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Interpretation of Approximate Entropy: Analysis of
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Acute Intracranial Hypertension
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Abstract—We studied changes in intracranial pressure (ICP)
complexity, estimated by the approximate entropy (ApEn) of
the ICP signal, as subjects progressed from a state of normal
ICP (< 20-25 mmHg) to acutely elevated ICP (an ICP “spike”
defined as ICP > 25 mmHg for < 5 min). We hypothesized
that the measures of intracranial pressure (ICP) complexity and
irregularity would decrease during acute elevations in ICP. To test
this hypothesis we studied ICP spikes in pediatric subjects with
severe traumatic brain injury (TBI). We conclude that decreased
complexity of ICP coincides with episodes of intracranial hyper-
tension (ICH) in TBI. This suggests that the complex regulatory
mechanisms that govern intracranial pressure are disrupted
during acute rises in ICP. Furthermore, we carried out a series of
experiments where ApEn was used to analyze synthetic signals
of different characteristics with the objective of gaining a better
understanding of ApEn itself, especially its interpretation in
biomedical signal analysis.

Index Terms—Approximate entropy, complex analysis, in-
tracranial hypertension, intracranial pressure irregularity,
sample entropy, traumatic brain injury (TBI).

1. INTRODUCTION

ERIES of sequential data occur throughout epidemiology
S in multiple contexts. Enhanced capabilities to quantify dif-
ferences among such series would be extremely valuable, since
these time series reflect essential biological processes. Although
practitioners and researchers typically quantify mean levels, and
often the extent of variability, it is recognized that in many in-
stances, the persistence of certain patterns in biologic signals
provide fundamental insight [1].

The historical development of mathematics to quantify reg-
ularity has centered on various types of entropy measures. En-
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tropy is a measure of randomness and predictability of a sto-
chastic process. It generally increases with greater randomness.
Kolmogorov—Sinai (K-S) entropy, developed by Kolmogorov
and expanded upon by Sinai, allows classification of determin-
istic dynamical systems by rate of information generation [2].
Unfortunately, K-S entropy was not developed for statistical ap-
plications, and its blind application to practical time series will
only evaluate system noise, not underlying system properties,
as it generally requires a vast amount of input data to achieve
convergence [3].

Approximate entropy (ApEn) is a family of parameters
and statistics recently introduced to quantify regularity in data
without any a priori knowledge about the system generating
them [4]. It was constructed by Pincus, motivated by applica-
tions to short and noisy data sets, along thematically similar
lines to K-S entropy [5]. However, the focus was, in this case,
to provide a widely applicable, statistically valid formula
that will distinguish data sets by a measure of regularity [5].
The observation motivating ApEn is that if joint probability
measures of reconstructed dynamics that describe each of two
systems are different, then their marginal probability distribu-
tions on a fixed partition, given by conditional probabilities,
are likely different. Typically, orders of magnitude fewer points
are needed to accurately estimate these marginal probabilities
than to accurately reconstruct the attractor measure defining
the process [1].

Based on numerous studies, ApEn may correlate with
“hidden” or subclinical changes often undetected by other more
classical time series analysis, including both moment statistics,
spectral analysis, and correlation analysis. ApEn changes have
often been seen to be predictive of subsequent clinical changes.
This has facilitated the application of ApEn to numerous
settings both within and outside biology. Within biology and
medicine, it has been applied to studies discriminating atypical
EEG’s [6] and respiratory patterns [7] from normative counter-
parts. Furthermore, it has been used to quantify the differences
in apparent regularity between the heart rate interval time series
of aborted SIDS and healthy infants [8] and to characterize
postoperative ventricular dysfunction [9]. Preliminary evidence
suggests that ApEn of EEG’s is predictive of epileptic seizures
[10]. It has also been applied to extract features from EEG
and respiratory recordings of a patient during Cheyne-Stokes
respiration [11] and to quantify the depth of anesthesia [12].
Within endocrinology, it has been used in multifaceted ways;
for instance, in the analysis of endocrine hormone release
pulsatility [13], and the impact of pulsatility on the ensemble
orderliness of neurohormone secretion [14].
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The capability of ApEn to assess subtle disruptions, typically
preceding changes in signal mean and variance, holds the poten-
tial for enhanced preventive and earlier interventionist strategies
[1].

In this paper, we applied the concept of ApEn to intracranial
pressure signals (ICP) obtained from patients with traumatic
brain injury (TBI) during periods of acute elevations in in-
tracranial pressure, so-called “ICP spikes.” TBI is the leading
cause of death and disability in children in the United States
[15]. Elevated ICP following TBI often results in secondary
injury due to decreased cerebral perfusion pressure! (CPP) and
cerebral ischemia2. ICP monitoring and therapeutic interven-
tions to control elevated ICP (> 20 mmHg) have resulted in
improved outcomes [16]-[18].

