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Original Research

Complexity and Synchronicity of Resting State Blood
Oxygenation Level-Dependent (BOLD) Functional
MRI in Normal Aging and Cognitive Decline

Collin Y. Liu, MD,'™* Anitha P. Krishnan, PhD,>

Lirong Yan, PhD,*

Robert X. Smith, PhD,! Emily Kilroy, MS,* Jeffery R. Alger, PhD,*
John M. Ringman, MD,*® and Danny J.J. Wang, PhD, MSCE'*

Purpose: To explore the use of approximate entropy
(ApEn) as an index of the complexity and the synchronic-
ity of resting state blood oxygenation level-dependent
(BOLD) functional magnetic resonance imaging (fMRI) in
normal aging and cognitive decline associated with fami-
lial Alzheimer’s disease (fAD).

Materials and Methods: Resting state BOLD fMRI data
were acquired at 3T from two independent cohorts of sub-
jects consisting of healthy young (age 23 * 2 years, n =
8) and aged volunteers (age 66 + 3 years, n = 8), as well
as 22 fAD associated subjects (14 mutation carriers, age
41.2 = 15.8 years; and eight nonmutation carrying family
members, age 28.8 = 5.9 years). Mean ApEn values were
compared between the two age groups and correlated
with cognitive performance in the fAD group. Cross-ApEn
(C-ApEn) was further calculated to assess the asynchrony
between precuneus and the rest of the brain.

Results: Complexity of brain activity measured by mean
ApEn in gray and white matter decreased with normal
aging. In the fAD group, cognitive impairment was associ-
ated with decreased mean ApEn in gray matter as well as
decreased regional ApEn in right precuneus, right lateral
parietal regions, left precentral gyrus, and right paracen-
tral gyrus. A pattern of asynchrony between BOLD fMRI
series emerged from C-ApEn analysis, with significant
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regional anti-correlation with cross-correlation coefficient
of functional connectivity analysis.

Conclusion: ApEn and C-ApEn may be useful for assess-
ing the complexity and synchronicity of brain activity in
normal aging and cognitive decline associated with neuro-
degenerative diseases.

Key Words: resting state BOLD fMRI; approximate en-
tropy (ApEn); complexity; aging; familial Alzheimer’s
disease (fAD); default mode network (DMN)
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COMPLEXITY is one of the key features defining the
behavior of physiological systems of a living organism
(1). This complexity arises from the interaction of an
array of interconnected physiological systems and reg-
ulatory feedback loops, enabling the organism to
adapt to the stresses of everyday life. Continuous
interplay among multiple components of these sys-
tems at molecular, cellular, organ, and systemic levels
ensures that information is constantly exchanged,
even as the organism rests. It is therefore important
to measure and characterize the complex temporal dy-
namics of physiological systems over time, not cap-
tured by statistical measures such as the mean or
standard deviation (SD), as a means to improve the
diagnosis and treatment of human diseases.

During the past few decades a variety of measures
derived from the fields of nonlinear statistics and in-
formation theory have been developed to describe the
dynamics of physiological systems (2). Many of these
are based on the concept of fractals (3). Fractal proc-
esses are characterized by “self-resemblance” over
multiple measurement scales, and their frequency
spectra typically show an inverse power-law (1/f-like)
scaling pattern (4). The mean rate of creation of
information, also known as the Kolmogorov-Sinai (KS)
entropy, is a useful parameter to characterize the sys-
tem dynamics (5). The KS entropy for “real-world”
time series of finite length, however, cannot usually
be estimated with reasonable precision. For the
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analysis of such typically short, noisy time series, Pin-
cus (6) introduced approximate entropy (ApEn) as a
family of nonlinear statistics to quantify regularity in
serial data. Higher ApEn values generally imply that
the process is less predictable (or more complex).
ApEn and its variants have been successfully applied
to biological signals such as cardiac electric activity
(ECG), heart rate, blood pressure, respiratory pat-
terns, brain electric activity (EEG), mood ratings, and
hormonal release, to distinguish healthy function
from disease, and to predict the onset of adverse
health-related events (7-12). A general trend of
decreasing complexity of physiological signals with
aging has also been reported (1).

