if consecutive beats fail to be detected). In
contrast, if an artifact results in the false detection
of an R-wave within two actual QRS complexes, at

'These constraints for the simulated artifacts were con-
servative. One of the spurious beats resulting from the
division of a normal heart period becomes progressively
shorter, and thus more easy to detect, as the ratio of the
resulting beats deviates from 1:1. The constraint against
two adjacent simulated artifacts was to permit beat-to-
beat deviations resulting from artifacts to be tested against
the normal heart period variability of the surrounding
beats. Sequentially contiguous artifacts were present in the
unedited data files, and were also tested in an adaptation
of the simulated artifact files, which permitted explicit
evaluation of various sequential combinations of artifacts.
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Table 1

Effects of artifacts on estimates of central tendency, variance, and
criterion indexes of successive heart period differences

Experiment Mean SD Median  Quart Dev* MAD® MED-
Edited Data
I (N=20) 0.0 56.9 0.5 35.2 2223 116.9
2 (N=40) 0.0 57.4 0.6 35.8 253.4 118.9
Unedited Data
1 (N=20) 0.0 65.7 0.1 35.7 221.7 118.5
2 (N=40) 0.0 60.0 0.6 35.8 253.6 118.9
Simulated Artifacts
1 (N=20) 0.0 280.2 -0.2 46.2 214.4 153.4
2 (N=40) 0.0 308.3 0.1 46.3 245.6 153.7

Note.—Data shown are the average values (in ms) for standard and percentile-based
indexes of central tendency and variability of beat-to-beat heart period differences.

*Quartile Deviation= Interquartile range/2.

®Minimal expected beat difference associated with an artifact.
°Maximal expected beat difference between veridical beats.

least one of the two resulting spurious interbeat in-
tervals would be equal to or less than one-half of
the actual heart period value. Because these artifact-
related changes in period are large relative to nor-
mal beat-to-beat heart period variability (Table 1),
this may serve as a criterion dimension for artifact
identification. The remaining problem is to derive
a sufficiently accurate, and statistically defensible
expected value for the target interbeat interval,
against which the measured value could be com-
pared. The subject’s average heart period provides
one such estimate. Heart periods, however, are
often subject to notable tonic and phasic trends as-
sociated with drifting baselines, respiratory sinus
arrhythmia, or event-related phasic heart period re-
sponses. Consequently, the averaged interbeat in-
terval over a long epoch may be a poor predictor
of an individual beat within that epoch.
Prediction of a given heart period could be im-
proved by a knowledge of the interbeat intervals
occurring close in time to the target beat. If a tem-
poral epoch were short relative to the time course
of tonic and phasic baseline changes, the mean
heart period within this local epoch would provide
an estimate of the individual beats that was less
confounded by baseline changes. In this case, the
predicted value would be limited primarily by beat-
to-beat heart period variability, with minimal in-
fluence of slow baseline drifts or more rapid phasic
responses. Indeed, physiological constraints on the
rate of change of heart period may render the 1m-
mediately prior and subsequent beats the best pre-
dictors of an intervening target beat. Based on this
model, an index of the error of prediction could be

obtained from the average difference between suc-
cessive heart periods. Comparing beat-difference
measures of heart period variability to convention-
al measures of variance, Heslegrave, Ogilvie, and
Furedy (1979) reported that a beat-by-beat differ-
ence measure was less contaminated by linear
trends in heart period data, and yielded the lowest
overall variance.

The superior predictive ability of local heart pe-
riods is documented by analysis of the edited (ar-
tifact-free) data from the 60 human subjects of the
present study. For each subject, the error of esti-
mate for individual heart periods was obtained as
the average absolute deviation of each beat from
the mean for that subject, from the median, and
from the immediately surrounding interbeat
intervals®. Results indicated that the immediately
surrounding interbeat intervals (IBIs) were a sig-
nificantly better predictor of individual heart pe-
riods than was the overall mean or median (average
error of prediction from surrounding IBIs = 31.5
(£0.33) ms; from the mean IBI = 54.1 (£0.38)
ms; and from the median IBI = 53.6 (£0.37) ms;
paired ¢'s(59)>7.0, p<<.001).

