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INTRODUCTION 
 

The human brain is a nonlinear dynamic system, which 

needs to keep flexible or complex to adapt to the 

external changing environment. Neuroimaging studies 

have demonstrated that the variability of brain signals is 

more than intrinsic spontaneous noise, and is closely 

linked to different cognitive states [1, 2]. Thus the loss 

of  complexity  in  brain  activity  may lead to neural in- 

 

efficiency and cognitive deficits, which substantially 

increase the risk of the susceptibility for many mental 

disorders. Previous study has shown that older adults 

exhibited significantly decreased complexity of resting 

brain activity compared with young adults [3], 

suggesting declined brain functions and impaired 

adaptability to environment with age. Alzheimer’s 

disease (AD) is the most common form of dementia in 

aging most often characterized by cognitive deficits in 
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ABSTRACT 
 

Brain complexity, which reflects the ability of the brain to adapt to a changing environment, has been found to 
be significantly changed with age. However, there is less evidence on the alterations of brain complexity in 
neurodegenerative disorders such as Alzheimer’s disease (AD). Here we investigated the altered complexity of 
resting-state blood oxygen level-dependent signals in AD-related neurodegeneration using multiscale entropy 
(MSE) analysis. All participants were recruited from the Alzheimer’s Disease Neuroimaging Initiative, including 
healthy controls (HC, n=62), amnestic mild cognitive impairment (aMCI, n =81) patients, and Alzheimer’s 
disease (AD, n=25) patients. Our results showed time scale-dependent MSE differences across the three groups. 
In scale=1, significantly changed MSE patterns (HC>aMCI>AD) were found in four brain regions, including the 
hippocampus, middle frontal gyrus, intraparietal lobe, and superior frontal gyrus. In scale=4, reversed MSE 
patterns (HC<aMCI<AD) were found in the middle frontal gyrus and middle occipital gyrus. Furthermore, the 
values of regional entropy were significantly associated with cognitive functions positively on the short time 
scale, while negatively on the longer time scale. Our findings suggest that MSE could be a reliable measure for 
characterizing brain deterioration in AD and may provide insights into the neural mechanism of AD-related 
neurodegeneration.  
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multiple domains, including episodic memory, 

executive function, and decision-making [4, 5]. 

Although substantial neuroimaging studies have 

reported brain alterations in AD using various measures, 

there has been less study on how the complexity of 

brain activity changes in AD-related neurodegeneration. 

 

To quantify the complexity in a dynamic system, 

entropy is developed to measure the nonlinear 

characteristics of time series data, which has been 

successfully applied in scientific and clinical researches 

[6, 7]. In several AD-related neuroimaging studies, 

converging evidence has shown the abnormality of 

altered complexity in brain activity, associated with 

impaired cognitive and psychosocial functions. For 

example, electroencephalography (EEG) studies have 

reported approximate entropy significantly decreased in 

AD patients, suggesting a reduced irregularity in brain 

activity [8, 9]. As a modification of approximate 

entropy, sample entropy is less sensitive to the change 

of data length, and has been found significantly 

decreased in AD patients as well [10]. Likewise, 

entropy analysis in magnetoencephalography (MEG) 

studies reported significantly decreased complexity or 

increased regularity of brain activity in AD [11, 12]. 

Different from using a single temporal scale in 

approximate entropy and sample entropy analysis, 

multiscale entropy (MSE) has been developed to assess 

the irregularity of a time-series signal in multiple time 

scales, providing a more informative measurement in 

exploring age-related brain deterioration [3, 13].  

 

In recent years, increasing numbers of studies have 

been focusing on the dynamic analysis of blood-

oxygen-level-dependent (BOLD) signals derived from 

resting-state fMRI (rs-fMRI) data. Compared with 

EEG and MEG, fMRI provides high spatial resolution 

in understanding regional activity and interregional 

connections. Using resting-state fMRI, accumulating 

evidence has revealed AD-related dysfunctions in 

multiple brain regions, including the prefrontal cortex 

(PFC), hippocampus, parietal lobe, and temporal lobe 

[14, 15]. Functional connectivity analysis indicates 

that decreased global connections and increased local 

connections were found in amnestic mild cognitive 

impairment (aMCI) and AD [16, 17]. In addition to 

the conventional fMRI analyses, recent studies have 

reported entropy of spontaneous BOLD signals could 

be a sensitive biomarker for assessing the complexity 

and synchronicity of brain activity in normal aging 

[18] and psychiatric disorder [19]. Taken together, the 

disrupted regional brain activities and network 

connectivities implicate the abnormal dynamics of 

spontaneous brain activity in AD, suggesting an 

altered BOLD complexity may be closely linked to 

the etiology of AD. 

In the current study, we investigated the changes in 

fMRI signal complexity in aMCI and AD patients 

compared with healthy controls (HC) by examining 

MSE of resting-state BOLD signals. We hypothesized 

that MSE would be altered in multiple brain regions in 

aMCI and AD groups, and was associated with AD-

related cognitive decline. Moreover, we speculated that 

the changes of MSE patterns in AD would depend on 

different time scales. 

 

RESULTS 
 

Defining parameters in MSE analysis 
 

Based on analyzing 90 regions in AAL template, results 

from one-way ANOVA showed MSE parameters of m = 

1, r = 0.35 and scale = 2 with the largest total F scores 

(F = 42.4), giving the highest sensitivity in 

differentiating the HC, aMCI and AD groups (see 

Figure 1). Then these parameters were applied to 

calculate the individual’s entropy map for the sub-

sequent whole-brain voxel-wise analysis. A voxel-wise 

ANCOVA was used to examine the differences across 

the three groups, and showed significant MSE changes 

in four brain regions (p < 0.05, AlphaSim correction), 

including the right hippocampus, right precentral gyrus 

(PCG), right intraparietal lobe (IPL), and right superior 

frontal gyrus (SFG) (see Figure 2A left and Table 2). 

Post-hoc comparisons were performed to examine the 

differences between each paired group. In the 

hippocampus and PCG, both aMCI and AD groups 

showed significantly decreased entropy than the HC 

group (p < 0.05, FDR correction). In the IPL and SFG, 

the AD group showed significantly decreased 
 

 
 

Figure 1. Examining the sensitivity of MSE parameters in 
differentiating the HC, aMCI, and AD groups using one-way 
ANOVA. Compared with other parameters, the combination of m 

= 1, r = 0.35, and scale = 2 gave the largest total F scores, showing 
the highest discrimination power of detecting the differences 
across the three groups.  
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Table 1. Demographics and characteristics of participants.  