We estimated the ApEn during ICP spikes. Additionally,
we carried out a series of experiments using synthetic signals
with the objective of getting a better understanding of ApEn
itself, and how to interpret it in the context of biomedical signal
analysis.

The simulation study was designed to find the relationship be-
tween the ApEn metric and classical signal processing concepts
such as frequency, number of harmonics, frequency variability
of harmonics, and signal bandwidth.

II. METHODS: ApEn

ApEn was introduced as a quantification of regularity in
sequences and time series data, initially motivated by applica-
tions to relatively short, noisy data sets. Mathematically it is
part of a general development of approximating Markov Chains
to a process [19]. It provides a finite sequence formulation
of randomness, via proximity to maximal irregularity [20]. A
statistical evaluation of ApEn is available in [4]. ApEn is
scale invariant and model independent, evaluates both dominant
and subordinant patterns in data, and discriminates series for
which clear feature recognition is difficult. Notably it detects
changes in underlying episodic behavior not reflected in peak
occurrences or amplitudes [21]. It is applicable to systems with
at least 50 data points and to broad classes of models; it can
be applied to discriminate both general classes of correlated
stochastic processes, as well as noisy deterministic systems.
Moreover, ApEn is complementary to spectral and autocorre-
lation analyzes, providing effective discriminatory capability
in instances in which the aforementioned measures exhibit
minimal distinctions [1]. It is nearly unaffected by low level
noise, is also robust to meaningful information with a reason-
able number of data points, and is finite for both stochastic
and deterministic processes [12]. It measures the logarithmic
likelihood that runs of patterns that are close remain close on
subsequent incremental comparisons, and assigns a nonnega-
tive number to a time series, with larger values corresponding
to more complexity or irregularity in the data. ApEn has
two user-specified parameters: a run length m and a toler-
ance window 7. It is important to consider ApEun(m,r)—or
ApEn(m,r, N), where N is the number of points of the time

IThe CPP is defined as the difference between the systemic arterial blood
pressure and the intracranial pressure, CPP = ABP — ICP.

2[schemia is a decrease in blood supply caused by constriction or obstruction
of the blood vessels or decreased blood volume.
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series—as a family of parameters: comparisons between time
series segments can only be made with the same values of m
and r[1]. Formally, given N data points from a time series
(z(n)) = {=(1),2(2),...,2(N)}, the ApEn is computed as
follows.
1) From m-vectors X (1), X(2),...,X(N —m + 1) de-
fined as X (i) = [z(d),z(: + 1),...,2(: + m — 1)],
1 =1,2,...,N —m + 1. These vectors represent m
consecutive z values, commencing with the ¢th point.
2) Calculate the distance between X (i) and X(j),
d[X(7),X(j)], as the maximum absolute difference
between their respective scalar components
AX(), X ()] = _max(ja(i+h=1)=a(j+k=1)]). (1

=1,2,....m

3) For a given X(i), count the number of j (j =

1,2,....,N — m + 1) for 5 # ¢ such that
d = [X(4),X(j)] < 7, denoted as N™(i). Then,
fori =1,2,....N—m+1
. N™(%)
oM (i) = ————. 2
w0 N-m+1 @)

The C™(i) values measure, within a tolerance r, the
regularity (frequency) of patterns similar to a given one
of window length m.

4) Compute the natural logarithm of each C;"(7), and com-
pute the average of it over ¢

N—m+1

> (i 3)

=1

m 1
o) = N T
where ¢ (r) represents the average frequency of all the
m-point patterns in the sequence remain close to each
other.
5) Increase the dimension to m + 1. Repeat steps 1) to 4)
and find C™*! and ¢™*1 (7).
6) Theoretically, the ApEn is defined as
ApEn(m,r) = lim [¢"(r) — ¢"*(r)] . )
There are two ways to look at ApEn. From one point of view,
it is a statistical metric (the average of the logarithm of a con-
ditional probability), which makes it applicable to both deter-
ministic and stochastic processes. From another point of view,
it reflects the rate of new pattern generation and is thus related
to the concept of entropy [22].
In practice, the number of data points NV is finite. We imple-
mented this formula by defining the statistic [5]

ApEn(m,r) = ¢™(r) — ™ (r). (5)

Although m and r are critical in determining the outcome
of ApEn, no guidelines exist for optimizing their values. In
principle, the accuracy and confidence of the entropy estimate
improve as the number of matches of length m and m + 1
increases. The number of matches can be increased by choosing
small m (short templates) and large r (wide tolerance). However,
there are consequences for criteria that are too relaxed [5].
For smaller r values, one usually achieves poor conditional
probability estimates, while for larger r values, too much
detailed system information is lost. To avoid a significant
contribution of noise in an ApEn calculation, one must choose
r larger than most of the noise [1]. Furthermore, as m decreases,
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underlying physical processes that are not optimally apparent
at smaller values of m may be obscured [23].