The surrounding beats may therefore offer the
most viable expected value for a target beat, and
the disparity between the actual and predicted beats

2A least squares procedure may have some statistical
advantages over an absolute difference method. However,
the effects of extreme heart period values generated by
artifacts tend to dramatically corrupt the mean and least
squares estimates of variance, rendering medians and ab-
solute differences more appropriate in the present context.
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could be expressed as the average difference score
between successive heart periods. Consequently, a
measure of the normal beat-to-beat differences, to-
gether with an estimate of the variance of this meas-
ure, may offer a means of detecting the presence of
artifactual beats within a serial stream of heart pe-
riod data. This approach would be viable to the
extent to which the distribution of differences as-
sociated with veridical beats and that associated
with artifacts are non-overlapping. Fortunately,
beat differences associated with artifacts are large
relative to normal heart period differences. Thus,
average beat-to-beat heart period differences of the
present 60 human subjects (edited data) had an
overall mean of 0.0, and a standard deviation of
57.2. Given this standard deviation, and assuming
a normal distribution of differences, over 99 percent
of successive beat differences would be less than
133 ms. In contrast, expected differences resulting
from artifacts are considerably larger. For a typical
800-ms period containing an artifactual beat, at
least one of the resulting spurious beats would be
400 ms or shorter. This yields an expected beat-to-
beat difference (from surrounding normal beats) of
400 ms or greater. Similarly, a missed beat would
yield a spurious heart period of about 1600 ms,
which would differ from normal surrounding beats
by an average of 800 ms.

In summary, artifacts in ECG records yield high-
ly deviant heart periods, and resulting beat-to-beat
heart period differences are large relative to normal
heart period variability. Beat-to-beat differences in
heart period thus may provide a critical dimension
for artifact identification.

Artifact-Detection Criteria

ECG artifacts could be reliably detected by ob-
taining accurate estimates of the largest expected
beat difference among normal beats, and the small-
est expected difference associated with an artifact,
and determining whether the former is smaller than
the latter. Obtaining an accurate estimate of normal
beat-to-beat differences, however, can be problem-
atic. In the absence of artifacts, arrhythmias, or lin-
ear trends in heart periods over the test interval,
the distribution of beat-to-beat differences is ap-
proximately normal, with a mean of zero. Figure 1
illustrates this distribution for the 60 human sub-
jects. Although slightly leptokurtic (kurtosis=4.19),
the distribution approximates the normal. Under
these conditions, the mean and standard deviation
represent viable distribution indexes. Unfortu-
nately, linear trends in the heart period data, or
exaggerated beat differences associated with arti-
facts, can render the distribution of differences non-
normal, and can grossly distort the variance and
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Figure 1. Distribution of beat differences over all sub-
jects. To normalize differences in overall heart period var-
iability, data for each subject were converted to z-score
values prior to averaging. A corresponding normal dis-
tribution is shown for reference.

standard deviation. Consequently, alternative dis-
tribution indexes, which are less sensitive to the
extreme values generated by artifacts, may be pref-
erable. Candidate measures include the median,
and a percentile-based index of variability, such as
the interquartile range (IQ) or the quartile deviation
(QD=1Q/2). Percentile-based distribution meas-
ures are characteristically less sensitive to extreme
scores, and thus may provide superior estimates of
the distribution of normal beat differences within
artifact-laden records.

Although the mean beat-to-beat difference is
minimally affected by the presence of artifacts, ar-
tifacts can grossly distort the standard deviation of
heart period differences (Table 1). In contrast to
marked effect on the standard deviation, however,
a moderate level of artifacts yields minimal distor-
tion of quartile-based estimates of variance (Table
1). Given that it is minimally corrupted by the pres-
ence of artifacts, the quartile deviation (QD) may
serve as a viable index of variance of normal heart
period differences, even within artifact-laden rec-
ords.

The following identity holds for a normal dis-
tribution:

. . Quartile Deviation
Standard Deviation 0.675

=1.48 - Quartile Deviation

where 0.675 is the z-score associated with the quar-
tile. Thus, an estimate of the standard deviation
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can be derived from the QD, and this quartile-based
estimate agrees well with the standard deviation of
beat differences for the artifact-free data set from
the 60 human subjects (QD-based estimate of SD=
52.7, actual SD=157.2). Unlike the standard devia-
tion, which is seriously distorted by the presence of
artifacts, this quartile-based estimate continues to
provide a reasonable predictor of the standard de-
viation of normal beats in the artifact-laden data
set (QD-based estimate=68.5, SD=298.9). Inas-
much as percentile-based indexes are considerably
less sensitive to artifacts than are those derived
from least-squares procedures, they offer more vi-
able estimates of the distribution of the non-arti-
factual beats in heart period records.

For a normal distribution of beat differences,
values within the range + 3.32:QD (2.24 SD) would
encompass approximately 97.5% of all beat-to-beat
differences. Because non-artifactual heart period dif-
ferences are approximately normally distributed,
this value, the Maximum Expected Difference
(MED) for non-artifactual beats, could serve as one
index for artifact identification:

MED=3.32-QD

The MED index is conservatively biased toward the
detection of artifacts, and would flag 2.5% of ver-
idical beats in a normal distribution of artifact-free
heart periods (it flagged 3.8% of the beats in the
present edited data set).