 HC (n = 62) aMCI (n = 81) AD (n = 25) p value 

Age 74 ± 6 74 ± 7 74 ± 6 0.79 

Male (n) 28 43 13 0.63 

Education (Years) 16 ± 3 16 ± 3 15 ± 3 0.42 

MOCA 26 ± 2 23 ± 3 * 16 ± 5 *,# < 0.01 

MEM 1.0 ± 0.6 0.3 ± 0.7 * -0.8 ± 0.7 *,# < 0.01 

EF 0.8 ± 0.7 0.3 ± 0.9 * -0.9 ± 0.9 *,# < 0.01 

Head motion 0.18 ± 0.11 0.19 ± 0.16 0.18 ± 0.13 0.96 

Data are presented as means ± standard deviations for the HC, aMCI, and AD groups. *, p<0.05 compared with HC; #, p<0.05, 
compared with MCI. Note: HC, healthy control; aMCI, amnestic mild cognitive impairment; AD, Alzheimer’s disease; MOCA, 
Montreal Cognitive Assessment; MEM, memory; EF, executive function.  
 

entropy compared with HC and MCI groups (p < 0.05, 

FDR correction, see Figure 2B left). 

 

MSE analysis in different time scales 

 

Further analyses examined how the altered MSE 

patterns changed with time scales. In scale = 1, there 

was no significant difference across the HC, aMCI, and 

AD groups. In scale = 3, entropy in the right cuneus 

showed significant difference across the three groups 

(see Figure 2A middle, Table 2). A post-hoc analysis 

showed that the aMCI group has significantly decreased 

entropy than the HC group (p < 0.05, FDR correction). 

In scale = 4, entropy was found significantly different in 

two brain regions, including the right middle frontal 

gyrus (MFG) and right middle occipital lobe (MOG) 

(see Figure 2A right, Table 2). A post-hoc analysis 

showed AD > HC and aMCI > HC in the right MFG, 

and AD > aMCI > HC in the right MOG (p < 0.05, FDR 

correction). 

 

Additionally, an independent two-sample t-test was 

performed to examine how the MSE patterns of AD 

versus HC changed with time scales (see Figure 3A). To 

 

 
 

Figure 2. MSE differences across the three groups using voxel-wise ANCOVA, controlled for age, education, head motion, and 
GM. (A) Significant differences of MSE were observed in multiple brain regions, including four regions in scale = 2 (the right hippocampus, right 

PCG, right IPL and right SFG), one region in scale = 3 (the right cuneus), and two regions in scale = 4 (the MFG and MOG). All the statistical results 
were corrected for multiple comparisons (p < 0.05, AlphSim correction). (B) The peak entropy value within each region was extracted and used to 
examine the differences between each pair of groups (p<0.05, FDR correction). Note: PCG, precentral gyrus; IPL, intraparietal lobe; SFG, superior 
frontal gyrus; MFG, middle frontal gyrus; MOG, middle occipital gyrus; GM, gray matter. *, p<.05; **, p<.01. 
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Table 2. Brain regions with significant MSE differences across HC, aMCI, and AD. 

Region Peak value Cluster (voxels) MNI coordinates p value 

Time Scale=2     

  Right hippocampus 14.5 262 39, -15, -15 <0.001 

  Right PCG 8.7 71 57, 6, 42 0.002 

  Right IPL 10.7 59 30, -48, 45 0.014 

  Right SFG 13.5 54 24, 6, 54 0.028 

Time Scale=3     

  Right cuneus 7.2 52 6, -84, 21 0.04 

Time Scale=4     

  Right MFG 8.5 53 39, 48, 0 0.04 

  Right MOG 10.1 106 48, -84, -3 <.001 

Significant MSE changes across groups by using ANCOVA, controlled for age, education, head motion, and GM (p < 0.05, 
AlphaSim correction). Note: MNI, Montreal Neurological Institute; PCG, precentral gyrus; IPL, intraparietal lobe; SFG, superior 
frontal gyrus; MFG, middle frontal gyrus; MOG, middle occipital gyrus; GM, gray matter. 
 

better represent the trajectory of entropy changes, we 

didn’t apply any criterion to the statistic maps. Compared 

with HCs, AD patients showed widespread regions with 

decreased entropy in short time scales (scale =1 and 2), 

followed by more regions with increased entropy in 

longer time scales (scale=3 and 4). The entropy values 

within the brain regions defined in the ANCOVA were 

extracted to show the time scale-dependent MSE changes 

in the HC and AD groups, respectively (see Figure 3B). 

After controlling for age, education, GM, and head 

motion, a repeated measures analysis showed significant 

interaction effects of group × scale in the hippocampus, 

SFG, MFG, and MOG (uncorrected p < 0.01). 

 

Correlation analysis for MSE 

 

Partial correlation was applied to examine the 

relationships between MSE of BOLD signals and 

neuropsychological assessments in the entire sample, 

controlled for age, education, GM, and head motion (see 

Table 3). In scale = 2, the results showed that MOCA was 

positively correlated with MSE in the hippocampus, IPL, 

and SFG (see Figure 4A). The MEM and EF were 

positively correlated with MSE in the hippocampus, IPL 

and SFG separately. Also, the EF was positively 

associated with MSE in the MFG as well. In scale = 3, 

there was no significant correlation found in the cuneus 

(see Figure 4B). In scale = 4, negative correlations were 

found between MOCA and MSE in the MOG (see Figure 

4C). In addition, the MEM and EF were negatively 

correlated with MSE in the MFG and MOG separately 

 

DISCUSSION  
 

In the current study, we investigated the altered 

complexity of resting-state BOLD signals in AD-

associated neurodegeneration, and its relationships with 

declined cognitive functions. Compared with HCs, AD 

patients showed significantly decreased MSE of BOLD 

signals for scale = 1, while increased MSE for scale = 4. 

Likewise, aMCI group showed moderately decreased 

MSE on a short scale, and increased MSE on a longer 

scale. Interestingly, we found unexpected non-

monotonic MSE changes (HC > aMCI <AD) in the 

cuneus in scale = 3, suggesting a complicated pattern of 

brain functional alterations in AD progression. 

Additionally, the correlation analyses showed that the 

relationships between BOLD complexity and cognitive 

functions depended on different time scales. Our study 

found that MSE of BOLD activity successfully 

characterized the brain deterioration of AD-related 

neurodegeneration, which may be a sensitive biomarker 

for AD diagnosis and intervention. 

 

The abnormal BOLD complexity of multiple brain 

regions in the patient groups may indicate disrupted 

brain connections and declined cognitive functions. On 

a short time scale (scale = 2), aMCI and AD exhibited 

significantly changed MSE values within four brain 

regions, including the SFG, PCG, hippocampus, and 

IPL. Converging evidence has shown that AD-related 

neurodegenerative disorders show significantly 

functional and structural disruptions of the hippo-

campus, which lead to typical memory deficits [20, 21]. 

