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ABSTRACT

We introduce the sample asymmetry analysis (SAA) and
illustrate its utility for assessment of heart rate characteristics
occurring early in the course of neonatal sepsis and systemic
inflammatory response syndrome (SIRS). Conceptually, SAA
describes changes in the shape of the histogram of RR intervals
that are caused by reduced accelerations and/or transient decel-
erations of heart rate. Unlike other measures of heart rate vari-
ability, SAA allows separate quantification of the contribution of
accelerations and decelerations. The application of SAA is ex-
emplified by a study comparing 50 infants, who experienced a
total of 75 episodes of sepsis and SIRS, with 50 control infants.
The two groups were matched by birth weight and gestational
age. RR intervals were recorded for all infants throughout their
course in the Neonatal Intensive Care Unit. The sample asym-
metry of the RR intervals increased in the 3—4 d preceding sepsis
and SIRS, with the steepest increase in the last 24 h, from a
baseline value of 3.3 (SD = 1.6) to 4.2 (SD = 2.3), p = 0.02.
After treatment and recovery, sample asymmetry returned to its

Approximately 40,000 very low birth weight infants (<1500
g) are born in the United States each year (1). Survival for this
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baseline value of 3.3 (SD = 1.3). The difference between sample
asymmetry in health and before sepsis and SIRS was mainly due
to fewer accelerations than to decelerations. Compared with
healthy infants, infants who experienced sepsis had similar sam-
ple asymmetry in health, and elevated values before sepsis and
SIRS (»p = 0.002). We conclude that SAA is a useful new
mathematical technique for detecting the abnormal heart rate
characteristics that precede neonatal sepsis and SIRS. (Pediatr
Res 54: 892-898, 2003)

Abbreviations
SAA, sample asymmetry analysis
HRC, heart rate characteristics
BW, birth weight
GA, gestational age
HR, heart rate
SIRS, systemic inflammatory response syndrome

group has improved with advances in neonatal intensive care,
but late-onset sepsis continues to be a major cause of morbidity
and mortality (2, 3). The clinical syndrome of sepsis and SIRS
is brought about by the host response to insults such as
bacterial infection, and has been named the SIRS (4, 5).
Neonatal sepsis occurs in as many as 25% of infants weighing
<1500 g at birth (2), and the rate is about 1 per 100 patient
days (6, 7). The National Institute of Child Health and Human
Development Neonatal Research Network found that neonates
who develop late-onset sepsis have a 17% mortality rate, more
than twice the 7% mortality rate of noninfected infants, as well
as increased morbidity (2).

Unfortunately, early diagnosis of neonatal sepsis is difficult,
as the clinical signs are neither uniform nor specific (8).
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Clinical neonatologists recognize sepsis as a potentially cata-
strophic illness, and obtain blood cultures and administer
antibiotics empirically for subtle symptoms in an attempt to
avert disaster. This leads to unnecessary blood cultures and
short courses of antibiotics to infants without bacterial infec-
tion—in fact, 10 to 20 infants are treated for sepsis for every
one infant that has a positive blood culture (9). Although the
blood culture is felt to be the gold standard for establishing the
diagnosis of sepsis, there are concerns regarding its reliability,
especially if single samples of small volume are submitted, as
is often the practice in critically ill newborn infants (10—12).

Because HRV, which arises from the interplay of the sym-
pathetic and parasympathetic arms of the autonomic nervous
system, is abnormal in many disease states, we hypothesized
that a successful surveillance strategy for sepsis in neonates
might be based on quantitative HR monitoring. Indeed, we
found that infants destined for sepsis and SIRS developed
patterns of HR that were similar to those of fetal distress, with
reduced variability and transient decelerations (13). Because
these changes are not reported by conventional means of HR
analysis, we developed measures based on moments and per-
centiles of the data. We found significant dynamic differences
in these HRC measures in selected high-risk infants who
developed sepsis and SIRS compared with lower-risk control
infants who did not. Particularly intriguing and promising was
the observation of a marked asymmetry of the distribution of
RR intervals before illness that was evident on inspection of
frequency histograms. We investigated the ability of standard
measures of asymmetry, such as the third moment, or skew-
ness, of the distribution to relate to the HR abnormality. Like
all higher moments, though, skewness reports on deviations
from the mean value, which is not an accurate measure of the
center of asymmetric distributions. Because we are most inter-
ested in asymmetric distributions, we sought to develop a new
measure that reported on deviations around a more realistic
center. In addition, we sought a means to distinguish the
contributions of HR accelerations and decelerations to the
characteristic abnormality.