An additional index of the minimum expected
difference score associated with artifacts would also
be desirable. The difference scores associated with
missed beats are considerably larger than those re-
lated to spurious extra beats. The artifactually long
period generated by a missed beat is equal to the
sum of the two constituent beats, and yields an ex-
pected beat difference (from normal surrounding
beats) equal to one heart period. In contrast, a spu-
rious extra beat yields two resultant periods, and
the consequent beat differences may be only one
third of the normal interbeat interval (see Figure
2). Thus, it is the spurtously detected extra beats
that determine the lower limit for a minimal ex-
pected artifact-related difference score. Two beat-
difference comparisons are relevant for each of the
two resulting artifactual periods, these are between:
1) the preceding beat and the artifactual beat, and
2) the artifactual beat and the subsequent beat. In-
asmuch as an extreme value obtained on either of
these two comparisons could be used to identify the
artifact, the largest of the two resulting differences
is most relevant for artifact detection. Given this
consideration, it can be shown (Figure 2) that the
smallest beat difference generated by a spuriously
detected R-wave complex would arise when the ar-
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Figure 2. Expected beat-to-beat heart period differ-
ences generated by spuriously detected R-waves, as a func-
tion of the location of the artifact within the heart period.
For illustration, beat differences are expressed as a ratio
of the original heart period (left axis), and as a change
(ms) from a standard 1000-ms period (right axis). The top
graph illustrates the heart period differences associated
with each of the three relevant beat difference compari-
sons resulting from the spurious detection of an R-wave.
Two beat differences are associated with each of the two
resultant spurious periods, and an extreme value on either
of these comparisons would serve to flag the target beat.
The largest of the two resultant difference scores, for each
artifactual period, is plotted on the bottom graph. (Al and
A2 indicate the first and second resultant artifactual beats.
PRE and POST designate the prior and subsequent nor-
mal beats).

tifact divided the actual beat by a 1:2 ratio (i.e., fell
at either one-third or two-thirds of the interbeat
interval)®. In view of these considerations, an es-
timate of the Minimal Artifact Difference (MAD)
would be:

MAD = Shortest expected veridical beat/3

3Actually, three relevant differences emerge, between:
1) the prior beat and the first artifactual beat, 2) the first
artifactual beat and the second artifactual beat, and 3) the
second artifactual beat and the subsequent beat. Given
that an extreme difference on any of these three compar-
isons would serve to identify the artifact complex, a 50%
division of the heart period could also be used as the basis
for an artifact criterion. The 1:2 split represents a more
conservative basis for a criterion, however, because it
would serve to flag each of the resulting artifactual beats.
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where SEB is the shortest expected veridical beat,
estimated as follows:

SEB = Median Beat — 2.9 + Quartile Deviation

For a normal distribution, SEB would be smaller
than 97.5% of all heart periods. Thus:

MAD = (Median Beat — 2.9 - QD)/3

Although the MAD index nominally covers only
97.5% of artifact-related beat differences, it consti-
tutes a rather conservative index for two reasons.
First, the QD is slightly inflated by the presence of
artifacts (see Table 1), and thus would tend to un-
derestimate the value of the shortest beat. Secondly,
only a 1:2 split of a heart period yields a difference
value as small as MAD, any other artifact location
would result in a greater beat difference. Thus, there
remains only a vanishingly small probability of an
artifact generating a beat-difference less than MAD.

As long as the maximum expected difference
score for veridical beats (MED) is smaller than the
minimum expected difference score associated with
an artifact (MAD), these two indexes should serve
to differentiate artifacts from veridical beats. A rea-
sonable placement of a criterion difference score
might be midway between MED and MAD. The
criterion difference score would then be:

Criterion Beat Difference = (MAD+MED)/2

Evaluation of the Criterion Dimension

Figure 3 illustrates the overall distribution of
beat differences, relative to the criterion score, for
veridical beats and for beat differences associated
with artifact complexes in the present human data
sets. As is apparent, the distributions are well sep-
arated, although slight overlap occurred in the tail
regions. These data support the viability of the beat-
difference measure in differentiating artifacts from
veridical signals®. Moreover, the criterion difference
score, described above, offers a rational means for