Since entropy in short time scales has been found 

associated with local information processing [22],  the 

reduced entropy may be due to disrupted regional 

activity or local connectivity of the hippocampus in AD 

[23, 24]. As a core hub of the default mode network 

(DMN), the IPL showed decreased low-frequency 

oscillation in AD, suggesting the hypoactivity of the 

DMN [25].  In addition, reduced regional activity and 

disrupted connections of the SFG and PCG have been 

found in individuals at risk for AD [16, 26]. In line with 

these studies, here the decreased pattern of BOLD 

complexity on a short time scale confirmed that these 
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brain regions were vulnerable to AD pathology, 

especially for the hippocampus and PCG. In contrast to 

the findings on the short scale, several brain regions, 

such as the MFG and MOG, exhibited significantly 

increased entropy in the aMCI and AD groups on the 

longer scale (scale = 4). Similarly, findings from EEG 

study also showed entropy was decreased on the short 

scales and increased on the longer scales in AD 

compared with HC [27]. As well, several neuroimaging 

studies have reported abnormal hyperactivity and 

enhanced connectivity in the frontal and occipital 

regions in AD brain, which may be due to a 

compensation mechanism [28, 29]. It is noteworthy that 

we found an unexpected non-monotonic pattern of MSE 

change (HC > aMCI < AD) in the cuneus (scale  = 3). A 

similar phenomenon has been found in previous AD-

related studies as well. For example, Dickerson et al. 

reported hyperactivity of the hippocampus in aMCI 

compared with HC and AD in the face-name encoding 

task [30]. Using graph theoretical analyses, Seo et al. 

found that functional association between neighboring 

brain regions was most severely altered in aMCI stage 

 

 
 

Figure 3. The comparison of MSE patterns between AD and HC in different time scales using independent two-sample t-test, 
controlled for age, education, head motion, and GM. (A) In scale = 1 and 2, most of the brain regions showed decreased entropy in AD 

compared with HC. In scale = 3 and 4, the statistical maps tended to show reversed patterns of MSE. (B) MSE of each region was extracted 
and showed significant interaction effects of group × scale in the hippocampus, SFG, MFG, and MOG (p < 0.01). Note: PCG, precentral gyrus; 
IPL, intraparietal lobe; SFG, superior frontal gyrus; MFG, middle frontal gyrus; MOG, middle occipital gyrus; GM, gray matter. 
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Table 3. Relationships of MSE with neuropsychological assessments. 

Region MOCA MEM EF 

Time scale = 2    

  Right hippocampus .29 *** .27 *** .19** 

  Right MFG .14 .16 * .23 ** 

  Right IPL .22 ** .18 ** .18 * 

  Right SFG .23 ** .26 *** .27 *** 

Time scale = 3    

  Right cuneus -.05 .07 .09 

Time scale = 4    

  Right MFG -.08 -.20 ** -.18 * 

  Right MOG -.29 *** -.20 ** -.26 *** 

Partial correlation showed the relationships between entropy and MOCA, MEM, EF in the entire sample, controlled for age 
and education. Data represents the correlation coefficient (r). Note: MNI, Montreal Neurological Institute; PCG, precentral 
gyrus; IPL, intraparietal lobe; SFG, superior frontal gyrus; MFG, middle frontal gyrus; MOG, middle occipital gyrus. *, p<0.05; 
**, p<0.01; ***, p<0.001. 
 

and gradually re-increase in AD [31]. Taken together, 

our results indicated that time scale is an important 

factor in studying the biological mechanism of AD, and 

aMCI may be a more complicated state rather than a 

simple transitional stage between normal aging and 

dementia. 

 

To further assess the changes of BOLD complexity over 

cognitive functions, correlation analyses were applied to 

examine the relationships between BOLD complexity 

and neuropsychological assessments. We found time 

scale-dependent correlations between altered entropy 

and cognitive deficits. On a short time scale, the entropy 

in the hippocampus, IPL, and SFG were positively 

correlated with cognitive functions, showing decreased 

entropy with impaired adaptability to cognitive 

demands in the AD group. While on a longer scale, the 

entropy values of the MFG and MOG were negatively 

 

 
 

Figure 4. Partial correlation was applied to examine the relationships between MSE and MOCA in the entire sample, 
controlled for age, education, head motion, and GM. The entropy showed significant positive correlations in the hippocampus, IPL, 

and SFG (A), and negative correlation with the MOG (C). While no significant correlation was found between MOCA and entropy in the PCG 
(A), cuneus (B), and MFG (C). Note: PCG, precentral gyrus; IPL, intraparietal lobe; SFG, superior frontal gyrus; MFG, middle frontal gyrus; 
MOG, middle occipital gyrus; GM, gray matter. *, p<.05; **, p<.01; ***, p<.001. 
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associated with cognitive functions, representing higher 

entropy associated with more cognitive deficits in 

AD. Therefore, we speculate the higher regional 

entropy in AD on longer scales may be due to increased 

uncorrelated randomness according to Yang’s previous 

study [19]. Notably, although the correlations between 

cognitive deficits and altered entropy were highly 

significant in some regions such as the right 

hippocampus and right SFG, we must be cautious to 

interpret the results due to the small correlation 

coefficients (r = 0.18 - 0.29). A more appropriate way to 

evaluate the effect size is to calculate squared 

correlations, which represent explained percentage of 

variance. Here the small range of effect size (r2 = 3.2% - 

8.4%) implies the relationships between regional 

entropy and cognitive functions are quite limited. 

 

Several limitations need to be considered in the current 

study. First, the MSE analysis was limited to the short 

length of BOLD time series (130 time points) and 

relative low temporal resolution (TR = 3000 ms). 

Therefore, it would be difficult to compare our results 

with previous findings from EEG-based MSE analysis. 

Although previous studies have shown that sample 

entropy and MSE were successfully applied in short 

BOLD data [13, 32], longer time series data would be 

better to characterize the profiles of brain entropy. In 

recent years, a parallel imaging technique named 

multiband imaging has been widely used to acquire 

more data points with a short repetition time (TR < 

1000 ms), which may partially solve this problem [33]. 

Second, we didn’t subdivide the aMCI group into early 

and late stages, which have been found changed 

differently in regional activities [14]. Future studies 

need to validate whether the patterns of altered MSE are 

different between the two stages. Third, the numbers of 

subjects were unbalanced across the HC, aMCI, and AD 

groups due to the limitation of ADNI dataset, thus it is 

worth replicating the current analysis in a well-balanced 

dataset in the future. Lastly, since the current study only 

examined the relationships between MSE changes and 

cognitive assessments, further studies need to involve 

more AD-related biochemical measurements, such as, 

but not limited to pro-inflammatory cytokines, as well 

as levels of hydrogen sulfide.  