Here ,we introduce the SAA, a general technique to quantify
the asymmetry of frequency histograms with respect to their
mean, median, or any other empirically derived point. We
validate its use for detecting the abnormal HRC before neona-
tal sepsis in a new clinical database, and find that an absence of
HR accelerations is a more pronounced change than the pres-
ence of decelerations. This observation allows new insights
into the pathophysiology of HR control during illness.

METHODS

Subjects. To illustrate the utility of SAA, we retrospectively
studied prolonged (duration of at least a week) recordings of
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HR in 158 infants admitted consecutively to the Neonatal
Intensive Care Unit at the University of Virginia Hospital
whose parents gave consent. Fifty of these infants (experimen-
tal group) had a total of 75 episodes of sepsis and SIRS,
defined to be present when a physician suspected sepsis and
SIRS, obtained a blood culture, and administered antibiotic
therapy for 7 or more days. A control group of 50 healthy
infants was randomly selected from the remaining 108 consec-
utive admissions to precisely match the experimental group by
BW and GA (Table 1). Because the entire group of healthy
infants had on average higher BW and GA, the random selec-
tion of control infants used a nonuniform random generator
with a higher probability of selecting low BW infants and
lower probability of selecting higher BW infants (more pre-
cisely, the probability of selecting a control infant ranged from
1 for BW =656 g to 0.16 for BW >1451 g; these values were
determined by the relative distribution of BW in the experi-
mental versus control group). Once experimental versus con-
trol infants were matched by BW, the matching by GA oc-
curred naturally (Table 1). The Human Investigations
Committee of the University of Virginia approved the protocol
for data recording.

Procedure. From the EKG signal of the bedside monitors,
we recorded RR intervals in series of 4096 RR intervals
(approximately 20-30 min of data) as previously described
(13) and then summarized 6-h periods beginning at midnight
with the median values of all measures. The final step of data
preprocessing was to aggregate the data of all experimental and
control infants into 24-h blocks for analysis. For each infant in
the experimental group we tracked in days the time to sepsis
and the time postsepsis, as well as the duration of antibiotic
treatment. The data from the treatment days were excluded
from the analysis. Thus, for each experimental infant, we had
three sets of 24-h blocks of data: before sepsis (defined as >1
d before an episode), immediately before sepsis (within 24 h
before an episode), and post-treatment (after the completion of
antibiotic therapy) timed backwards from an episode of sepsis,
or forward from the completion of treatment. For the control
group, these blocks represented the average 24-h period based
on a week of observation selected at random.

Sample asymmetry analysis. We repeatedly observed that
clinical events were associated with a marked asymmetry of
the frequency histograms of RR intervals with large deviations
to the right of the distribution median (13), the consequence of
long RR intervals during HR decelerations, and only small
deviations to the left, the consequence of fewer and smaller HR
accelerations. Thus, quantifying the asymmetry of the magni-
tude of RR intervals with respect to their mean, median, or
another empirically derived point is an important exercise in
characterizing HRV samples. Previously, we used the classical