“An a priori basis for the selection of a criterion di-
mension was available in the present effort. For other
psychophysiological signals, however, such may not be the
case. In these instances signal detection analyses may be
helpful in identifying candidate dimensions with high dis-
criminability. The derivation of the parametric index 4’
assumes that the differences associated with veridical
beats and artifacts are normally distributed, and have
equal variance. However, this may not be the case, so a
more appropriate estimate of discriminability might be
the nonparametric measure A’ (Norman, 1964; Craig,
1979). This analysis requires at least some degree of over-
lap between artifacts and signals (Caldeira, 1980). In the
absence of such overlap, however, analysis would be un-
necessary.
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Figure 3. Distributions of absolute successive beat dif-
ferences associated with veridical heart periods and arti-
facts. Data are expressed as a ratio of the beat difference
to the criterion difference score. For artifactual beats, the
graphs illustrate the largest difference scores generated by
the spurious beats.

selecting a criterion placement along this dimen-
sion. This criterion difference score proved highly
effective in identifying artifactual heart periods in
the present human data sets, with each of the 1200
simulated artifacts and the 33 actual artifacts yield-
ing beat differences that exceeded the criterion. The
criterion difference score was highly conservative,
however, and although it identified every artifact
complex in all records, it also yielded a low rate of
false alarms. A total of 0.73% of the veridical beat
differences exceeded criterion in the simulated ar-
tifact data, 0.95% in the unedited data, and 0.94%
in the edited data. These false alarm rates were sim-
ilar for the two experiments that comprised the
present data sets (1.03% overall for Experiment 1,
and 0.79% for Experiment 2).

As discussed above, the MAD value (minimum
artifact deviation) should ideally be larger than the
MED index (maximum expected deviation of ver-
idical beats) to maximize discrimination. This was
the case for each of the 60 subjects’ edited data.
Inflation of the MED index by artifacts, however,
resulted in the reversal of these values in one sub-
ject’s unedited data, and in 4 of the 60 simulated
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Table 2

Performance of the criterion index as a
Junction of MAD-MED differences

MAD-MED Number of
Difference Subjects p(HIT) P(FA)
Edited Data
<0 0 - -
0-49 5 - .051
50-99 15 -~ .010
100-149 21 - .004
>150 19 - .003
Overall 60 - .009
Unedited Data
<0 1 1.0 .094
0-49 4 1.0 .037
50-99 15 1.0 011
100-149 22 1.0 .004
>150 18 1.0 .003
Overall 60 1.0 009
Simulated Artifacts

<0 4 1.0 .042
0-49 15 1.0 .008
50-99 17 1.0 .005
100-149 18 1.0 .003
>150 6 1.0 .003
Overall 60 1.0 007

artifact files. These cases raise a question concern-
ing the appropriate placement of the criterion, rel-
ative to the MED and MAD indexes. Even in in-
stances where MED was larger than MAD, how-
ever, the midpoint criterion detected all artifacts,
although at the expense of an increase in false
alarms (Table 2). The rate of false alarms was thus
dependent on the MAD-MED difference for that
subject (see Table 2), with small MAD-MED dif-
ferences, or a MED value larger than MAD, yield-
ing much higher false alarm rates.

In view of the conservative nature of the artifact
criterion, a reduced incidence of false alarms could
be achieved by lowering the criterion. An additional
consideration in setting the criterion level, how-
ever, is the payoff matrix related to the expected
value of false alarms vs. artifacts (Green & Swets,
1966). The cost of a missed artifact is often sub-
stantially greater than that of a false alarm. This is
especially true in the present application, where
false alarms could be eliminated by post-hoc eval-
uation of flagged beats. These considerations dictate
a downward shift of the criterion. To further ex-
amine the performance of the algorithm at various
criterion placements, the simulated artifact data
were reanalyzed at different criterion positions
within the MAD to MED interval (at 0% (MAD),
25%, 50%, 75%, and 100% (MED)).

Heart Period Artifacts

593

Figure 4. False alarm surface illustrating the false
alarm rate as a function of the criterion setting (from
MAD to MED), and the MAD-MED difference.

All artifacts were detected for all subjects at eve-
ry criterion placement, although false alarm rates
varied. As expected, the highest false alarm rates
were seen with the lowest criterion placement, and
for subjects with MAD indexes that were lower than
MED values. Figure 4 illustrates the relationships
among false alarm rate, MAD-MED differences,
and criterion placement. Although the false alarm
surface in this figure indicates that a variable cri-
terion setting based on the MAD-MED difference
could further minimize false alarms, the 50% cri-
terion value provides a reasonably low false alarm
rate at all MAD-MED differences.

The sensitivity of the criterion (50% of the
MAD-MED interval) to successive artifacts was
confirmed by application of the algorithm to an
additional simulated artifact set in which half of
the artifacts appeared on adjacent beats. Perform-
ance was comparable to that described above, and
each artifact complex was identified (at a cost of
0.8% false alarms).