 

In summary, the altered MSE of resting-state BOLD 

activity may be linked to AD-related brain deterioration, 

reflecting the impaired capability of adapting to the 

external changing environment. Moreover, the altered 

BOLD complexity and its correlation with cognitive 

deficits are dependent on time scales. Our findings 

confirm the crucial role of the temporal dimension in 

understanding the neural substrates of AD, and suggest 

that MSE of brain activity may be a potential biomarker 

for AD diagnosis and intervention. 

MATERIALS AND METHODS 
 

ADNI dataset 
 

Data used in the preparation of this research were 

obtained in April 2015 from the Alzheimer’s Disease 

Neuroimaging Initiative (ADNI) database 

(adni.loni.ucla.edu). The ADNI was launched in 2003 by 

the National Institute on Aging (NIA), the National 

Institute of Biomedical Imaging and Bioengineering 

(NIBIB), the Food and Drug Administration (FDA), 

private pharmaceutical companies and non-profit 

organizations, as a $60 million, 5- year public-private 

partnership. The primary goal of ADNI has been to test 

whether serial magnetic resonance imaging (MRI), 

positron emission tomography (PET), other biological 

markers, and clinical and neuropsychological assessment 

can be combined to measure the progression of MCI and 

AD. Determination of sensitive and specific markers of 

very early AD progression is intended to aid researchers 

and clinicians develop new treatments and monitor their 

effectiveness, as well as lessen the time and cost of 

clinical trials. The Principal Investigator of this initiative 

is Michael W. Weiner, MD, VA Medical Center and 

University of California – San Francisco. ADNI is the 

result of efforts of many co-investigators from a broad 

range of academic institutions and private corporations, 

and subjects have been recruited from over 50 sites across 

the U.S. and Canada. The initial goal of ADNI was to 

recruit 800 adults, ages 55 to 90, to participate in the 

research, approximately 200 cognitively normal older 

individuals to be followed for 3 years, 400 people with 

MCI to be followed for 3 years and 200 people with early 

AD to be followed for 2 years. For up-to-date 

information, see http://www.adni-info.org. 

 

Participants 

 

The data used in this study were obtained from ADNI2 

and ADNIGO. We identified 227 subjects with rs-fMRI 

data aged from 60 to 90 years. Then 59 subjects were 

excluded due to an unmatched time window, according 

to our criterion that an individual’s imaging data and 

clinical assessments were required to be collected 

within six months. Finally, the remaining 168 subjects 

(HC = 62, aMCI = 81, AD = 25) were used in the 

current study (see Table 1). Montreal Cognitive 

Assessment (MoCA), ADNI composite score for 

memory, and executive function (ADNI-Mem and 

ADNI-EF) were extracted from the data set to be 

neuropsychological assessments [34, 35]. 
 

Imaging data acquisition  
 

All imaging data were collected on a 3.0 Tesla Phillips 

MRI. The structure images were obtained by using a 

http://www.adni-info.org/


 

www.aging-us.com 13578 AGING 

MPRAGE scan (TR/TE = 6.77/3.13 ms, TI = 0 ms, FA 

= 9°, matrix = 256×256, resolution 1×1×1mm3, slice 

thickness = 1 mm). The rs-fMRI imaging data were 

obtained by using an echo-planar imaging (EPI) 

sequence (TR = 3000 ms, TE = 30 ms, flip angle = 80º, 

slice thickness=3.3 mm, matrix=64×64, spatial 

resolution=3×3×3 mm3, number of volumes = 140, 

number of slices = 48).  

 

Brain atrophy 

 

Voxel-based morphometry (VBM) analysis was 

performed using SPM8. Briefly, the structural images 

were segmented into gray matter (GM), white matter, 

and cerebrospinal fluid. After an initial affine 

registration of GM map into the MNI space, the GM 

images were generated through an iteratively nonlinear 

registration using DARTEL, a toolbox with a fast 

diffeomorphic registration algorithm [36]. For each 

participant, the GM map was resliced (3×3×3 mm) and 

smoothed (FWHM = 6 mm). Then individual’s GM 

map was used as a covariate for controlling brain 

atrophy in the following analyses. 

 

rs-fMRI data preprocessing 

 

All functional images were preprocessed using 

DPARSF [37] based on SPM8 (http://www.fil.ion.ucl. 

ac.uk/spm/). The first 10 volumes were excluded to 

avoid potential noise related to the equilibrium of the 

scanner and participant’s adaptation to the scanner. For 

each participant, the remaining 130 volumes were 

corrected for slice timing and head-motion, co-

registered to their structure images, and normalized to 

the Montreal Neurological Institute (MNI) standard 

space (resliced to 3×3×3 mm). Then all the imaging 

data were removed linear trend and filtered with a 

bandpass filter of 0.01-0.08 Hz. Prior to MSE analysis, 

nuisance covariates were regressed out, including 6 

head motion parameters, white matter signal, and 

cerebrospinal fluid signal. All the participants exhibited 

head motion less than 2.5 mm or 2.5 degrees in the 

current study. Furthermore, given the commonality of 

head motion in old age and its confounding effect on 

resting-state functional connectivity [38], we still 

controlled for head motion in the following analyses.  

 

Multiscale entropy of BOLD signals 

 

Since no rigorous guideline exists for choosing the 

parameters to calculate MSE, we first determined the 

proper combination of parameters by examining the 

MSE differences among HC, aMCI and AD groups in 

90 cerebral regions based on automated anatomical 

labeling (AAL) template [39]. For each participant, 

BOLD time series of each AAL brain region was 

obtained by averaging the BOLD time series of all 

voxels within a given region, and was normalized to 

zero mean and unit variance. The procedure of MSE 

calculation has been well described in previous studies 

and can be summarized in three steps: (a) constructing 

coarse-grained time series according to different time 

scales; (b) calculating the sample entropy for each 

coarse-grained time series with suitable m and r; (c) 

examining the sample entropy profile in MSE analysis 

[40]. To capture the dynamic changes of BOLD signals 

at different timescales, we generated multiple coarse-

grained time series by down-sampling the original 

BOLD time series {x1,…, xi,…, xN}. For time scales (τ), 

the coarse-grained time series {y(τ)} is constructed by 

averaging data points within non-overlapping windows 

as follows: 
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With τ = 1, the time series {y(1)} is the original BOLD 

time series which represents a short time scale, whereas 

larger τ represents longer time scales. Then sample 

entropy was computed to quantify the irregularity of a 

time series signal with length N [41]. To calculate MSE, 

we calculated the sample entropy for each coarse-

grained time series {y(τ)}: 
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Where m is the pattern length, r is the similarity 

criterion, and in  is the number of matches. Sample 

entropy is defined as the negative natural logarithm for 

the conditional properties that two sequences similar 

within a tolerance r for m points remain similar at the 

next point [42].  