Among human organs, the brain is the most com-
plex information-processing system, with 10-100 bil-
lion neurons and 10'* synapses. Functional magnetic
resonance imaging (fMRI) based on the blood oxygen
level-dependent (BOLD) contrast is one of the most
widely used methods for noninvasively monitoring the
temporal dynamics of brain physiology (eg, cerebral
blood flow) and neuronal activity. Resting state BOLD
fMRI time series may possess fractal properties, since
its power spectrum is well characterized by the 1/f
function (13-15). There has been converging evidence
suggesting that temporal fluctuations in resting state
BOLD fMRI, in particular low-frequency components
(<0.1 Hz), arise primarily from spontaneous fluctua-
tions of brain physiology and neuronal activity
(16,17). To date, the analysis of resting-state BOLD
fMRI has been limited to conventional linear statistics
such as cross-correlation and amplitude of low-fre-
quency fluctuations (18,19). Only one study has used
ApEn to analyze BOLD {MRI time series acquired
when subjects were performing a visual information-
processing task (20). Higher ApEn was found to be
associated with better cognitive performance in 40
individuals aged 68-70. One limitation of this study is
the potential confounding effect of block design and
task performance on the ApEn measure of fMRI se-
ries. The primary goal of the present study is to
explore the use of ApEn as a measure of regularity or
complexity of resting-state BOLD fMRI in two inde-
pendent cohorts of subjects consisting of healthy
young and aged volunteers as well as symptomatic
and presymptomatic persons carrying familial Alzhei-
mer’s disease (fAD) mutations. Our hypothesis is that
ApEn decreases with normal aging as well as in fAD
subjects with deteriorating cognitive/behavioral
performance.

In addition to ApEn, which assesses the complexity
of individual time series, the asynchrony between two
time series can be characterized by cross-approximate
entropy (C-ApEn) (6). C-ApEn measures the relative
pattern orderliness of two time series, with lower
C-ApEn values denoting greater conditional regularity
or synchronicity. While C-ApEn may be intuitively
understood as the opposite of temporal correlation
that forms the basis of resting-state functional con-
nectivity, temporal correlation analyses assume that
resting-state BOLD fMRI series is a temporally sta-
tionary process. Evidence from both task-based fMRI
studies and animal electrophysiology suggests that
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functional connectivity may exhibit dynamic changes
within time scales of seconds to minutes (21). There-
fore, nonlinear statistics such as C-ApEn may provide
alternative and complementary measures to temporal
correlation analysis of functional connectivity. The
second aim of the present study was to apply C-ApEn
to resting state BOLD fMRI to quantify the asynchrony
of each voxel relative to a reference or seed voxel. We
hypothesize that the pattern of asynchrony between
BOLD fMRI time series by C-ApEn analysis will show
regional anti-correlation with the -cross-correlation
coefficient, a key measure of functional connectivity
analyses.

MATERIALS AND METHODS
Subjects

Two experiments (Exp. 1 and 2) were performed to
investigate the effect of healthy aging and cognitive
decline associated with fAD on ApEn of resting-state
BOLD fMRI, respectively. For Exp. 1, a total of 16
healthy subjects, eight young (age 23 = 2 years, six
males) and eight elderly subjects (age 66 * 3 years,
five males), participated after they provided written
informed consent. All participants were screened for
neurological or psychiatric illnesses. For Exp. 2, 22
subjects with pathogenic autosomal dominant muta-
tions participated after they or their legal representa-
tive provided written informed consent. Fourteen of
the 22 subjects, nine females and five males, with age
41.2 = 15.8 years, were mutation carriers. Twelve of
the 14 mutation carriers had presenilin-1 (PSEN1)
mutations and two had an amyloid precursor protein
(APP) mutation. Of the 14 mutation carriers, four
were asymptomatic (Clinical Dementia Rating [CDR] =
0), seven had mild cognitive impairment (CDR = 0.5),
and three were demented (one with a CDR score of 1,
and two with CDR scores of 3). Eight of the 22 sub-
jects were nonmutation-carrying family members,
with five females and three males, and age 28.8 = 5.9
years. Subjects were participants in a comprehensive
multicenter clinical, imaging, and biochemical marker
study to evaluate early changes occurring in persons
carrying fAD mutations (the Dominantly Inherited
Alzheimer Network, NIH U01-AG032438). Subjects
underwent Mini-Mental Status Exam (MMSE) and
CDR tests (22,23). All clinical evaluations were per-
formed blind to participant’s genetic status.