In this study, ApEn was estimated with the established pa-
rameter valuesof m = 1, m = 2 and r = 0.1, 0.15, 0.2, 0.25
times the standard deviation (SD) of the original data sequence.
Normalizing r in this manner gives ApEn a translation and scale
invariance, in that it remains unchanged under uniform process
magnification, reduction, or constant shift to higher or lower
values [1]. Several studies have demonstrated that these input
parameters produce good statistical reproducibility for ApEn
for time series of length N = 60, as considered herein [5],
[21],[24].

III. STUDY DESIGN

This study consisted of two parts. In the first part, we
measured changes in the ICP complexity, estimated by the
ApEn, as subjects progressed from a stable state of normal ICP
(<20-25 mmHg) through an ICP spike (ICP > 25 mmHg).
We hypothesized that the measures of ICP complexity such
as the ApEn would decrease during the ICP spike and return
toward pre-spike levels following resolution. To test this hy-
pothesis we studied ICP spikes in pediatric patients with severe
TBI.

The second part of the study consisted in performing a series
of experiments where ApEn was used to analyze synthetic sig-
nals of different characteristics with the objective of gaining a
better understanding of ApEn itself, specifically regarding its
interpretability in the context of TBI.

A. ICP Database and Spike Detection

Data for this study was obtained from the physiological
signal library of the Complex System Laboratory [25]. The
database consist of 96 GB of ICP data collected from 93
patients from 1998-2003 who were admitted to the Pediatric
Intensive Care Unit of the Doernbecher Children’s Hospital
(Oregon Health and Science University). ICP was monitored
continuously using an intraventricular catheter or parenchymal
fiber-optic pressure transducer (Integra NeuroCare, Integra
LifeSciences, Plainsboro, NJ). The ICP monitor was connected
to a Philips Merlin patient monitor (Philips, Best, Netherlands)
that sampled the ICP and ABP signals at 125 Hz. An HPUX
workstation automatically acquired these signals through a
serial data network, and they were stored in files on CD-ROM.
A detail description of the data acquisition can be found in [25].

We used the following criteria to define and detect ICP spikes.

1) The difference between the minimum value in the acutely
elevated region of ICP and the maximum value in the
stable ICP region must be at least 10 mmHg. This ensured
that the detector only detected significant elevations of at
least 10 mmHg that occur over a period of no more than
5 min.

2) The minimum value during the ICP spike must be greater
than 20 mmHg. This ensured that each elevation was large
enough to be clinically significant [17].

3) The mean ICP must be in the range of 0—100 mmHg in the
stable region and less than 150 mmHg in the ICP spike.
These criteria were used to limit artifact from being de-
tected as spikes.
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Fig. 1. Illustration of a typical ICP spike analyzed in this study. The light grey
is the ICP signal waveform sampled at 125 Hz, and the dark line is the moving
average ICP pressure. All ICP segments studied were 50 min long, with the
onset of the ICH period synchronized at minute 20.

4) Each spike must be separated from preceding spikes by at
least 5 min. This ensured that a single long elevation was
not detected as two separate spikes.

Acute elevations in ICP that met the specified criteria were
visually screened for artifact by consensus panel (ME and JM).
This screen was based on a plot of the ICP signal spanning
20 min before the leading edge of the spike and 30 min after, as
well as visualization of the spectrogram of the same segment.
The visual screen eliminated candidate spikes if 1) they con-
tained artifact, 2) there was an abrupt drop in the ICP signal
consistent with cerebrospinal fluid (CSF) drainage, 3) the signal
was clipped, or 4) the ICP spike was part of the same ICP ele-
vation as the preceding spike. If the signal had none of these
problems at any point in the 50-min record, the spike was in-
cluded in this study.

In Fig. 1, we show an example of a typical ICP spike analyzed
in this study.