 

Different parameters were applied to calculate MSE 

based on different modalities of data, such as m = 1 or 

2, r = 0.1-0.5 in EEG data [27, 43], and m = 1, r = 0.35 

in fMRI data [13, 19]. Given the short length of data in 

our study, we applied m = 1 to obtain reliable sample 

entropy estimation following the recommendation in 

previous studies [19, 44]. Using different parameters (r 

= 0.1-0.5, scale = 1-4), one-way ANOVA was applied 

to examine MSE differences across the HC, aMCI, and 

AD groups for each AAL region (p < 0.05, uncorrected 

for multiple comparisons to ensure the inclusiveness of 

relevant regions). The F scores of all the significant 

regions were summed to define the optimal parameters, 

showing larger F scores indicated better discrimination 

power across the three groups (see Figure 1). Then an 

individual’s entropy map was generated using the 

http://www.fil.ion.ucl.ac.uk/spm/
http://www.fil.ion.ucl.ac.uk/spm/
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optimal parameters, and was smoothed (FWHM = 6 

mm) to proceed with the subsequent whole-brain voxel-

wise analysis. Also, each BOLD time series was 

normalized before generating the MSE map. A one-way 

ANCOVA was applied to examine the significantly 

different regional MSE among the HC, aMCI, and AD 

group using statistical toolbox in REST 

(http://restfmri.net/forum/index.php?q=rest), controlled 

for age, education, GM, and head motion. The resulting 

statistic map was corrected for multiple comparisons 

with a threshold of individual p < 0.01 with cluster size 

> 49 voxels (corresponding to corrected p< 0.05), 

determined by Monte Carlo simulations (Ledberg, 

Akerman, & Roland, 1998) using the AFNI AlphaSim 

program (https://afni.nimh.nih.gov/pub/dist/doc/manual/ 

AlphaSim.pdf). In addition, to further examine the 

different MSE patterns between the AD and HC group 

in the temporal domain, a set of scale values (scale = 1-

4) were applied to generate the entropy maps in each 

time scale. 

 

Statistical analysis 

 

All the statistical analyses were performed using SPSS 

22.0. In ANCOVA result, the peak value within each 

significant region was extracted for a post-hoc analysis, 

examining the MSE differences between each pair of 

groups (p < 0.05, FDR correction). Partial correlation 

was applied to examine the relationships between MSE 

and neuropsychological assessments in the entire 

sample (p < 0.05, FDR correction), controlled for age, 

education, head motion, and brain atrophy. 

 

CONFLICTS OF INTEREST 
 

These authors declare no conflicts of interest. 

 

FUNDING 
 

Data collection was funded by Sanming Project of 

Medicine in Shenzhen SZSM201812052. Data 

collection and sharing for this project was funded by the 

Alzheimer’s Disease Neuroimaging Initiative (ADNI) 

(National Institutes of Health Grant U01 AG024904) 

and DOD ADNI (Department of Defense award number 

W81XWH-12-2-0012). ADNI is funded by the National 

Institute on Aging, the National Institute of Biomedical 

Imaging and Bioengineering, and through generous 

contributions from the following: AbbVie, Alzheimer’s 

Association; Alzheimer’s Drug Discovery Foundation; 

Araclon Biotech; BioClinica, Inc.; Biogen; Bristol-

Myers Squibb Company; CereSpir, Inc.; Eisai Inc.; Elan 

Pharmaceuticals, Inc.; Eli Lilly and Company; 

EuroImmun; F. Hoffmann-La Roche Ltd and its 

affiliated company Genentech, Inc.; Fujirebio; GE 

Healthcare; IXICO Ltd.; Janssen Alzheimer Immuno-

therapy Research and Development, LLC.; Johnson and 

Johnson Pharmaceutical Research and Development 

LLC.; Lumosity; Lundbeck; Merck and Co., Inc.; Meso 

Scale Diagnostics, LLC.; NeuroRx Research; 

Neurotrack Technologies; Novartis Pharmaceuticals 

Corporation; Pfizer Inc.; Piramal Imaging; Servier; 

Takeda Pharmaceutical Company; and Transition 

Therapeutics. The Canadian Institutes of Health 

Research is providing funds to support ADNI clinical 

sites in Canada. Private sector contributions are 

facilitated by the Foundation for the National Institutes 

of Health (http://www.fnih.org). The grantee 

organization is the Northern California Institute for 

Research and Education, and the study is coordinated 

by the Alzheimer’s Disease Cooperative Study at the 

University of California, San Diego. ADNI data are 

disseminated by the Laboratory for Neuro Imaging at 

the University of Southern California. 

 

REFERENCES 
 
1. Garrett DD, Kovacevic N, McIntosh AR, Grady CL. The 

modulation of BOLD variability between cognitive 
states varies by age and processing speed. Cereb 
Cortex. 2013; 23:684–93. 

 https://doi.org/10.1093/cercor/bhs055 
 PMID:22419679 

2. Deco G, Jirsa VK, McIntosh AR. Emerging concepts for 
the dynamical organization of resting-state activity in 
the brain. Nat Rev Neurosci. 2011; 12:43–56. 

 https://doi.org/10.1038/nrn2961 
 PMID:21170073 

3. Yang AC, Huang CC, Liu ME, Liou YJ, Hong CJ, Lo MT, 
Huang NE, Peng CK, Lin CP, Tsai SJ. The APOE ɛ4 allele 
affects complexity and functional connectivity of 
resting brain activity in healthy adults. Hum Brain 
Mapp. 2014; 35:3238–48. 

 https://doi.org/10.1002/hbm.22398 
 PMID:24193893 

4. Terracciano A, Sutin AR, An Y, O’Brien RJ, Ferrucci L, 
Zonderman AB, Resnick SM. Personality and risk of 
alzheimer’s disease: new data and meta-analysis. 
Alzheimers Dement. 2014; 10:179–86. 

 https://doi.org/10.1016/j.jalz.2013.03.002 
 PMID:23706517 

5. Mortamais M, Ash JA, Harrison J, Kaye J, Kramer J, 
Randolph C, Pose C, Albala B, Ropacki M, Ritchie CW, 
Ritchie K. Detecting cognitive changes in preclinical 
alzheimer’s disease: a review of its feasibility. 
Alzheimers Dement. 2017; 13:468–92. 