Data Acquisition

All MRI experiments were performed on Siemens Tim
Trio 3T scanners (Erlangen, Germany) using a 12-
channel head coil. In Exp. 1, subjects underwent a
resting-state BOLD fMRI scan with their eyes open. A
single-shot dual-echo gradient-echo echo-planar
imaging (EPI) sequence with interleaved TE was used
to acquire four different TE datasets for every two
consecutive TRs (TE1 = 20 msec and TE2 = 50 msec
for one TR, TE3 = 35 msec and TE4 = 65 msec for
the following TR) (24). The purpose of this multiecho
EPI sequence was to account for potential changes of
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T2* between the two age groups, as well as to investi-
gate the effect of TE on ApEn. Each scan with 240
acquisitions took 8 minutes. Ten oblique slices with
5-mm thickness and 1-mm gap were scanned parallel
to the anterior—-posterior commissure (AC-PC). Other
parameters included: field of view (FOV) = 22 cm; ma-
trix = 64 x 64; TR = 1000 msec (effective TR = 2000
msec); flip angle = 65°. In Exp. 2, resting-state BOLD
fMRI scans were performed on subjects with their
eyes open. Gradient-echo EPI sequence was per-
formed with the following imaging parameters: TR/TE
= 2000/35 msec, FOV = 22 cm, matrix = 64 x 64, 35
slices with thickness of 4 mm, 140 acquisitions with a
scan time of 4.7 minutes. In both Exp. 1 and 2, con-
ventional T1-weighted 3D images were acquired using
an MPRAGE sequence (TR/TE/TI = 1730/3.96/1100
msec; flip angle = 15°; matrix = 256 x 256 x 192,
voxel size = 1 x 1 x 1 mm®) for anatomic MRI.

Data Processing

The fMRI data were realigned to correct for motion
using SPM 8 (Wellcome Department of Cognitive Neu-
rology, UCL, UK), followed by coregistration with T1-
weighted structural MRI. Whole-brain, gray matter
(GM), white matter (WM), and cerebrospinal fluid
(CSF) masks were segmented based on T1-weighted
structural MRI. Whole-brain ApEn and C-ApEn were
calculated voxel-by-voxel using a custom MatLab
(MathWorks, Natick, MA) program, as described
below. Average ApEn values of GM, WM, and CSF
were calculated using the corresponding masks
in each subject. For regional analyses, ApEn and
C-ApEn volumes were normalized to the MNI space.

Calculation of ApEn

As described in the 1991 article by Pincus (6), the cal-
culation of ApEn depends on two parameters: m and
r. ApEn measures the logarithmic likelihood (or condi-
tional probability) that runs of patterns that are close
(within the same tolerance width 1) for m contiguous
observations remain close on subsequent incremental
comparisons (m+1). The steps involved in calculating
ApEn are as follows:

1. For a time series u(t) with N data points, form
sequence of vectors x(1), x(2),....x(N) by x(i)
[u(@,...,ui+m-1)].

2. For each i, 1 < i < N-m+1, construct C{*(n =
{number of x(j) such that d[x().x({] < 1}/
(N+m—1), where d[x(),x(§)] = max]|uli+k-1)-
u(j+k-1)| for k = 1,2,...,m, given by the maxi-
mum of the difference of the scalar components
of x(i) and x(j), represents the distance between
the vectors. Nomil o

3. Calculate Cp,(r) = %

4. Repeat steps 1, 2, and 3 for m+1 contiguous
observations to obtain C,,, (1.

5. ApEn is defined as: ApEn(m, r, N) = In C,4() — In
Cm+l(r)~

The parameters used for calculating ApEn were: m
=1 to 5 and r = 0.25 x standard deviation (SD) of the

Q

Liu et al.

fMRI time series. In Exp. 1, we calculated ApEn val-
ues for m = 1 to 5 to empirically understand ApEn
variations with m. According to Richman and Moor-
man (25), reasonable estimates of these conditional
probabilities are achieved with an N value of at least
10™ and preferably at least 30™ points. Based on the
above observation, and with n = 240 or 140 in our
experiments, the ApEn values were acceptable only
for m=1 and 2.

Calculation of C-ApEn

The calculation of C-ApEn was identical to that of
ApEn except two different time series were compared.
A reference voxel in the left precuneus was visually
selected by a neurologist (C.Y.L.) to match the peak
coordinate (x = —6, y = —58, z = 28) of the default
mode network (DMN) based on a meta-analysis (26).
C-ApEn values were calculated for all the voxels in
the brain against the time series of the reference
voxel. For each calculation, the two time series were
normalized to have zero-mean and the same range of
SD. Self-comparisons were eliminated to avoid bias
from self-matching. However, C-ApEn is not defined
when the two time series have no matching subseries
(ie, m or m+1 contiguous observations). In our algo-
rithm, we assigned C-ApEn = O when there were no
matching subseries. For comparison, conventional
cross-correlation analysis was performed using the
same seed voxel as in C-ApEn analysis, using the
REST software (27). C-ApEn and cross-correlation
coefficients were then correlated voxel-by-voxel.