B. Patients and Patient Management

The automatic spike detection algorithm above found 166
ICP segments that met our criteria for an acute spike. During
the visual screen we found that 31 of the segments contained ar-
tifact, 28 of which were actually periods of cerebral spinal fluid
drainage when the ventriculostomy catheter was turned off to
the pressure monitor and created a false spike. An additional
95 segments were clipped at the maximum range of the patient
monitor (i.e., the top or bottom of the ICP waveform was cut
off creating signal artifact not suitable for analysis. One seg-
ment was identified as a second detection of a single hyperten-
sive episode. The end result was 11 clean records of ICP spikes
detected from 7 different subjects that were used for analysis

This study included 11 ICP spikes from 7 subjects with brain
injury admitted to the pediatric ICU at Doernbecher Children’s
Hospital. The subjects age, gender, admission Glasgow Coma
Scale score, and outcome are listed in Table I. Management of
severe TBI followed the recently published “Guidelines for the
Acute Medical Management of Severe Traumatic Brain Injury
in Infants, Children, and Adolescents” [26].

The study protocol was reviewed and approved by the Insti-
tutional Review Board at Oregon Health & Science University.
The requirement for informed consent was waived.
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TABLE 1
SUBJECT CHARACTERISTICS
Subject Age Gender Brain Injury Description GCS Survival GOS
1 95 F Fall of horse. Depressed skull fracture, IPH, cerebral edema 7 Y 4
2 45 M MVA. Skull fracture, SDH, cerebral edema 3 Y 3
3 8 M S/P Craniosysostosis repair at age 2 15 Y NA
4 475 F MVA. Skull fracture, IPH, cerebral edema 5 Y 2
5 115 F MVA. Skull fracture, SDH 8 Y 3
6 125 M Gun Shot Would. IPH, SDH, cerebral edema 4 Y 4
7 158 M Fall of skateboard. Depressed skull fracture, IPH, cerebral edema 3 Y 3

GCS = Glasgow Coma Score, GOS = Glasgow Outcome Score, IPH = Intraparenchymal hematoma,
MVA = Motor Vehicle Accident, SDH = Subdural Hematoma

C. Statistical Analysis

Statistical analysis was aimed at determining the statistical
significance of the mean reduction in ApEn during the ICH
period for each of the individual subjects and across the pop-
ulation. Mean ApEn values were obtained for 2—min windows
immediately before, during, and after the ICH period. We used
bootstrap to estimate the standard error of the means for each of
these states. We performed a nonparametric hypothesis test in
order to determine statistically significant mean ApEn reduc-
tions based on bootstap. The main advantage of bootstrap tech-
nique is that is that it can be used to assess the statistical sig-
nificance of these reductions without making any assumptions
about the distribution of the mean ApEn reductions. The non-
parametric bootstrap hypothesis testing involves computing a
bootstrap confidence interval for the difference of mean ApEn.
Equality of the mean ApEn is obtained if zero is a possible value
in the CI. Results were considered to be statistically significant
if p < 0.01.

D. Interpretability Tests and Synthetic Signals

Since our main objective for applying the ApEn metric to
synthetic signals was to gain a better understating of what ApEn
quantifies and to better interpret the results of our study with ICP
signals during ICH in TBI, we limited the scope of our tests to
signal parameters in the range of physiological interest.

1) ApEn Versus Frequency: The first test consisted in ana-
lyzing how changes in amplitude and frequency of sinusoidal
signals affected the ApFEn. For this purpose we generated two
synthetic signals. The first of these consisted in a constant am-
plitude chirp signal whose frequency was swept linearly from
0.5 Hz to 5 Hz in 40 s. The second signal was created by modu-
lating the amplitude of the chirp signal by a pure sinusoid. ApEn
was applied to each of the two signals using a moving window
of 10 s with 90% overlap with the objective of testing whether
or not ApEn is sensitive to frequency or amplitude changes.
Fig. 2(a) and (c) shows the constant chirp signal, the amplitude
modulated chirp, and the spectrogram of the amplitude modu-
lated chirp, respectively.

2) ApEn Versus Frequency Content: This test was designed
to determine the relationship of ApFEn and the frequency content
of periodic signals. We generated four periodic signals of 10 s in
duration with 1, 2, 5, and 7 frequency components, respectively.
The four signals were concatenated and the ApEn metric was
applied to the resulting vector using a moving window of 10 s
with 90% overlap. Fig. 2(d) shows the composite signal used in
this test.

3) ApEn Versus Sinusoid Plus Noise: The objective of this
test was to determine if ApEn is sensitive to changes in noise
power present in quasi-periodic signals. For this purpose we
generated an amplitude-modulated sinusoid 40 s in duration,
and added white Gaussian noise of various power to different
portions of the signal. The noise power was increased every
10 sS (1, 1.1, 1.3 and 1.5). The ApEn metric was applied to
the resulting vector using a moving window of 10 s with 90%
overlap. Fig. 2(e) shows the sinusoid plus noise signal.

4) ApEn Versus Noise Power: In this test, the ApEn was
applied using a moving window of 10 s with 90% overlap to
a 40-swhite Gaussian noise sequence with power increasing in
steps each 10 s (0.1, 0.3, 0.5 and 0.7). The objective of this test
was to determine if given the same underlying signal structure
(white noise) the ApEn is affected by the power of the noise.
Fig. 2(f) shows this signal in the time domain.