To provide an additional test of performance,
the beat-difference criterion (50% of the MAD-
MED interval) was also applied to a heart period
data set derived from infant chimpanzees (17,361
heart periods from 6 animals). Based on the editing
process described above, the raw records were
known to contain 52 isolated artifacts (24 long pe-
riods due to undetected R-waves, and 28 short pe-
riods related to spurious R-wave detections). In ad-
dition to these isolated artifacts, the raw records
also contained 75 artifact complexes, comprised of
various combinations of two or more sequential
artifacts (yielding a total of 209 artifactual periods).
Collectively, these artifacts corrupted approximate-
ly 1.5% of the heart periods in the raw records. As
with the human data, the beat-difference criterion
was highly effective in identifying artifacts, flagging
each of the 261 artifactual values. Some false alarms
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were again evident, with 51 veridical heart periods
(0.29%) exceeding criterion in the unedited data,
and 54 (0.31%) emerging from the edited data files.

Given that slight overlap can exist in the tail-
regions of the beat-difference distributions associ-
ated with artifacts and with veridical beats (Figure
2), some false alarms may be inevitable. This is
especially true if a conservative criterion is em-
ployed in order to avoid missed detections of actual
artifacts. Post-identification processing of flagged
beats could reveal false alarms, whereas an actual
artifact that is not detected could substantially dis-
tort the final data. Given the low rate of false alarms
emerging from the criterion in the present data sets,
only 3-10 beats out of 1000 would require further
evaluation.

Identification of False Alarms

The artifact criterion yielded a low rate of faise
alarms, and these erroneously flagged beats could
be so identified by direct measurements from poly-
graph records or digitized ECG data. An automated
alternative could further reduce the required man-
ual effort. Such an approach is feasible by virtue of
an important property of artifacts. Artifacts can
often be corrected, either precisely or to a close ap-
proximation, by rather simple procedures. Thus, a
spuriously detected R-wave results in two artifac-
tual beats, with no loss of information. If these re-
sultant spurious beats are added together, the true
heart period will necessarily be restored. Moreover,
the restored heart period should yield beat differ-
ences that fall within the criterion outlined above.
Similarly, if an R-wave was not detected, the re-
sulting spurious heart period would be the sum of
the periods of the constituent beats. Although, in
this case, information is lost on the precise temporal
location of the missed beat, dividing the artifactual
beat in half would provide a close approximation
to the original values. The resulting heart period
differences should pass the beat-difference criterion.
In contrast, false alarms do not generally evidence
this property. Indeed. of the 143 false alarms flagged
by the artifact-criterion in the edited human data-
sets, none could be so “corrected,” and this differ-
ence between artifacts and false alarms may serve
as the basis for post hoc identification of false
alarms. This distinction, however, does not nec-
essarily hold for false alarms surrounded by arti-
facts.

Implementation and False Alarm Detection

The present algorithms are designed for off-line
processing, with the entire sample of heart periods
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Figure 5. Flow diagram of the START program, which
checks for criterion-level beat differences. If a criterion
difference is found, an artifact flag is set, and the integrity
of the prior beat difference is evaluated. If the prior beat
difference is within criterion, the program then determines
whether the criterion-level difference was due to the pres-
ence of a long beat or a short beat, and control is then
passed to the appropriate subroutine.

available for derivation of the artifact criterion®.
Flow charts illustrating the present implementation
are shown in Figures 5-7. The first step of the
START program (Figure 5) increments a beat
pointer and then compares the absolute beat dif-
ference between that heart period and the next
against the artifact criterion. If the beat difference
is within criterion, the program increments the beat
counter and continues evaluation of subsequent
beats. If the beat difference exceeds the criterion,
however, an artifact flag is set, and the program
proceeds to evaluate the possibility of a false alarm.

A potential false alarm can best be evaluated if
the surrounding beats are non-artifactual. The first
step of false alarm processing is thus a test of wheth-
er the prior beat difference was within criterion. If
not, the artifact flag remains set, and the program
returns to the testing of subsequent beat differences.
If the prior beat difference is within criterion, the
program then determines whether the target beat
difference was associated with a missed beat or the
spurious detection of an extra beat. This is accom-
plished in the final portion of the START program.
The occurrence of a missed beat is identified by the