Statistical Analyses

Statistical analyses were performed using the SPSS
16.0 software (Chicago, IL). Mean ApEn values in GM
and WM and also between the old and young groups
were compared using multivariate analysis of variance
(ANOVA) with age group as the between-subject factor,
TE and tissue type as within-subject factors. Spear-
man correlation coefficients were used to assess cor-
relations between mean ApEn values and cognitive
performance in fAD subjects. Corresponding voxel-
wise analyses were carried out in SPM 8. For Exp. 1,
normalized ApEn maps were compared between
young and aged subjects using the General Linear
Model (GLM) with a factorial design (age group and
TE) to include data from four TEs, as well as using an
unpaired t-test for each TE respectively. For Exp. 2,
GLM analysis was carried out to investigate associa-
tions between ApEn and cognitive/behavioral per-
formances indicated by MMSE and CDR Sum of Box
(SOB) scores, with age and mutation status included
as covariates. Significant activations were first
detected with the threshold of uncorrected P < 0.001
and a cluster size of at least 10 voxels. Small volume
correction was further performed on detected activa-
tion clusters, using the region of interest (ROI) masks
provided by the Automated Anatomical Labeling tool-
box (http://www.fil.ion.ucl.ac.uk/spm/ext/#AAL). In
addition, mean ApEn values were correlated with the
maximum translation displacement and rotation
angle of six rigid-body motion parameters across 22
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Figure 1. Effect of sliding window width (m) on ApEn in two
representative subjects (r = 0.25 x SD, n = 240). Error bars
indicate SD. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

subjects in Exp. 2 to investigate the potential con-
founding effect of head motion on ApEn values.

RESULTS
Empirical Analysis of Parameters m and r

The sliding window width (m) was varied from 1 to 5
using BOLD fMRI data acquired in Exp. 1. As shown in
Fig. 1 of two representative subjects, ApEn is highest at
m = 1, and it decreases toward O as m increases. This
trend was highly consistent across all young and aged
subjects. The effect of tolerance width (7 on ApEn was
also evaluated, which is defined as a percentage of the
SD of the time series. As shown in Fig. 2, ApEn is high-
est when r is around 25%-30% of SD, which is consist-
ent with a recent study on task-evoked BOLD fMRI
(20). These empirical observations, in conjunction with
the suggested m and r values in the literature (6,10),
justify our choosing m = 2 for the calculation of ApEn
with r= 0.25 x SD in all of the following analyses.

Effects of Echo Time and Tissue Type

Figure 3 shows the mean ApEn values acquired at the
four TEs (20, 35, 50, 65 msec) in the two age groups
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Figure 2. Effect of tolerance width (r) on ApEn in two repre-
sentative subjects (m = 2, n = 240). Error bars indicate SD.
Dotted line indicates r = 0.25 x SD. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

in three tissue types, respectively. Multivariate ANOVA
showed that there was a significant main effect of TE
on mean ApEn values in GM (F(3, 12) = 9.657, P =
0.002), WM (F(3, 12) = 46.83, P < 0.001), and CSF
(F(3, 12) = 318.8, P < 0.001). In all the tissue types,
lowest ApEn values were observed at a TE of 35 msec,
which was verified by post-hoc pairwise comparison
of ApEn values acquired at four TEs (P < 0.05). Never-
theless, the fitted mean T2* values were not different
between the young (T2* = 51.21 = 2.63ms) and aged
(T2* = 51.19 * 2.70 msec) subjects.

Multivariate ANOVA also showed that there was a
significant main effect of tissue type on mean ApEn
values in the two age groups across four TEs (F(2, 13)
> 12.12, P < 0.001) (Fig. 3). Post-hoc analyses
showed that mean ApEn values in WM were signifi-
cantly greater than those of CSF (P < 0.02). Mean
ApEn values in WM were also greater than those of
GM (P < 0.05) at TEs of 20, 35 and 50 msec.