5) ApEn Versus Noise Bandwidth: This test consisted of
determining the the relationship between ApEn and the noise
bandwidth. The synthetic signal consisted on a 40-stime series
composed of 4 segments of colored noise with increasing spec-
tral bandwidth. The ApEn metric was applied using a moving
window of 10 s with 90% overlap. Fig. 2(g) and (h) show the
signal in this time domain and its spectrogram, respectively.

6) ApEn Versus Simulated Icp Signals: The simplest model
of pulsatile pressure consists of a pure sinusoid with a dc
component

p(t) = pp + P cos(2m fet) (6)

where 11, corresponds to the mean pressure, P is the pulse am-
plitude, and f. is the cardiac frequency. Thus, the previous sim-
ulation involving a pure sinusoid can be used to gain under-
standing of ApEn interpretability in the context of ICP

A more realistic model of ICP signals must take into account
the pulse morphology, its variability, and the effects of respira-
tion on the pressure signal. There is abundant literature on respi-
ration and respiratory modulation of human autonomic rhythms
[27]-[31]. There are three primary effects of respiration on pres-
sure signals: pulse amplitude variation (AM), respiratory sinus
arrythmia (frequency modulation), and an additive effect.

The AM accounts for part of the pulse pressure changes and
we modeled as a double-sideband large carrier AM, also known
as conventional AM

Gan(t) = Ac[l + amy,(t)] - cos2m fot @)
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Fig. 2. Synthetic signals used in this study. (a) Chirp signal with constant amplitude (f; = 0.5, fo = 5

@

Hz). (b) Amplitude modulated chirp signal.

(c) Spectrogram of the signal in (b). (d) Multi-tone signal used in Test 2. (¢) Amplitude-modulated noisy signal with step increasing in noise power (Test 3).
(f) White Gaussian Noise with step increases in noise power (Test 4). (g) Colored noise with step increases in noise bandwidth (Test 5). (h) Spectrogram of the
signal shown in (g). (i) Spectrogram of the synthetic ICP signal with step increases in stochastic variability.

where m.,(t), the normalized message signal, corresponds to
respiration, and the carrier signal cos(2r f..t) represents the pul-
satile ABP or ICP components at the cardiac frequency. Since
both ABP and ICP signals are composed of more than one har-
monic and are not exactly periodic, the carrier signal cos(27 f.t)
does not provide an accurate model of ABP or ICP pulse pres-
sure. However, we can model ABP and ICP as a modulation
scheme where the carrier is not a pure sinusoid, but a periodic
signal with more than one harmonic

N .
Z CneJQﬂ'fc’nt (8)

n=-—

p(t) = Ac[l + arn(t)]

where r,,(t) is the normalize respiratory signal (i.e., |r,(t)] <
1), and the carrier signal is a periodic signal with an arbitrary
pulse morphology that has a Fourier series representation. The
C,, coefficients can be determined from real ICP beats corre-
sponding to different beat morphologies.

The pressure signal model p(¢) given in (8) can be simplified
by considering only the first two harmonics (i.e., f. and 2f,.),
since most of the power in real pressure signals is contained in
the first two harmonics and the dc component. The simplified
model is then

p(t) =pp + Ac{l + arn(t)]
- (acos 2w fot + [ cos(dm fet +6))

r(t) =0 cos 2w f.t, rn(t) = cos 2w f,t. 9)

According to this model, the normalized respiratory
signal 7,(¢t) modulates a carrier signal with a respira-
tory frequency f,.. The carrier signal is given by c(t) =
acos 2w fot + Beos(4dn fet + 6) and has a fundamental fre-
quency of f. (i.e., the cardiac frequency) and a second harmonic
at twice the fundamental, «, 3, and 6 are chosen to generate
a specific ICP morphology. For example, a typical ICP low
pressure morphology can be synthesized by choosing @ = 1,
B = 0.5and § = «/2. The term [1 + ar,(t)] is always greater
than zero.

The model for pressure signals given in (9) accounts for the
AM effect that respiration has on pulse pressure, the constant
cardiac component, and a reflected wave due to the changes in
impedance in the arteries. However, it does not incorporate the
effect of respiratory sinus arrhythmia (i.e., frequency modula-
tion of the cardiac frequency with respiration).

Respiratory sinus arrhythmia was incorporated into the model
by modeling f. and f, as as two correlated auto-regressive (AR)
processes. Specifically, the cardiac and respiratory frequencies
feand f,. were modeled as a sum of two components: a constant
carrier frequency f an a stochastic frequency variation A(t)

5(0) = Zam (t = k) + w()

Zbk/\ (t — k) +n(t)

fr 4+ (1),

fe(t) = fe+ At
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Fig. 3.