Table 1. Study population

Experimental group:

episode(s) of sepsis

Control group: Group comparison

and SIRS no episodes (¢ test)
Infants 50 50 —
Mean birth weight (SD) (g) 1227 (847) 1228 (760) t=0.01, p > 0.99
Mean gestational age (SD) (d) 198 (34) 196 (26) t=037,p=0.72
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distribution skewness to quantify this observed phenomenon
(13). The skewness of a distribution of a random variable is the
quotient of the third moment about the mean of the random
variable and the third power of its SD. The skewness is 0 for
symmetric distributions, positive if the distribution has a longer
tail to the right, and negative if the distribution has a longer tail
to the left. However, skewness can represent only asymmetry
around the distribution mean, which does not accurately report
the center of asymmetric distributions, and does not allow
separate quantification of HR accelerations (deviations less
than the central RR interval, forming the left-hand portion of
the histogram) from decelerations (deviations greater, forming
the right). In addition, skewness does not allow for adjustment
of the sensitivity of analysis (weighting) to large deviations.
Figure 1 illustrates a positively skewed distribution with a
longer right tail. The mean is greater than the median and
poorly identifies the center of the distribution.

To overcome these limitations, we have developed the sam-
ple asymmetry—a new measure quantifying asymmetry of
random variable distributions. The strict mathematical defini-
tion of sample asymmetry and the computational formulas used
by SAA of a random variable are given in the Appendix. The
important features of SAA are 1) deviations from the median
(or any other arbitrary central point) are calculated, 2) there is
separate quantification of deviations less than and greater than
the central point, and 3) the weighting of deviations less than
and greater than the central point can be separately adjusted by
varying weighting parameters, i.e. the sensitivity of the anal-
ysis can be directionally increased, or decreased. The parabola
in Figure 1 represents the weights assigned to left- and right-
sided deviations from the median. Here we use sample asym-
metry computed around the median of the RR intervals with
weighting parameters a« = 3 = 2 (see Appendix). We also
examine the left- and right-weighted deviations R, and R,,
representing HR accelerations and decelerations, respectively.
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Figure 1. A positively skewed distribution with a shorter left tail and a longer
right tail. The mean is greater than the median and poorly identifies the center
of the distribution. The curve (a parabola) represents the weighting of left- and
right-sided deviations of the median (with weighting parameters a = 8 = 2).
The left branch R, represents accelerations, e.g. lower R1 entails absence of
accelerations; higher R, means more decelerations.
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Data simulation. We simulated the neonatal HR data by
adding two signals (14). The first, which represents normal
neonatal HRV, was a stationary time series with the same
frequency content as normal neonatal HR records. It was
calculated as the inverse Fourier transform of the spectrum of
a random sample of clinical data obtained during health. The
second, which represents transient decelerations, was a clini-
cally observed deceleration of duration 50 RR intervals that
occurred just before an episode of sepsis. We added scaled
versions of this deceleration, and plotted SAA parameters as a
function of the height (in multiples of the SD of the baseline)
and number of added decelerations. Each simulated data set
had 4096 points, and we analyzed 100 realizations for each
condition tested.

Statistical analysis. Group comparisons of BW and GA
were performed using ¢ tests. To compare sample asymmetry in
periods before sepsis, immediately before sepsis, and post-
treatment in experimental-group infants, we used repeated
measures ANOVA with two contrasts: 1) comparing periods of
health (5 d before sepsis) versus immediately before sepsis,
and 2) comparing the two periods of health, 5 d before sepsis
versus post-treatment. ANOVA with covariates BW and GA
was used to compare control versus experimental-group in-
fants, the latter group restricted to periods without sepsis.
Calculations used SPSS (SPSS Inc., Chicago, IL, U.S.A.).

RESULTS

Example of the analysis of clinical data. The plots in Figure
2 are taken from the same infant, and each show 4096 consec-
utive RR intervals, or approximately 20—-30 min of data. The
infant was born 5 mo previously at 24 wk gestation and
weighed 720 g at birth. The infant had evidence of chronic lung
disease but was clinically stable at the time of the data in
Figure 2. The data in panel 4 were recorded remote from
clinical events. The data in Figure 2, B and C, were recorded 18
and 9 h before an acute clinical deterioration, and 30 and 21 h
before death, respectively. The clinical differential diagnosis
included septic shock, and blood cultures were positive for
coagulase-negative Staphylococcus and a urine culture grew
Escherichia coli.