ApEn Changes in Normal Aging

Multivariate ANOVA showed that there was a signifi-
cant main effect of age on mean ApEn values in GM

Gray Matter White Matter CSF
s = Young e " Young 3  Young
®Old 1.2 ®Old

1.2

1 - L . I 3
4 , | 115
11
1.05
105
1
20 35 50 65

ApEn

1

[ 5 ;
: 09
038
07
06
05
20 35 50 65

®Old
35 50 65

20

TE (ms)

Figure 3. Bar chart of mean ApEn of GM, WM, and CSF in the two age groups across four TEs. Error bars indicate SD.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 4. Mean ApEn values and maps acquired at the representative TE of 35 msec in the two age groups. Error bars indi-
cate SD. Significant differences are seen between young and old in GM and WM (*P < 0.002). [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

(F(1, 14) = 36.72, P < 0.001) and WM (F(1, 14) =
14.72, P = 0.002), but not in CSF (F(1, 14) = 1.99, P
= 0.18). As shown in Fig. 4 of the representative ApEn
maps acquired at a TE of 35 msec, mean ApEn in GM
of the young group (1.10 = 0.005) was significantly
higher than that of the aged group (1.07 = 0.016, P <
0.001). In WM, mean ApEn of the young group (1.14
+ 0.015) was also significantly higher than that of the
old group (1.09 = 0.026, P = 0.002). As expected,
ApEn of CSF did not show significant difference
between the two age groups (P = 0.34). Voxel-wise
comparison of ApEn between young and aged groups,
using GLM with a flexible factorial design to include
all four TEs, revealed no significant clusters. However,
two-sample t-test analysis of the young and aged
groups at each TE showed significantly decreased re-
gional ApEn in aged subjects. No increased regional
ApEn with age was found. For the representative TE
of 35 msec, significantly decreased ApEn was found
in bilateral angular gyri (AG), right mid temporal
gyrus (MTG), left supramarginal gyrus (SMG), left mid
and posterior cingulate (MC and PC), and left calcar-
ine cortex (Cal) at the threshold of P = 0.001 (uncor-
rected) and a minimum cluster size (kc) of 10 voxels
(Fig. 5). The peaks of these clusters also survived
small-volume correction (Table 1; peak SVC P < 0.05).

ApEn in Familial AD Subjects

In Exp. 2, ApEn was similarly calculated for 22 sub-
jects from fAD families. Mean ApEn of GM showed a
significant positive correlation with MMSE scores
(Spearman r = 0.482, P = 0.023). This correlation
between mean ApEn in GM and MMSE scores was
still significant when multiple regression analysis was
applied with age and mutation status included as
covariates (P = 0.024). Mean ApEn of WM, however,
did not show such trends with MMSE or CDR scores.
Mean ApEn of GM or WM did not show significant
correlations with head motion parameters (maximum

translation displacements and rotation angles) across
the 22 subijects.

Voxel-wise regression of ApEn with MMSE or CDR-
SOB scores was performed using GLM in SPMS8, with
age and mutation status included as covariates. Signif-
icant positive correlations between ApEn and MMSE
scores were seen in the following regions: bilateral pre-
cuneus (PrC), right supramarginal gryus (SMG), right
angular gryus (AG), left postcentral gyrus (PCG), right
paracentral gyrus (PaCG), right superior temporal
gyrus (STG), left lingual gyrus (LG), and right putamen
(Put) (Fig. 6A; P = 0.001, uncorrected). All of these
clusters except the left precuneus survived small vol-
ume correction using corresponding ROIs defined in
AAL (Table 2, peak SVC P < 0.05). No significant nega-
tive correlation between ApEn and MMSE was
observed. For CDR-SOB scores, significant negative
correlations with ApEn were observed similarly in right
PrC, right SMG, right AG, left PCG, and right PaCG
(Fig. 6B; P = 0.001, uncorrected), all of which survived
small volume correction (Table 2, peak SVC P < 0.05).
No significant positive correlation between ApEn and
CDR-SOB was observed. Significant clusters and peak
voxels with peak SVC P values are listed in Table 2.
Regression analysis of ApEn with age and mutation
status showed that mutation in APP or PSEN1 genes
was associated with decreased ApEn in the left parietal
lobe (P = 0.001, uncorrected; kc = 10; peak SVC P =
0.035). However, after including MMSE or CDR-SOB
scores as covariates, no significant correlation between
mutation status and ApEn was found. This result sug-
gests that no significant mutation effect, independent
of the effect of cognitive decline, is present.