 https://doi.org/10.1016/j.jalz.2016.06.2365 
 PMID:27702618 

6. Garrett DD, Samanez-Larkin GR, MacDonald SW, 
Lindenberger U, McIntosh AR, Grady CL. Moment-to-

http://restfmri.net/forum/index.php?q=rest
https://afni.nimh.nih.gov/pub/dist/doc/manual/%20AlphaSim.pdf
https://afni.nimh.nih.gov/pub/dist/doc/manual/%20AlphaSim.pdf
http://www.fnih.org/
https://doi.org/10.1093/cercor/bhs055
https://pubmed.ncbi.nlm.nih.gov/22419679
https://doi.org/10.1038/nrn2961
https://pubmed.ncbi.nlm.nih.gov/21170073
https://doi.org/10.1002/hbm.22398
https://pubmed.ncbi.nlm.nih.gov/24193893
https://doi.org/10.1016/j.jalz.2013.03.002
https://pubmed.ncbi.nlm.nih.gov/23706517
https://doi.org/10.1016/j.jalz.2016.06.2365
https://pubmed.ncbi.nlm.nih.gov/27702618


 

www.aging-us.com 13580 AGING 

moment brain signal variability: a next frontier in 
human brain mapping? Neurosci Biobehav Rev. 2013; 
37:610–24. 

 https://doi.org/10.1016/j.neubiorev.2013.02.015 
 PMID:23458776 

7. McIntosh A. Neurocognitive Aging and Brain Signal 
Complexity. bioRxiv. 2018; 259713. 

 https://doi.org/10.1101/259713 

8. Abásolo D, Hornero R, Espino P, Poza J, Sánchez CI,  
de la Rosa R. Analysis of regularity in the EEG 
background activity of alzheimer’s disease patients 
with approximate entropy. Clin Neurophysiol. 2005; 
116:1826–34. 

 https://doi.org/10.1016/j.clinph.2005.04.001 
 PMID:15979403 

9. Abásolo D, Escudero J, Hornero R, Gómez C, Espino P. 
Approximate entropy and auto mutual information 
analysis of the electroencephalogram in alzheimer’s 
disease patients. Med Biol Eng Comput. 2008; 
46:1019–28. 

 https://doi.org/10.1007/s11517-008-0392-1 
 PMID:18784948 

10. Tsai PH, Lin C, Tsao J, Lin PF, Wang PC, Huang NE, Lo 
MT. Empirical mode decomposition based detrended 
sample entropy in electroencephalography for 
alzheimer’s disease. J Neurosci Methods. 2012; 
210:230–37. 

 https://doi.org/10.1016/j.jneumeth.2012.07.002 
 PMID:22878177 

11. Poza J, Hornero R, Escudero J, Fernández A, Sánchez CI. 
Regional analysis of spontaneous MEG rhythms in 
patients with alzheimer’s disease using spectral 
entropies. Ann Biomed Eng. 2008; 36:141–52. 

 https://doi.org/10.1007/s10439-007-9402-y 
 PMID:17994279 

12. Hornero R, Escudero J, Fernández A, Poza J, Gómez C. 
Spectral and nonlinear analyses of MEG background 
activity in patients with alzheimer’s disease. IEEE Trans 
Biomed Eng. 2008; 55:1658–65. 

 https://doi.org/10.1109/tbme.2008.919872 
 PMID:18714829 

13. Yang AC, Huang CC, Yeh HL, Liu ME, Hong CJ, Tu PC, 
Chen JF, Huang NE, Peng CK, Lin CP, Tsai SJ. Complexity 
of spontaneous BOLD activity in default mode network 
is correlated with cognitive function in normal male 
elderly: a multiscale entropy analysis. Neurobiol Aging. 
2013; 34:428–38. 

 https://doi.org/10.1016/j.neurobiolaging.2012.05.004 
 PMID:22683008 

14. Liang P, Xiang J, Liang H, Qi Z, Li K, Alzheimer's Disease 
NeuroImaging Initiative. Altered amplitude of low-
frequency fluctuations in early and late mild cognitive 
impairment and alzheimer’s disease. Curr Alzheimer 

Res. 2014; 11:389–98. 
 https://doi.org/10.2174/1567205011666140331225335 
 PMID:24720892 

15. Yu R, Chien YL, Wang HL, Liu CM, Liu CC, Hwang TJ, 
Hsieh MH, Hwu HG, Tseng WY. Frequency-specific 
alternations in the amplitude of low-frequency 
fluctuations in schizophrenia. Hum Brain Mapp. 2014; 
35:627–37. 

 https://doi.org/10.1002/hbm.22203 
 PMID:23125131 

16. Wang K, Liang M, Wang L, Tian L, Zhang X, Li K, Jiang T. 
Altered functional connectivity in early alzheimer’s 
disease: a resting-state fMRI study. Hum Brain Mapp. 
2007; 28:967–78. 

 https://doi.org/10.1002/hbm.20324 
 PMID:17133390 

17. Sanz-Arigita EJ, Schoonheim MM, Damoiseaux JS, 
Rombouts SA, Maris E, Barkhof F, Scheltens P, Stam CJ. 
Loss of ‘Small-world’ networks in alzheimer’s disease: 
graph analysis of FMRI resting-state functional 
connectivity. PLoS One. 2010; 5:e13788. 

 https://doi.org/10.1371/journal.pone.0013788 
 PMID:21072180 

18. Liu CY, Krishnan AP, Yan L, Smith RX, Kilroy E, Alger JR, 
Ringman JM, Wang DJ. Complexity and synchronicity of 
resting state blood oxygenation level-dependent 
(BOLD) functional MRI in normal aging and cognitive 
decline. J Magn Reson Imaging. 2013; 38:36–45. 

 https://doi.org/10.1002/jmri.23961 
 PMID:23225622 

19. Yang AC, Hong CJ, Liou YJ, Huang KL, Huang CC, Liu 
ME, Lo MT, Huang NE, Peng CK, Lin CP, Tsai SJ. 
Decreased resting-state brain activity complexity in 
schizophrenia characterized by both increased 
regularity and randomness. Hum Brain Mapp. 2015; 
36:2174–86. 

 https://doi.org/10.1002/hbm.22763 
 PMID:25664834 

20. Frisoni GB, Fox NC, Jack CR Jr, Scheltens P, Thompson 
PM. The clinical use of structural MRI in alzheimer 
disease. Nat Rev Neurol. 2010; 6:67–77. 

 https://doi.org/10.1038/nrneurol.2009.215 
 PMID:20139996 

21. Pasquini L, Scherr M, Tahmasian M, Meng C, Myers NE, 
Ortner M, Mühlau M, Kurz A, Förstl H, Zimmer C, 
Grimmer T, Wohlschläger AM, Riedl V, Sorg C. Link 
between hippocampus’ raised local and eased global 
intrinsic connectivity in AD. Alzheimers Dement. 2015; 
11:475–84. 