The record in Figure 24 represents normal HRV. As ex-
pected, there are incessant small changes in RR intervals
associated with accelerations (shorter RR intervals) and decel-
erations (longer RR intervals). The abnormal records in Figure
2, B and C, display no small or frequent changes. Rather, there
is a long-lived baseline of very reduced variability punctuated
intermittently by large decelerations. Hence, we describe the
characteristic HR abnormality that occurs early in the course of
neonatal sepsis and SIRS (13) as reduced baseline variability
and transient decelerations. How do we quantify these
changes? None of the decelerations would have triggered an
alarm for low HR, which is conventionally set for 100 beats per
minute (RR interval 600 ms). Moreover, neither the mean RR
intervals of the three data sets (369, 398, and 362 ms) nor the
standard deviations (3.7, 5.0, and 7.4 ms) would identify the
abnormal records.
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Figure 2. RR interval time series from the same infant while clinically stable
(4) and from 18 (B) and 9 (C) h before an acute clinical deterioration leading
to death. The abnormality before illness is reduced variability and transient
decelerations that do not reach RR intervals of 600 ms necessary to trigger
bradycardia alarms. Note that the normal record in 4 is marked by frequent
small accelerations and decelerations, but that these are both absent in the
records in B and C. Only infrequent and large decelerations occur before
illness. These observations prompted our investigation of the symmetry of the
distributions of RR intervals.

The corresponding frequency histograms of these time series
data are shown in Figure 3. The observed abnormality causes
marked asymmetry of the histograms in Figure 3, B and C, with
a reduction of the magnitude of shorter-than-median RR inter-
vals and a clearly right-skewed distribution. These abnormal-
ities can be assessed by increased skewness (0.82 for Fig. 34
compared with 1.92 and 1.55 for Fig. 3, B and C).

We quantified the observed asymmetry using our sample
asymmetry algorithm with weighting parameters « = 3 = 2
(see Appendix). In Figure 3, the parabolic weighting functions
corresponding to these parameters are superimposed over the
RR interval histograms. The values of the sample asymmetry R
(2, 2) are 1.37 for the data in Figure 34, and 2.97 and 11.8 for
the data in Fig. 3, B and C. The values of the weighed
deviations R, and R, are presented as well. In this example,
sample asymmetry increased dramatically before the clinical
diagnosis of sepsis and SIRS.
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Figure 3. The frequency histograms of the time series shown in Figure 1 are
displayed with a logarithmic ordinate (left axis) to aid the display; 1 has been
added to all bins. The smooth lines represent the weighting functions used to
calculate sample asymmetry (see Appendix). Sample asymmetry values as well
as the values for the weighted deviations R, and R, are presented as well.
Sample asymmetry rises dramatically before the catastrophic event.

Sample asymmetry analysis of simulated data. To confirm
the ability of sample asymmetry to report in a graded fashion
on HR time series with varying degrees of transient decelera-
tions, we constructed simulations consisting of a baseline
signal with the same frequency components as clinically ob-
served neonatal HR data to which we added scaled versions of
a clinically observed deceleration. In this way, we were able to
simulate a wide range of abnormality of HRC. Figure 44
shows an example of simulated data with baseline SD 7 ms and
four decelerations of magnitude 100 ms. This corresponds to
moderately reduced HR variability with subclinical decelera-
tions from 150 bpm (RR interval 400 ms) to 120 bpm (RR
interval 500 ms). This is a realistic simulation—inspection of
Figure 2B suggests that a deceleration might easily be 20-fold
larger than the SD of a stable and low variability epoch of
neonatal HR.