Cross-Approximate Entropy

In Exp. 1, voxel-wise C-ApEn was calculated using a
single seed-voxel in the left precuneus, the peak of
DMN based on meta-analysis. A smaller m = 1 was
used for the calculation of C-ApEn compared to m = 2
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Figure 5. Reduced regional ApEn in aged compared to young subjects. Significant ApEn reduction is found in bilateral
angular gyri (AG), right mid temporal gyrus (MTG), left supramarginal gyrus (SMG), left mid and posterior cingulate cortex
(MC and PC), and left calcarine cortex (Cal) (uncorrected P = 0.001, T = 3.8, kc = 10; peak SVC P < 0.05). Yellow lines
indicate the upper and lower limits of brain volume examined (10 slices).

for ApEn as suggested by the literature (since the
count of matched patterns between two time series
would be too few for m = 2) (6,10,25). The results
demonstrated high synchronicity (lower C-ApEn) in
some nodes of the DMN such as the precuneus/poste-
rior cingulate cortex, and the medial prefrontal areas,
as well as the GM in general. Average C-ApEn images
of combined young and elderly subjects are displayed
in Fig. 7. Voxel-by-voxel comparison showed a signifi-

correlation (r=-0.473, n= 1110, P < 0.0001) (Fig. 7,
scatterplot). Interestingly, the anti-correlation between
C-ApEn and cross-correlation was stronger in the
young group (r = —0.510, P < 0.0001) than that of the
aged group (r = —0.158, P < 0.0001).

DISCUSSION

Resting-state BOLD fMRI time series are generally

cant inverse relationship between C-ApEn and cross- considered to consist of three components:

Table 1

Reduced regional ApEn in Aged Compared to Young Subjects at TE = 35 msec
Brain region Cluster centraid (x, v, z) Cluster size (k¢) Peak T Peak SVC p
Right mid temporal gyrus and angular gyrus 52, —62, 24 149 8.02 0.001
Left mid cingulum —-12, -6, 34 86 5.98 0.007
Left calcarine cortex —14, —78, 16 21 5.70 0.005
Left supramarginal gyrus —-62, —22, 32 27 4.78 0.012
Left posterior cingulum —10, —46, 18 41 4.77 0.006
Left superior temporal gyrus —54, —-30, 18 19 4.45 0.031
Left angular gyrus —56, —62, 32 13 4.32 0.023

Level of significance is set at uncorrected P = 0.001 (T = 3.8), with k; > 10. Peak p values after small volume correction using AAL ROls

are shown. All have peak SVC P < 0.05.
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Figure 6. Voxel-wise correlations of ApEn with (A) Mini-Mental Status Exam (MMSE) and (B) Clinical Dementia Rating Sum
of Box (CDR-SOB) scores. Significant correlations between ApEn and MMSE or CDR-SOB scores are observed in these
regions: bilateral precuneus (PrC), right supramarginal gryus (SMG), right angular gryus (AG), left postcentral gyrus (PCG),
right paracentral gyrus (PaCG), right superior temporal gyrus (STG), left lingual gryus (LG), and right putamen (Put) (uncor-
rected P = 0.001, T = 3.9, kc = 10; peak SVC P < 0.05, except for left PrC).

Table 2
Clusters Showing Positive Correlations Between ApEn and MMSE, and Negative Correlations Between ApEn and CDR
Brain region Cluster centraid (x, y, z) Cluster size (k) Peak T Peak SVC p
MMSE positive correlation
Left postcentral gyrus —24,-32, 68 49 6.52 0.001
Right precuneus 8, —70, 56 103 6.22 0.002
Right supramarginal gyrus 56,—42,30 52 5.85 0.002
Right paracentral lobule 8, —38, 72 38 5.50 0.002
Right angular gyrus 44, —62, 40 19 4.85 0.009
Right mid temporal gyrus 46, 0, —20 27 4.44 0.044
Right putamen 30, 6, 2 12 4.41 0.013
Left lingual gyrus —14, —68, —12 19 4.36 0.027
Left precuneus —14, —64, 60 10 3.92 0.084*
CDR-—SOB negative correlation
Right supramarginal gyrus 56, —44, 28 57 6.61 0.001
Right precuneus 6, —72, 54 164 6.08 0.002
Right paracentral lobule 8, —38, 74 28 5.27 0.002
Left postcentral gyrus —22, -32, 70 33 5.11 0.008
Right angular gyrus 44, —64, 38 11 4.20 0.029