 https://doi.org/10.1016/j.jalz.2014.02.007 
 PMID:25043909 

22. Courtiol J, Perdikis D, Petkoski S, Müller V, Huys R, 

https://doi.org/10.1016/j.neubiorev.2013.02.015
https://pubmed.ncbi.nlm.nih.gov/23458776
https://doi.org/10.1101/259713
https://doi.org/10.1016/j.clinph.2005.04.001
https://pubmed.ncbi.nlm.nih.gov/15979403
https://doi.org/10.1007/s11517-008-0392-1
https://pubmed.ncbi.nlm.nih.gov/18784948
https://doi.org/10.1016/j.jneumeth.2012.07.002
https://pubmed.ncbi.nlm.nih.gov/22878177
https://doi.org/10.1007/s10439-007-9402-y
https://pubmed.ncbi.nlm.nih.gov/17994279
https://doi.org/10.1109/tbme.2008.919872
https://pubmed.ncbi.nlm.nih.gov/18714829
https://doi.org/10.1016/j.neurobiolaging.2012.05.004
https://pubmed.ncbi.nlm.nih.gov/22683008
https://doi.org/10.2174/1567205011666140331225335
https://pubmed.ncbi.nlm.nih.gov/24720892
https://doi.org/10.1002/hbm.22203
https://pubmed.ncbi.nlm.nih.gov/23125131
https://doi.org/10.1002/hbm.20324
https://pubmed.ncbi.nlm.nih.gov/17133390
https://doi.org/10.1371/journal.pone.0013788
https://pubmed.ncbi.nlm.nih.gov/21072180
https://doi.org/10.1002/jmri.23961
https://pubmed.ncbi.nlm.nih.gov/23225622
https://doi.org/10.1002/hbm.22763
https://pubmed.ncbi.nlm.nih.gov/25664834
https://doi.org/10.1038/nrneurol.2009.215
mailto:https://pubmed.ncbi.nlm.nih.gov/20139996
https://doi.org/10.1016/j.jalz.2014.02.007
mailto:https://pubmed.ncbi.nlm.nih.gov/25043909


 

www.aging-us.com 13581 AGING 

Sleimen-Malkoun R, Jirsa VK. The multiscale entropy: 
guidelines for use and interpretation in brain signal 
analysis. J Neurosci Methods. 2016; 273:175–90.  

 https://doi.org/10.1016/j.jneumeth.2016.09.004 
 PMID:27639660 

23. Dai Z, Yan C, Wang Z, Wang J, Xia M, Li K, He Y. 
Discriminative analysis of early alzheimer’s disease 
using multi-modal imaging and multi-level 
characterization with multi-classifier (M3). 
Neuroimage. 2012; 59:2187–95.  

 https://doi.org/10.1016/j.neuroimage.2011.10.003 
 PMID:22008370 

24. Liu X, Wang S, Zhang X, Wang Z, Tian X, He Y. Abnormal 
amplitude of low-frequency fluctuations of intrinsic 
brain activity in alzheimer’s disease. J Alzheimers Dis. 
2014; 40:387–97.  

 https://doi.org/10.3233/JAD-131322 
 PMID:24473186 

25. Han Y, Wang J, Zhao Z, Min B, Lu J, Li K, He Y, Jia J. 
Frequency-dependent changes in the amplitude of 
low-frequency fluctuations in amnestic mild cognitive 
impairment: a resting-state fMRI study. Neuroimage. 
2011; 55:287–95.  

 https://doi.org/10.1016/j.neuroimage.2010.11.059 
 PMID:21118724 

26. Sorg C, Riedl V, Mühlau M, Calhoun VD, Eichele T, Läer 
L, Drzezga A, Förstl H, Kurz A, Zimmer C, Wohlschläger 
AM. Selective changes of resting-state networks in 
individuals at risk for alzheimer’s disease. Proc Natl 
Acad Sci USA. 2007; 104:18760–65. 

 https://doi.org/10.1073/pnas.0708803104 
 PMID:18003904 

27. Mizuno T, Takahashi T, Cho RY, Kikuchi M, Murata T, 
Takahashi K, Wada Y. Assessment of EEG dynamical 
complexity in alzheimer’s disease using multiscale 
entropy. Clin Neurophysiol. 2010; 121:1438–46. 

 https://doi.org/10.1016/j.clinph.2010.03.025 
 PMID:20400371 

28. Toepper M. Dissociating normal aging from alzheimer’s 
disease: a view from cognitive neuroscience. J 
Alzheimers Dis. 2017; 57:331–52. 

 https://doi.org/10.3233/JAD-161099 
 PMID:28269778 

29. De Marco M, Duzzi D, Meneghello F, Venneri A. 
Cognitive efficiency in alzheimer’s disease is associated 
with increased occipital connectivity. J Alzheimers Dis. 
2017; 57:541–56.  

 https://doi.org/10.3233/JAD-161164 
 PMID:28269781 

30. Dickerson BC, Salat DH, Greve DN, Chua EF, Rand-
Giovannetti E, Rentz DM, Bertram L, Mullin K, Tanzi RE, 
Blacker D, Albert MS, Sperling RA. Increased 

hippocampal activation in mild cognitive impairment 
compared to normal aging and AD. Neurology. 2005; 
65:404–11. 

 https://doi.org/10.1212/01.wnl.0000171450.97464.49 
 PMID:16087905 

31. Seo EH, Lee DY, Lee JM, Park JS, Sohn BK, Lee DS, 
Choe YM, Woo JI. Whole-brain functional networks in 
cognitively normal, mild cognitive impairment, and 
alzheimer’s disease. PLoS One. 2013; 8:e53922. 

 https://doi.org/10.1371/journal.pone.0053922 
 PMID:23335980 

32. Zheng H, Onoda K, Nagai A, Yamaguchi S. Reduced 
dynamic complexity of BOLD signals differentiates mild 
cognitive impairment from normal aging. Front Aging 
Neurosci. 2020; 12:90. 

 https://doi.org/10.3389/fnagi.2020.00090 
 PMID:32322197 

33. Demetriou L, Kowalczyk OS, Tyson G, Bello T, 
Newbould RD, Wall MB. A comprehensive evaluation 
of increasing temporal resolution with multiband-
accelerated protocols and effects on statistical 
outcome measures in fMRI. Neuroimage. 2018; 
176:404–16.  