SAn on-line implementation is also possible. In this
case the artifact criterion could be periodically updated
by the accumulating beats, or calculated over a discrete
time window. For most applications, however, there
would probably be little advantage to such an approach.
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Figure 6. Flow diagram of the LONG BEAT routine,
which eliminates false alarms associated with long, but
non-artifactual periods. The initial step tests the integrity
of the subsequent beats, by applying the beat difference
criterion. If these beats fail to pass the criterion, the rou-
tine returns control to START. Otherwise. the target beat
is divided in half, and the resulting periods are tested
against the immediately surrounding beats. If the split
beat is now too short, relative to each of the surrounding
beats, the artifact flag is turned off, and a false alarm flag
is set. Control is then returned to START.

direction of heart period change associated with the
target beat difference. If the artifact was a missed
beat, the target beat difference should reflect a cri-
terion-level increase in heart period. If this condi-
tion is fulfilled, control passes to the LONG BEAT
routine, otherwise it goes to SHORT BEAT.

The LONG BEAT routine is illustrated in Figure
6. The first step further evaluates the integrity of
the surrounding beats, by comparing the difference
of the two beats after the artifact against the cri-
terion. If this test is not passed, control passes back
to START, with the artifact flag remaining set. If
passed, the routine then determines whether the
beat can be “corrected.” The long beat is divided
in half, and resulting beat differences are tested
against the criterion, relative to the surrounding
beats. A long but non-artifactual beat (false alarm),
when so divided, will frequently yield resultant
beats too short to meet criterion. In this case, the
program declares the long beat a false alarm, turns
off the artifact flag, turns on a false alarm flag, and
passes control to START. In contrast, a long arti-
factual beat comprised of two heart periods would
yield resultant split beats that approximate the nor-
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mal periods, and thus would meet criterion. In this
case, control returns to START with the artifact flag
remaining set.

Although beat difference criterion tests are gen-
erally based on absolute differences, a directional
test is employed in LONG BEAT. That is, the fou-
tine asks whether the difference between one half
of the long beat (X in Figure 6) and the prior beat
(B, ) exceeds the criterion and that the value (X —B,)
is negative. This captures the false alarm condition
outlined above, should the split beat now be too
short. A similar test is applied to the subsequent
beat (X — B,). If both of the split beats are too short,
the routine declares the beat a false alarm, turns off
the artifact flag, and sets the false alarm flag. Other-
wise, the artifact flag remains set. Control then re-
turns to START. The directional criterion test is
important to deal with a failure of the acquisition
system to detect two or more consecutive R-waves.
In that event, the resultant artifactual beat could be
of sufficient duration to yield split beats that are
still too long to meet criterion. Thus, the program
adopts the conservative approach of declaring a
false alarm only if: 1) the target beat is too long to
meet criterion, and 2) the resultant split beats are
too short to meet criterion for both the prior and
subsequent beats. The latter also preciudes con-
found from the failure of the acquisition system to
detect two, or more, alternate R-waves.

The SHORT BEAT routine, illustrated in Figure
7, follows a similar conceptual approach to LONG
BEAT. As with LONG BEAT, the SHORT BEAT
routine further tests the integrity of the surrounding
beats by applying the difference criterion to the two
beats after the artifact. If this test is not passed, the
artifact flag remains set, and control returns to
START. Otherwise, processing continues. In fact,
this initial step serves to exclude many extra-beat
artifacts from further consideration, because spu-
riously detected R-waves result in two artifactual
beats, which frequently yield three successive cri-
terion-level beat differences. A false alarm sur-
rounded by non-artifactual beats could thus pass
this initial screening, as could one class of artifacts—
those in which the spuriously detected R-wave fell
near the beginning or end of the heart period. In
such cases, one of the resultant artifactual periods
could be extremely short, and therefore exceed cri-
terion, whereas the second remains close to the true
period. Subsequent steps of SHORT BEAT differ-
entiate false alarms from this type of artifact.

If an artifact arose from the spurious division of
an actual heart period, the true heart period could
be restored by summing the two artifactual beats,
and the restored beat should pass relevant beat dif-
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Figure 7. Flow diagram of the SHORT BEAT routine.
This routine eliminates false alarms associated with short,
but non-artifactual periods. The initial step tests the in-
tegrity of the subsequent beats, by applying the beat dif-
ference criterion. If these beats fail to pass the criterion,
the routine returns control to START. Otherwise, the tar-
get beat 1s added to the shortest surrounding heart period,
and the resulting period is tested against the immediately
surrounding beats. If the summed period is now too long,
relative to each of the surrounding beats, the artifact flag
is turned off, and a false alarm flag is set. Control is then
returned to START.