Age and mutation status are included in the regression analyses. Level of significance is set at uncorrected P = 0.001 (T = 3.9), with
ke > 10. Peak p values after small volume correction using AAL ROls are shown. All except the left precuneus cluster (*) have peak SVC
P < 0.05.
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Figure 7. Cross-approximate entropy (C-ApEn) and cross-correlation maps using a left precuneus seed demonstrate regional
anti-correlation. Average C-ApEn and cross-correlation maps of the 16 healthy subjects (eight young and eight old) are shown
along with their T1 structural maps. A scatterplot of the average images on the right shows significant inverse relationship
between C-ApEn and cross-correlation across brain pixels (r= —0.473, n= 1110, P < 0.0001).

spontaneous fluctuations with metabolic and neuro-
nal origin, physiological noise related to cardiac/re-
spiratory pulsations, and scanner-related thermal
noise (16). A consensus has emerged from recent
studies that temporal fluctuations in resting state
BOLD fMRI, in particular low-frequency components
(<0.1 Hz), arise primarily from spontaneous fluctua-
tions of brain metabolism and neuronal activity
(17,28). It has been demonstrated by Logothetis et al
(29) that hemodynamic responses in BOLD signal cor-
relate best with local field potentials (LFT) that are
thought to reflect the weighted average of input sig-
nals on the dendrites and cell bodies of local neurons.
Since there are ~200,000 dendrites on each neuron,
neurons and glial cells form a highly complex and
interconnected network that is controlled and bal-
anced through myriad feedback loops, even during
resting state. Therefore, the complexity of resting-
state BOLD time series may provide a viable measure
to probe the complexity of the underlying brain
activity.

The present study attempted to quantify the com-
plexity of resting-state BOLD fMRI using ApEn, which
showed age-related decreases in healthy volunteers. It
has been suggested that normal human aging is asso-
ciated with a loss of complexity in a variety of fractal-
like anatomic structures and physiological processes
(1,2). Using a variety of measures that employ fractal
analysis, aging has been shown to be associated with
a loss of complexity in blood pressure, respiratory
cycle, stride interval, and postural sway dynamics
(9,30,31). It has been reported that aging may affect
cortical and subcortical connections through cell loss,
synaptic degeneration, blood flow reduction, neuro-
chemical alteration, as well as central nervous system
reorganization (32). All these age-related changes may
lead to gradual loss of both local and long-range con-

nections in the brain, thereby decreasing the complex-
ity of spontaneous brain activity. The age related
decline in ApEn of resting-state fMRI BOLD time se-
ries, observed in the present study, is therefore con-
sistent with past findings. In particular, it has been
reported that functional connectivity in the DMN
reduces with normal aging (33), and further reduces
in AD patients, and persons at risk for dementia such
as APOE-e4+ carriers (34,35). The observed ApEn
decreases with aging in bilateral angular gyri, right
mid temporal gyrus, left supramarginal gyrus, left
mid and posterior cingulate cortex (at a TE of 35
msec) partially overlap with the DMN, suggesting
potential associations between reduced functional
connectivity and reduced ApEn or complexity of rest-
ing-state BOLD fMRI with aging.

Another interesting finding from the present study
is that ApEn is lowest at a TE of 35 msec and shows
significant differences between the three tissue types
of the brain. Past studies have shown that the magni-
tude of spontaneous fluctuations of BOLD fMRI is
TE-dependent and displays a spatial distribution that
is specific to neuroanatomical structures (16,17). For
instance, spontaneous fluctuations in BOLD fMRI
demonstrate a stereotypical TE dependence, with the
magnitude reaching its peak when TE approximates
T2*. The magnitude of spontaneous fluctuations in
BOLD fMRI is higher in GM than that in WM. The
observed trend of ApEn variations with TE and tissue
types in the present study was in general opposite of
those of spontaneous fluctuations in BOLD fMRI. One
potential explanation may be related to the fractional
contributions of thermal and physiological noise to
temporal fluctuations of BOLD fMRI. Since thermal or
white noise yields the highest ApEn in all temporal
processes, higher magnitude of physiological noise (ie,
lower fraction of thermal noise) may lead to lower
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ApEn values of BOLD fMRI with TE close to T2*. Simi-
larly, higher ApEn in WM may be attributed to a
greater fraction of white noise in temporal fluctua-
tions of WM than that of GM, while pulsatile CSF
movement may contribute to a low ApEn in CSF. This
hypothesis, nevertheless, cannot fully account for our
findings since the lowest ApEn was observed at a TE
of 35 msec instead of the predicted 50 msec (closest
to T2%. The biophysical mechanisms of observed TE
and tissue type dependences of ApEn remain to be
clarified in further experiments.