 https://doi.org/10.1016/j.neuroimage.2018.05.011 
 PMID:29738911 

34. Crane PK, Carle A, Gibbons LE, Insel P, Mackin RS, 
Gross A, Jones RN, Mukherjee S, Curtis SM, Harvey D, 
Weiner M, Mungas D, and Alzheimer’s Disease 
Neuroimaging Initiative. Development and assessment 
of a composite score for memory in the alzheimer’s 
disease neuroimaging initiative (ADNI). Brain Imaging 
Behav. 2012; 6:502–16. 

 https://doi.org/10.1007/s11682-012-9186-z 
 PMID:22782295 

35. Gibbons LE, Carle AC, Mackin RS, Harvey D, 
Mukherjee S, Insel P, Curtis SM, Mungas D, Crane 
PK, and Alzheimer’s Disease Neuroimaging 
Initiative. A composite score for executive 
functioning, validated in alzheimer’s disease 
neuroimaging initiative (ADNI) participants with 
baseline mild cognitive impairment. Brain Imaging 
Behav. 2012; 6:517–27. 

 https://doi.org/10.1007/s11682-012-9176-1 
 PMID:22644789 

36. Ashburner J. A fast diffeomorphic image registration 
algorithm. Neuroimage. 2007; 38:95–113. 

 https://doi.org/10.1016/j.neuroimage.2007.07.007 
 PMID:17761438 

37. Chao-Gan Y, Yu-Feng Z. DPARSF: a MATLAB toolbox for 
“pipeline” data analysis of resting-state fMRI. Front 
Syst Neurosci. 2010; 4:13. 

 https://doi.org/10.3389/fnsys.2010.00013 

https://doi.org/10.1016/j.jneumeth.2016.09.004
mailto:https://pubmed.ncbi.nlm.nih.gov/27639660
https://doi.org/10.1016/j.neuroimage.2011.10.003
mailto:https://pubmed.ncbi.nlm.nih.gov/22008370
https://doi.org/10.3233/JAD-131322
mailto:https://pubmed.ncbi.nlm.nih.gov/24473186
https://doi.org/10.1016/j.neuroimage.2010.11.059
mailto:https://pubmed.ncbi.nlm.nih.gov/21118724
https://doi.org/10.1073/pnas.0708803104
mailto:https://pubmed.ncbi.nlm.nih.gov/18003904
https://doi.org/10.1016/j.clinph.2010.03.025
mailto:https://pubmed.ncbi.nlm.nih.gov/20400371
https://doi.org/10.3233/JAD-161099
mailto:https://pubmed.ncbi.nlm.nih.gov/28269778
https://doi.org/10.3233/JAD-161164
mailto:https://pubmed.ncbi.nlm.nih.gov/28269781
https://doi.org/10.1212/01.wnl.0000171450.97464.49
mailto:https://pubmed.ncbi.nlm.nih.gov/16087905
https://doi.org/10.1371/journal.pone.0053922
mailto:https://pubmed.ncbi.nlm.nih.gov/23335980
https://doi.org/10.3389/fnagi.2020.00090
mailto:https://pubmed.ncbi.nlm.nih.gov/32322197
https://doi.org/10.1016/j.neuroimage.2018.05.011
mailto:https://pubmed.ncbi.nlm.nih.gov/29738911
https://doi.org/10.1007/s11682-012-9186-z
https://pubmed.ncbi.nlm.nih.gov/22782295
https://doi.org/10.1007/s11682-012-9176-1
https://pubmed.ncbi.nlm.nih.gov/22644789
https://doi.org/10.1016/j.neuroimage.2007.07.007
https://pubmed.ncbi.nlm.nih.gov/17761438
https://doi.org/10.3389/fnsys.2010.00013


 

www.aging-us.com 13582 AGING 

 PMID:20577591 
38. Van Dijk KR, Sabuncu MR, Buckner RL. The influence of 

head motion on intrinsic functional connectivity MRI. 
Neuroimage. 2012; 59:431–38. 

 https://doi.org/10.1016/j.neuroimage.2011.07.044 
 PMID:21810475 

39. Tzourio-Mazoyer N, Landeau B, Papathanassiou D, 
Crivello F, Etard O, Delcroix N, Mazoyer B, Joliot M. 
Automated anatomical labeling of activations in SPM 
using a macroscopic anatomical parcellation of the 
MNI MRI single-subject brain. Neuroimage. 2002; 
15:273–89. 

 https://doi.org/10.1006/nimg.2001.0978 
 PMID:11771995 

40. Costa M, Goldberger AL, Peng CK. Multiscale entropy 
analysis of complex physiologic time series. Phys Rev 
Lett. 2002; 89:068102. 

 https://doi.org/10.1103/PhysRevLett.89.068102 
 PMID:12190613 

41. Richman JS, Moorman JR. Physiological time-series 
analysis using approximate entropy and sample 
entropy. Am J Physiol Heart Circ Physiol. 2000; 
278:H2039–49. 

 https://doi.org/10.1152/ajpheart.2000.278.6.H2039 
 PMID:10843903 

42. Abásolo D, Hornero R, Espino P, Alvarez D, Poza J. 
Entropy analysis of the EEG background activity in 
alzheimer’s disease patients. Physiol Meas. 2006; 
27:241–53. 

 https://doi.org/10.1088/0967-3334/27/3/003 
 PMID:16462011 

43. Catarino A, Churches O, Baron-Cohen S, Andrade A, 
Ring H. Atypical EEG complexity in autism spectrum 
conditions: a multiscale entropy analysis. Clin 
Neurophysiol. 2011; 122:2375–83. 

 https://doi.org/10.1016/j.clinph.2011.05.004 
 PMID:21641861 

44. Yang AC, Tsai SJ, Lin CP, Peng CK. A strategy to reduce 
bias of entropy estimates in resting-state fMRI signals. 
Front Neurosci. 2018; 12:398. 

 https://doi.org/10.3389/fnins.2018.00398 
 PMID:29950971 

https://pubmed.ncbi.nlm.nih.gov/20577591
https://doi.org/10.1016/j.neuroimage.2011.07.044
https://pubmed.ncbi.nlm.nih.gov/21810475
https://doi.org/10.1006/nimg.2001.0978
https://pubmed.ncbi.nlm.nih.gov/11771995
https://doi.org/10.1103/PhysRevLett.89.068102
https://pubmed.ncbi.nlm.nih.gov/12190613
https://doi.org/10.1152/ajpheart.2000.278.6.H2039
https://pubmed.ncbi.nlm.nih.gov/10843903
https://doi.org/10.1088/0967-3334/27/3/003
https://pubmed.ncbi.nlm.nih.gov/16462011
https://doi.org/10.1016/j.clinph.2011.05.004
https://pubmed.ncbi.nlm.nih.gov/21641861
https://doi.org/10.3389/fnins.2018.00398
https://pubmed.ncbi.nlm.nih.gov/29950971