ference criterion tests. In contrast, a false alarm
often cannot be added to either of the surrounding
beats without generating a resultant beat that is now
too long. Therefore, SHORT BEAT adds the target
beat to the shortest of the two immediately sur-
rounding heart periods. If the resulting beat is now
too long to meet the beat difference criterion, rel-
ative to its surrounding beats, SHORT BEAT de-
clares it a false alarm, turns the artifact flag off, sets
the false alarm flag, and returns control back to
START. For reasons paralleling those outlined
above, a directional criterion test is also used here;
the resultant summed beat must fail to meet cri-
terion because it is too long. Thus, if multiple extra
beats were detected within a single heart period, the
sum of two of the resulting artifactual periods may
still be unable to pass criterion. In this case, how-
ever, the summed beat will fail because it 1s too
short. Hence, it would not be declared a false alarm.
SHORT BEAT further requires that a resultant
summed beat be too long for both the prior and the
subsequent beats. This precludes complications
from spurious R-wave detections that occur over
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successive beats, and yield a series of artifactually
short beats, all of which are within criterion differ-
ence from each other. Summing the first two such
artifacts would then restore a normal beat that is
now too long for the subsequent artifactual beat. It
would not be too long for the prior beat, however,
and thus would not be declared a false alarm.

The performance of these false alarm algorithms
was tested on the present data sets. As indicated
above, the beat-difference criterion set 143 artifact
flags for the edited human data. Of these, 121 (85%)
were correctly eliminated by the false alarm algo-
rithms, whereas the remaining escaped detection
and thus continued to be flagged as potential arti-
facts. Thus, the final false alarm rate in the edited
data set was reduced from 0.94% to 0.14% (0.29%
for Experiment | and 0.06% for Experiment 2). The
presence of artifacts would be expected to have two
effects on false alarm detection. First, they would
raise the criterion for false alarm identification (by
increasing the beat-difference criterion). Secondly,
if an artifact is proximate to a target beat, it may
preclude application of the false alarm algorithms
to this beat by violating the requirements for prior
and subsequent beat differences. These expectations
were born out by the lower proportion of false
alarms that were able to be eliminated (59%) in the
simulated artifact files. Consequently, a slightly
higher residual false alarm rate (0.24%) emerged
from the simulated artifact files (0.35% for Exper-
iment 1 and 0.19% for Experiment 2). Because of
the lower incidence of artifacts in the unedited data
files, false alarm identification in these data was
comparable to that in the artifact-free files (85%),
yielding a residual false alarm rate of 0.14% (0.24%
for Experiment 1 and 0.08% for Experiment 2). Im-
portantly, none of the 1200 simulated artifacts or
the 33 actual artifacts were misclassified as false
alarms.

A comparable level of performance was obtained
for the chimpanzee data. Of the 54 false alarms
(0.31%) in the edited data, 33 were eliminated by
the false alarm algorithms, yielding a residual false
alarm rate of 0.12%. Similarly, of the 51 false alarms
(0.29%) in the unedited data, 32 were eliminated,
yielding a residual false alarm rate of 0.11%. Again,
in no case did the false alarm algorithms reset an
artifact flag for an actual artifact.

The false alarm algorithms thus yielded a sub-
stantial reduction in the number of spuriously
flagged beats that would otherwise necessitate fur-
ther evaluation. The vast majority of residual false
alarms came from a few subjects with small or neg-
ative MAD-MED differences. Importantly, the false
alarm algorithms constitute conservative tests,
which did not spuricusly exclude any of the 1,494
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actual or simulated artifacts in the present data sets.
Although rendered less efficient by the presence of
a large number of artifacts, this change in efficiency
is in a conservative direction. Fewer false alarms
are excluded in the presence of artifacts.

Further Considerations and Limitations

A critical requirement of the present algorithms
is that beat differences come from successive heart
periods. With discrete-trial studies, a single crite-
rion could still be applied to the entire set of trials.
In this case, however, the population of difference
scores used to calculate the criterion must be based
only on within-trial beat differences. An issue that
arises in this context is the optimal epoch or time
window for calculating the beat-difference statistics
that are used in deriving the artifact criterion. Clear-
ly, the selected time window must be sufficiently
long to afford an adequate sampling of beat differ-
ences. On the other hand, heart period variability
may increase with increasing heart period level
(Porges, McCabe, & Yongue, 1982). This was con-
firmed by the significant positive correlation be-
tween baseline heart period and beat-to-beat dif-
ferences observed in the present study (r=.59, p<
.001). Although this suggests that experimental con-
ditions yielding different baseline heart periods
should perhaps be tested separately, the regression
function relating beat differences to heart period
level has a shallow slope:

Median ABS(Beat Difference) =
.058 - Median Heart Period —14.6

Thus, separate criterion calculations should be nec-
essary only over extreme within-subject shifts in
heart period. Between-subject differences are al-
ready accounted for, because the criterion differ-
ence is based on individual data.