Compared to normal aging, neurodegenerative dis-
eases might be expected to further reduce the com-
plexity of brain activity, possibly affecting some brain
structures more than others. In the present study,
ApEn measurements were also performed on 22 sub-
jects from families with fully penetrant autosomal
dominant AD. Cognitive impairment, as indicated by
lower MMSE and higher CDR-SOB scores, was associ-
ated with lower mean ApEn in GM as well as reduced
regional ApEn in the precuneus, right lateral parietal
regions (ie, supramarginal and angular gyri), and
bilateral superior parietal regions (ie, left postcentral
and right paracentral gyri) (Fig. 6; Table 2). Past mor-
phometric MRI examinations in fAD revealed that the
onset of dementia is accompanied by progressive
medial temporal lobe and whole brain atrophy (36).
Fluorodeoxyglucose positron emission tomography
(FDG-PET) studies of fAD subjects showed hypome-
tabolism in temporoparietal, posterior cingulate/pre-
cuneus, and frontal cortical regions (37). SPECT per-
fusion imaging studies showed hypoperfusion in the
hippocampal-amygdaloid complex and the anterior
and posterior cingulate cortex (38). The detected pat-
tern of ApEn decreases associated with cognitive
decline is generally consistent with past metabolic
and perfusion imaging studies in fAD.

Functional connectivity based on temporal correla-
tions of resting-state BOLD fMRI time series is com-
monly used to characterize networks of the brain. It
has been suggested that C-ApEn may provide a novel
measure, complementary to cross-correlation and
cross-spectrum analyses of two time series, while
ApEn can be compared to their single variable coun-
terparts, autocorrelation function and power spec-
trum (39). The advantage of C-ApEn and ApEn is that
these nonlinear measurements do not require the
assumptions for linear systems. However, the draw-
back is that C-ApEn and ApEn generally require lon-
ger time series compared to the calculation of their
linear counterparts. C-ApEn may also be applied to
derive indices to characterize the complexity of neural
networks (40). The present study demonstrated a gen-
eral anti-correlation between the asynchrony pattern
of BOLD time series using C-ApEn and functional
connectivity using cross-correlation, and this anti-
correlation appeared to be stronger in young subjects
compared to elderly subjects. Nevertheless, there are
considerable differences between C-ApEn and cross-
correlation analyses, eg, the observed anti-correlation
between C-ApEn and cross-correlation may represent
the inverse relationship of these two measures in GM
and WM. This issue awaits verification in future stud-
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ies with increased number of acquisitions during
BOLD fMRI scans.

The present study has several limitations. The sam-
ple size is relatively small and the number of BOLD
acquisitions is not high (n = 140 for Exp. 2), which
may affect the reliability of ApEn measurements.
Nevertheless, significant ApEn variations associated
with normal aging and cognitive deterioration were
detected within the relatively small cohort of subjects.
The value of ApEn may not be directly interpreted as
the degree of complexity, since random noise yields
the highest ApEn but does not represent the most
complex process. Improved complexity measures such
as multiscale ApEn and Sample Entropy (SampEn)
may be applied to address this in future studies
(5,25). The use of small volume correction in pixel-
wise correlation analyses without an a priori hypothe-
sis may be biased. Since the goal of the present study
was to introduce and explore ApEn as a novel mea-
sure of complexity or regularity of resting-state BOLD
fMRI, it is beyond the scope of this work to fully inves-
tigate the effects of aging, genetic factors, and demen-
tia using ApEn. The clinical value of ApEn and C-
ApEn awaits a full evaluation in future studies using
large datasets.

In conclusion, the present study explored ApEn as
a measure of complexity or regularity of resting-state
BOLD fMRI series. The results showed that ApEn
decreases with normal aging and cognitive decline in
fAD subjects. Cross-ApEn was further applied to mea-
sure the asynchrony of BOLD fMRI series between
voxels. ApEn and C-ApEn may offer novel nonlinear
approaches for assessing the complexity and synchro-
nicity of brain activity in normal aging and cognitive
decline associated with neurodegenerative diseases.
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