ApEn (normalized) for each of ICH episode (light grey) and mean across all ICP spikes (dark). ApEn decreases as subjects progressed from a stable state

of normal ICP (0-20 min) through the ICP spike and then returned toward normal with resolution of the sudden rise in ICP. This suggests that decreased complexity

of ICP coincides periods of acute elevations in ICP in TBI.

Q
+ Y he(k)A(t — k) (10)
k=0
K-1
p(t) = ) h(kt)
k=0
K —
Xqup+ [1+ aZ%eﬂ”(Z fr+’\r(t))l(t_k)]
=1

N
. Z CnejZ-rr(Z f_pAp(t))n(t—k) + K/I“(t _ k)}

n=1

(1)

where the cardiac A.(¢) and the respiratory A, (¢) stochastic fre-
quency variations were modeled as two correlated auto-regres-
sive (AR) processes.

7) ApEn Versus Respiratory and Heart Rate Variability: We
generated a synthetic ICP signal with increasing stochastic vari-
ability in the frequency domain, by increasing the bandwidth
of the AR processes that model the respiratory and cardiac fre-
quencies.

We estimated the ApEn of the synthetic ICP signal using a
moving window of 10 s with 90% overlap. Fig. 2(i) shows an
spectrogram of the synthetic ICP signal.

IV. RESULTS AND DISCUSSION
A. ApEn in ICP Signals During ICH

Fig. 3 shows a plot of the normalized ApEn for each of the
11 episodes and the median ApEn across all the episodes. From
this figure we can see that
progressed from a stable state of normal ICP to a state of acutely
elevated ICP. This indicates that decreased complexity of ICP
coincides with episodes of ICH in TBI. The level of complexity
begins to return to baseline levels within minutes as ICP drops

below 20-25 mmHg. This decrease in complexity and irregu-
larity in physiologic signals has been suggested to be directly
related to severity of disease. Fig. 4 shows illustrative examples
of the ApEn in six different subjects with TBI. Note how the
ApEn decreases during periods of elevated ICP.

Table II shows the estimated mean ApEn during the stable,
critical (ICH) and recovering regions for each of the 11 episodes,
and the estimated standard errors corresponding to the ApEn
means. The mean ApEn was lower during the ICH period than
during the stable and recovering period in all the 11 episodes
(p < 0.01) (Table II). The population mean across all the 11
episodes during the stable, critical (ICH), and recovering re-
gions were estimated to be 0.5158 £ 0.0089, 0.3887 + 0.077,
and 0.5096 % 0.0158, respectively. Both the mean reduction in
ApEn from the state of normal ICP (stable region) to the ICH
region (—0.1271), and the increase in ApEn from the ICH re-
gion to the recovering region (0.1209) were determined to be
statistically significant (p < 0.01).

These results have three important implications. First, our
results indicate that low ICP An FEn coincides with episodes of
intracranial hypertension (ICH). Decreased complexity during
ICH has been hypothesized by several researchers, but this
hypothesis has remained unproven, since none of the previous
studies applied an established complexity measure such as
ApEn to intracranial hypertension (ICH) episodes.

The fact that ICP ApEn decreases during periods of ICH
demonstrates that there is information on the ICP beat mor-
phology which correlates with patient condition. ApEn was ap-
plied to high-pass filtered ICP signals (i.e., without trend). Since
the ApEn of the detrended ICP signal is inversely correlated
with mean ICP, we can conclude that there is information con-
tained on the ICP beat which correlates with patient condition.
This finding provides the motivation for further research on ICP
beat morphology analysis, since it establishes conclusively that
there is information on the ICP beat.
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TABLE 11
MEAN ApEn OF THE ICP SIGNAL FOR STABLE (), CRITICAL (fi.), AND
RECOVERING REGIONS () AND CORRESPONDING STANDARD ERRORS FOR
STABLE (s ), CRITICAL (5. ), AND RECOVERING REGIONS (s,.)