Although percentile-based estimates of heart pe-
riod variability are much less sensitive to artifacts
than the standard deviation, they are not immune
to bias. The presence of a large number of artifacts
in heart period records inflates the artifact criterion.
and renders the differentiation of false alarms more
difficult. The present algorithms performed well at
the 7.8% artifact rate of the simulated artifact files,
although they probably should not be applied to
artifact levels much higher than this without further
validation. This imposes minimal restriction, be-
cause artifact rates approaching or exceeding 10%,
except under extreme conditions, likely reflect poor
recording techniques, a marginal ECG acquisition
system, or both.

Other caveats also arise in the application of the
present algorithms. The performance of the algo-
rithms was clearly superior when MAD-MED dif-
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ferences were large and positive (low heart period
variability). Consequently, although the beat dif-
ference criterion is highly conservative, caution
should nonetheless be exercised in applications to
subjects with high heart period variability, as in-
dexed by negative MAD-MED differences. This
would be of particular concern in conjunction with
a high artifact rate.

Although the present algorithms can greatly re-
duce the tedium, and likely increase the accuracy
of artifact identification, no automated system
should ever completely replace careful attention to
the raw ECG records. Noisy baselines or a low-
amplitude ECG may indicate inadequate elec-
trodes, electrode placements, or site preparation.
An abnormal ECG or dysrhythmia might be the
basis for exclusion of the subject, because cardiac
arrhythmias could appear as artifacts to the present
algorithms. In an isolated instance, such an out-
come would not be problematic. Indeed, abnormal
beats probably should not be left in the data. On
the other hand, an excessive number of such ab-
normal beats would raise a question about the ap-
propriateness of the subject.

Finally, the present algorithms do not strictly
identify artifacts, they flag extreme beat differences
that might be associated with artifacts. An extreme
beat difference score is not informative as to which
of the two contributing beats is deviant. That may
require reference to the surrounding heart periods.
Related to this point, a special consideration applies
to a specific class of successive artifacts. Spurious
beat detections occurring at similar locations within
successive heart periods, although unlikely, could
yield a consecutive series of similar artifactual heart
periods, with the beat differences among these ar-
tifacts not exceeding criterion. This set of artifacts
would be detectable by the present algorithms, be-
cause the first of such artifacts would yield a cri-
terion beat-difference, as would the last. However,
if the present program is allowed to run unattended,
it becomes important to also check beats imme-
diately surrounding the flagged heart periods. A
more optimal approach would be an interactive im-
plementation, in which artifacts are resolved as they
arise in the heart period data. This would ensure
the integrity of the preceding beat, against which
the subsequent target beat would be compared.
Consequently, each artifact within the sequence
would be appropriately flagged. An interactive im-
plementation also has an additional advantage. If
artifacts are resolved in the sequence in which they
arise, they would not preclude the evaluation of an
immediately following criterion difference as a po-
tential false alarm. This could appreciably increase
the elimination of spuriously flagged beats, espe-
cially in data that are highly infested with artifacts.
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Overview

Based on the distribution characteristics of suc-
cessive heart period differences, the present artifact
detection algorithms were able to effectively iden-
tify artifactual heart periods embedded in heart pe-
riod records. Each of the 1494 simulated and actual
artifacts in the present data sets were appropriately
flagged by the artifact criterion. The general ap-
proach is somewhat similar to that previously de-
scribed by Cheung (1981). However, because the
artifact criterion is tailored to the individual sub-
ject, the present approach does not require as-
sumptions concerning normal beat-to-beat vari-
ance, and is applicable over a wider range of heart
period variability. Also critical to the performance
of the present algorithms is the use of percentile-
based distribution indexes, which are less sensitive
to corruption by the presence of artifacts than are
least-squares estimates.
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Although the criterion was highly effective in
identifying artifacts, it yielded a low rate of false
alarms (0.3% to 1.0%). Additional algorithms, how-
ever, were able to further reduce the percentage of
false alarms to between 0.1% and 0.3%. Thus, be-
yond actual artifacts, only a few beats per thousand
would require additional evaluation, and the ma-
jority of these would come from a small number of
subjects having high basal heart rate variability.

In summary, the outlined algorithms are highly
efficient in identifying artifacts in heart period rec-
ords, while at the same time yielding only a low
rate of false alarms. The consistent performance of
the algorithms has been documented over a range
of subjects, experimental conditions, and criterion
placements. The MAD and MED values, which are
based on individual heart period level and heart
period variability, provide meaningful indexes that
relate these variables to expected performance of
the algorithms.
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