The SAA results are plotted in Figure 4B. Sample asymme-
try is plotted as a function of the height of the deceleration
measured in SD of the baseline signal. Figure 4 shows that
more frequent and larger decelerations lead to increasing val-
ues of sample asymmetry, with values exceeding 10 in many
conditions. For the example in Figure 44, with four decelera-
tions of height 14 SD, sample asymmetry is 5.7.
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Figure 4. Decelerations increase sample asymmetry of simulated neonatal
HR data. The simulated data were composed with a baseline process with the
frequency content of normal neonatal HR records, and scaled versions of a
clinically observed deceleration were added. (4) Simulated data series of
length 4096 with baseline SD and decelerations chosen to mimic a moderately
abnormal neonatal HR record. (B) There is a monotonic increase in sample
asymmetry with larger and more frequent decelerations. Each data point is the
average of 100 realizations.
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Population results. There were 38 positive blood cultures,
growing coagulase-negative Staphylococcus (n = 12), Staph-
vlococcus aureus (n = 7), Candida (n = 5), Klebsiella (n = 4),
E. coli (n = 4), group B streptococcus (n = 2), Enterococcus
(n = 2), Pseudomonas (n = 1), and Enterobacter (n = 1).
Results from episodes with positive and negative blood cul-
tures were pooled, as our prior analysis of HRC before the
clinical diagnosis of sepsis and SIRS showed no difference
between these groups (13).

Table 24 shows the repeated measures ANOVA results for
sample asymmetry values for experimental-group infants in
24-h blocks beginning 5 d before sepsis as well as for an
average 24-h period post treatment. It is evident that sample
asymmetry began increasing approximately 3—4 d before sep-
sis, with a steepest increase in the last 24 h. The contrast
between the baseline (5 d before sepsis) and the last 24 h was
significant, F = 5.5, p = 0.02. Within the experimental group,
analysis of the contribution of accelerations (measured as the
natural logarithm of R,) and of decelerations (natural logarithm
of R,) led to the surprising finding that there was a significant
fall in R, (F = 5.8, p = 0.02) before sepsis, but no significant
change in R, (the last two columns in Table 24). This is readily
interpreted to mean that a decrease in the extent and duration
of HR accelerations is more marked than increase in deceler-
ations, which are more easily identified by eye.

As presented in Table 2B, post-treatment sample asymmetry
returned to exactly presepsis levels. A contrast of the two
periods of health, 5 d before sepsis versus post-treatment,
showed no difference, F = 0.01, p > 0.99. Similar return
toward baseline was observed for both R, (accelerations) and
R, (decelerations), although the second index, R,, remained
somewhat elevated. As expected, a comparison of experimen-
tal-group infants’ data in health to control-group infants re-
vealed no significant difference in sample asymmetry (F = 2.4,
p = 0.13) and no significance of the covariates BW and GA (p
values of 0.2 and 0.7, respectively). Similarly, no significant
differences in R, and R, were observed between healthy and
experimental infants in health (Table 2B).

Table 2. Sample asymmetry of heart rate, and asymmetries due to accelerations and decelerations before neonatal sepsis and SIRS,
and in health

Sample asymmetry

mean (SD) In(R;) (accelerations) In(R,) (decelerations)
A: Changes before sepsis

5 d before sepsis 3.28(1.59) 4.40 (0.94) 4.41(0.77)

4 d before sepsis 3.59 (1.63) 4.36 (0.92) 4.45 (0.76)

3 d before sepsis 3.50 (1.94) 4.27(0.92) 4.39 (0.80)

2 d before sepsis 3.66 (2.12) 4.19 (0.85) 4.37(0.71)

1 d before sepsis 4.20(2.32) 4.10 (0.87) 4.28 (0.65)
Contrast 1: 5 d before sepsis vs 1 d before sepsis 5.5, p = 0.02 5.8, p = 0.02 1.9, p = 0.2 (NS)
B: Values in health

Infants with sepsis posttreatment 3.28 (1.34) 4.60 (0.87) 4.65 (0.74)

Contrast 2: 5 d before sepsis vs post-treatment/recovery 0.0L, p > 0.99 (NS) 2.1, p = 0.2 (NS) 4.2, p = 0.05