Ms He Hor Ss Sc Sr
0.643 0.262 0.759 | 0.0157 0.0209 0.0070
0.536 0.325 0.446 | 0.0060 0.0358 0.0153
0.548 0.387 0.539 | 0.0066 0.0032 0.0122
0.439 0.353 0.433 | 0.0037 0.0026 0.0095
0.499 0.336 0.377 | 0.0058 0.0069 0.0014
0.605 0.225 0.442 | 0.0142 0.0078 0.0094
0.507 0.363 0.466 | 0.0028 0.0024 0.0035
0.233 0.223 0.234 | 0.0006 0.0004 0.0005
0.329 0.225 0.325 | 0.0023 0.0015 0.0174
0.341 0.197 0.326 | 0.0060 0.0032 0.0078
0.315 0.185 0.277 | 0.0058 0.0023 0.0047

The third implication of our finding relates to noninvasive
estimation of ICH (i.e., ICH detection without ICP monitoring).
In general, decreased complexity in one physiologic signal often
couples to other signals. Thus, by monitoring the ApEn of the
ECG, ABP, SpO2 or EEG it may be possible to detect periods
of ICH in the absence of the ICP signal.

B. ApEn Interpretation

Our simulation study was designed to enable researchers to
interpret the ApEn metric in terms of classical signal processing
concepts such as frequency, number of harmonics, frequency
variability of harmonics, and signal bandwidth.

Previous work involving the application of ApFEn has con-
sisted on the application of this metric to a specific patient
population or pathology, and identifying an ApEn change
associated with a specific condition. However, the question
of ApEn interpretability and its relationship to other signal
parameters or metrics has not being previously addressed.
Specifically, even though ApEn has been used extensively in
biomedical research, none of the previous studies carried out a
thorough simulation study on synthetic signals aimed at gaining
a better understanding of ApEn itself.

(e)

0

Illustrative examples showing plots of the ApEn in six different subjects with TBI. Note how the ApEn decreases during periods of ICH.

Fig. 5 shows the results of tests performed to gain better un-
derstanding of ApEn and its interpretation in the context of
biomedical signal analysis. Fig. 5(a) and (b) show the calcu-
lated ApEn for the signals shown in Fig. 2(a) and (b), respec-
tively. From these two plots we conclude that ApEn increases
as the frequency of a sinusoid increases, and that AM has an ef-
fecton ApEn (i.e., ApEn increases with the modulation index).
Note that the ApEn values are slightly higher in the case of
the amplitude modulated chirp signal than for the chirp signal
with constant amplitude. This means that a signal with constant
amplitude is slightly more regular or predictable than an ampli-
tude modulated signal. Fig. 5(c) shows how the ApEn increases
as the number of frequency components of a periodic signal
increases. However, the ApEn values (from 0.05 to 0.07) are
lower than ApEn values with the chirp signal, which indicates
that periodic multi-tone signals are more regular and predictable
(Iess complex) than chirp signals. In Fig. 5(d) and (e), we see
that ApEn is sensitive to changes in noise power, increasing as
the noise power increases. We notice that the increasing level
is higher when there are signal and noise Fig. 5(d) than where
there is only noise Fig. 5(e). Fig. 5(f) shows the relationship be-
tween ApEn and noise bandwidth, ApEn increases as the noise
bandwidth increases. Fig. 5(g) demonstrates how the ApEn in-
creases as the bandwidth of the AR processes modeling the res-
piratory and cardiac components increases. Thus, we conclude
that increasing ApEn corresponds to a increasing system com-
plexity [1].

Figs. 5(h) and (i) and 6 show the results of a Monte Carlo
simulation aimed at determining the variance of the ApEn
estimates. Fig. 5(1) shows the ApEn estimates for different
realizations of the process shown in Fig. 5(f). Fig. 5(i) shows
a histogram of the ApEn estimates on a white Gaussian noise
process. Fig. 6 shows histograms of the ApEn calculated from
5000 realizations of a white Gaussian noise, white uniform
noise, and colored noise. From the plot we see that the ApEn
histograms corresponding to both white noise processes (white
and nonwhite) have similar expected values and variance.
However, ApEn is lower in the case of colored noise, and has
more variance.



1678

IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 52, NO. 10, OCTOBER 2005

IR

g

AN

s 0 15 20
Time ()

(d) (O]

(2 (€]

2 2 3
Time (s) Time (5)

MM L s A

10 0 30

Z 500
g
fam
b s f i s
g0 g
A s R i A . " A ; : o _= I--;
» E 2 £ 2 13 14 15 16 17 18

Time (s) Apta

®

Fig. 5. Results of the tests performed to gain better understanding ApEn and its interpretation. (a) Relationship between ApEn and signal frequency, (b) ApEn
and AM, (c) ApEn versus number of harmonics, (d) ApEn versus SNR, (e) ApEn versus noise power, (f) ApEn versus noise bandwidth, (f) ApEn versus
stochastic variability of signal harmonics, (h-i) ApEn versus noise bandwidth variability.

900

800
White
Gaussian
700 = Noise
[ White
Noise
_ (Uniform)

Colored —
Noise

wn
=
T

Frequency
|

200

1
0.4

0.2 . 0.6 0.8 i

L
2

L.
ApEn

14 1.6 1.8 2

Fig. 6. Histograms of ApEn for white Gaussian noise, white uniform noise,
and colored noise.