Control infants 2.90 (0.93) 4.75 (0.67) 4.67 (0.62)

Sepsis vs control—ANOVA with covariates BW and GA*

2.40, p = 0.13 (NS)

0.35, p = 0.6 (NS)

0.01, p > 0.9 (NS)

* Both covariates are not significant, p values of 0.2 for BW and 0.7 for GA.
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DISCUSSION

A continuous monitoring procedure for detecting the early
stages of neonatal sepsis and SIRS would be a useful adjunct
to clinical care of this large and particularly vulnerable group
of patients. In this regard, monitoring for abnormal HRC of
reduced variability, specifically reduced accelerations, and
transient decelerations observed in RR interval time series of
infants destined for clinical illness may hold substantial
promise.

Our original analytical approach was based on the finding
that the characteristic abnormality of the RR interval time
series led to asymmetric frequency histograms of the intervals,
with a truncation of the left side, due to relative absence of
accelerations, and enlargement of the right side, due to the
frequency and abundance of decelerations (13). We here
present the sample asymmetry, a new measure of the quantities
of interest. sample asymmetry measures are not altered by
missing points or by the ordering of the RR intervals. The
method is based on weighting individual deviations of RR
intervals from the median value and is conceptually similar to
the low blood glucose index that we previously introduced and
validated as a predictor of the risk for severe hypoglycemia in
patients with type I diabetes (15, 16). For our analyses, we
chose a quadratic weighting around the median, which is the
most natural and theoretically warranted initial approach.

SAA is particularly well suited to our study as R, and R, can
be directly interpreted as representing the frequency and extent
of HR accelerations and decelerations, respectively. Thus, the
numerical analysis can be immediately applied to an under-
standing of the pathophysiology of HR control. The finding in
this study that the reduction of accelerations contributes more
to the diagnostic abnormality of HRC than the more visually
striking increase in decelerations is entirely novel. It points the
way to more basic studies to test the hypothesis that the
sympathetic nervous system activity is maximized before the
clinical diagnosis of neonatal sepsis.

The mechanism of the abnormal HRC is not known. In
addition to the current lack of a clear physiologic explanation,
these abnormalities are not easily detected by the SD (13),
which only detects low variability, or by frequency domain
analysis (17), as the decelerations are intermittent but not
periodic. Further limitations of frequency domain analysis
include the unevenly sampled nature of the data, and the lack
of assurance that every beat is captured. Thus, the quantifica-
tion of the observed phenomena required development of novel
quantitative methods, and empirical testing of their ability to
detect neonatal sepsis and SIRS before clinical signs.

The clinical population reported here differs from our prior
studies (13, 14, 17, 18). First, we prospectively collected
clinical information, including duration of antibiotic therapy.
Second, we noted specifically whether blood cultures were
obtained for the clinical suspicion of sepsis and SIRS. These
design changes allow more certain identification of episodes of
clinical episodes of sepsis and SIRS.

Although SAA may prove to be useful tool in detecting early
stages of neonatal sepsis and SIRS, it has limitations. For
example, it will not detect epochs of reduced variability alone.
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This limitation is important, as the classical abnormality of
HRV in adults after acute myocardial infarction is simply
reduced variability (19). In addition, it holds no information
about the ordering of the intervals, and would not differentiate
periodic from nonperiodic signals. In our group data, sample
asymmetry was significantly elevated immediately before sep-
sis, but was also marked by a significant between-subject
variability. Consequently, establishing a clear threshold value
for onset of sepsis and SIRS that would be valid for all infants
may not be feasible. Instead, we anticipate that potential
clinical applications of sample asymmetry would be based on
individual changes from baseline, or use other measures. To-
ward that end, we have recently found (18) that sample asym-
metry adds independent information to other measures such as
SD and sample entropy (14, 20) in identifying abnormal HRC
with the all-important clinical goal of early detection of neo-
natal sepsis.
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APPENDIX: SAMPLE ASYMMETRY OF A RANDOM
VARIABLE

To define sample asymmetry of a random variables we first
introduce the following:

Weighting functions. Let & be a random variable with values
in its sampling space X and unspecified distribution, and let u
€ X be a point within the sampling space X. For any x € X we
define a weighting function w(x; o) = (x — ) «, where a >
0 is a parameter describing the degree of weighting of devia-
tions from the reference point w. For example, if &« = 1,
deviations from u will receive linearly increasing weights,
whereas if @ = 2, deviations from p will receive quadratically
increasing weights. Note that the weighting parameter « could
be selected in various applications to be any positive, including
noninteger, number. A number smaller than 1 will result in
slower than linear increase of weights, a number greater than 2
will result in a faster than quadratic increase of weights.
Further, we define separate weighting for left and right devia-
tions of &xi; from its reference point w as follows: 1) Left-
weighting function: wy(x; @) = w(x; «) whenever x < p and 0
otherwise, and 2) right-weighting function: w,(x; B) = w(x; B)
whenever x = w and 0 otherwise, where the parameter 3,
similarly to «, describes the degree of weighting of deviation to
the right of the reference point. To add flexibility to this model,
we allow for different degree of weighting to the left () and to
the right (B) from the reference point w. In many applications,
the left and right weightings could be equal (see Fig. 1).

Defining sample asymmetry of a random variable. Let x,,
X,, ... X, be a sample of n observations on &. Given this sample,
we define two quantities representing the sum of the weighted
deviations to the left and to the right from the reference point
w as follows:

1 n
Ri(a) = n Z wi(x; @) and

i=1

n

1
R,(B) = . > wy(x;; B), respectively.

i=1

It is now clear that if &« = B, and the sample x,, x5, ... x,, is
approximately symmetric with respect to the reference point,
then R, will be approximately equal to R,. If the sample is
asymmetric with larger and/or more frequent deviations to the
right from the reference point w, then R, will be greater than
R;. Inversely, if the sample is asymmetric with larger and/or
more frequent deviations to the left from the reference point .,
then R, will be greater than R,.

KOVATCHEV ET AL.

Definition: The ratio

Ry(a)
Ri(B)

R(a, p) =

represents the sample asymmetry of the random variable .

The following properties are pertinent to the applications of
sample asymmetry:

(a) If & = B, when the sample x,, x,, ... x,, is approximately
symmetric with respect to the reference point, then R(a, 8) will
be approximately equal to 1. Values greater than 1 will indicate
larger and/or more frequent deviations to the right from the
reference point u, whereas values less than 1 will indicate
larger and/or more frequent deviations to the left.

(b) The sensitivity of the ratio R(a, () to left and right
deviations from the reference point can be controlled through
separate adjustment of the parameters « and f3.

(c) R,(a) and R,(B) can be used separately as estimates of
the absolute weighted mass of the distribution of & with
respect to its reference point w.

(d) The reference point w can be the empirical mean of the
random variable & e.g.

the median of & or any other theoretically or practically
relevant number. The choice of a reference point could be
critical for the subsequent data analyses. The median of the
distribution is an obvious initial reference point because the
median, as opposed to other statistics such as the mean, is not
affected by outliers or large deviations in the data. This is
particularly important in the analysis of RR intervals where the
goal is to quantify spikes in the data.

(e) A quadratic weighting, that is, « = B = 2, has special
properties that set it apart from other parameter configurations.
First, the weighted deviations R,(«) and R,() are exactly the
squares of the classical Euclidean distances of the sample
measured to the left and to the right from the reference point.
Second, if the reference point w is the mean (or the median) of
the distribution, then, under the null hypothesis that the distri-
bution is normal, the sample asymmetry R(2, 2) will have an F
distribution with (1n/2—1;1n/2—1) degrees of freedom (n/2—1/2;n/
2-3/2 if n is an odd number). This property gives a straight-
forward statistical test for symmetry of a single data sample.
Thus, we recommend the use of a quadratic weighting unless a
particular data sample proves that another parameter combina-
tion is more appropriate.
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