In the context of ICP and ICH, the test results enable us to
interpret the changes ApEn during ICH episodes. Specifically,
our results show that given a decreased on ApEn during a pe-
riod of ICH, this can be due to 1) a reduction of signal harmonics
(rounding effect), 2) increased variability of the cardiac compo-
nent (interbeat variability), and/or 3) increased pulse amplitude
[higher signal-to-noise ratio (SNR)]. This conclusion is a direct
consequence of tests 2, 7, and (3-6), respectively. These findings
are in accordance with the findings of the ICP research commu-
nity for the past 25 years. The fact that ApEn correlates with the

number of harmonics in periodic and quasi-periodic signals (as
we have demonstrated with our simulation study) has important
implications in the context of ICP analysis, since the number of
harmonics of the signal directly relates to the morphology of the
ICP beats (absence of higher harmonics results in a rounding of
the ICP beat). Investigators have documented specific variations
in the ICP beat morphology, which correspond to specific alter-
ations in the cerebral vascular system, CSF circulation, and res-
piration. These morphology variations may be used to measure
the progression of disease. For instance, Pornoy states that in pa-
tients who do not have a cerebral edema or expanding mass, the
ICP beat shows an initial sharp rise and subsequent downward
slope similar to the arterial pulse; but as the expanding mass or
edema develops, the ICP pulse becomes more rounded. As the
ICP pulse becomes more rounded the amplitude of the higher
frequency sinusoidal components also decreases. Thus, based
on these results, a decrease in ApEn during an ICP spike may
be interpreted as a “decomplexification” or “loss of irregularity.”
This decomplexification may be associated with changes in time
morphology or frequency metrics resulting in decreased time ir-
regularity, frequency irregularity, or frequency bandwidth. This
suggests that there is a natural progression of physiologic states
from the time of injury, or onset of disease, through recovery or
death. The physiologic state of the patient may shift rapidly from
a compensated physiologic state to an uncompensated disease
state as indicated by these results. Other investigators have de-
scribed a number of metrics that change during ICP elevations.
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Szewczykowski et al. described a “warning zone” in which the
amplitude of ICP variations is strongly related to the mean ICP
[32]. They hypothesized that this was caused by impaired com-
pensating ability. Turner ef al. observed that four patients who
developed elevated ICP had increased variance over periods of
33 min prior to an ICP increase [33]. Several groups have found
that an increase in the cardiac component® of the ICP signal
precedes elevations [16], [34]. Czosnyka et al. observed a short
spontaneous decrease in ABP at the beginning of plateau waves
in eleven of sixteen cases [35].

A few investigators have also attempted time series prediction
of the ICP signal [36]—[38]. These attempts employed wavelet
decompositions to separate the signal into different frequency
bands followed by neural networks to predict the wavelet coeffi-
cients, which were finally used to construct the predicted signal
segments.

Our results suggest that the normal regulatory mechanisms
that control cerebral blood flow, the cerebral autoregulation, are
lost or impaired in severe TBI and completely fail during an
acute elevation in ICP, resulting in decreased complexity and ir-
regularity. Researchers have suggested that changes in system
complexity at one level may reflect similar changes at more mi-
croscopic levels. Research to study biochemical and neurotrans-
mitter changes and even molecular changes during severe TBI
may show similar results of a decomplexification process.

V. CONCLUSION

We studied episodes of acute ICH in pediatric patients with
severe TBI and found that the ApEn of ICP decreases during
acute elevations. This suggests that the complex regulatory
mechanisms that govern intracranial pressure are disrupted
during acute rises in ICP. Additionally, we carried out a series
of experiments where ApEn was used to analyze synthetic
signals of different characteristics with the objective of gaining
a better understanding of ApEn itself, specially with regards to
its interpretability in the context of biomedical signal analysis
and TBI. The results of our simulation study enable researchers
to interpret the ApEn metric in terms of classical signal pro-
cessing concepts such as frequency, number of harmonics,
frequency variability of harmonics, and signal bandwidth.
In summary, our simulation results show that 1) ApEn in-
creases as the frequency and the number of harmonics of a
sinusoidal signal increases, 2) ApEn is correlated with noise
bandwidth, increasing as the noise bandwidth increases (ApEn
is lower in the case of colored noise than for white noise), 3
typical values of ApEn for sinusoidal signals 0.001 to 0.007
(m = 1,7 = 0.250), and 4) the ApEn of biomedical signals
increases as the variability of the cardiac component increases
and decreases as the the pulse morphology becomes more
rounded.
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