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Abstract

:

Imaging connectomics based on graph theory has become an effective and unique methodological framework for studying functional connectivity patterns of the developing and aging brain. Normal brain development is characterized by continuous and significant network evolution through infancy, childhood, and adolescence, following specific maturational patterns. Normal aging is related to some resting state brain networks disruption, which are associated with certain cognitive decline. It is a big challenge to design an integral metric to track connectome evolution patterns across the lifespan, which is to understand the principles of network organization in the human brain. In this study, we first defined a brain network eigen-entropy (NEE) based on the energy probability (EP) of each brain node. Next, we used the NEE to characterize the lifespan orderness trajectory of the whole-brain functional connectivity of 173 healthy individuals ranging in age from 7 to 85 years. The results revealed that during the lifespan, the whole-brain NEE exhibited a significant non-linear decrease and that the EP distribution shifted from concentration to wide dispersion, implying orderness enhancement of functional connectome over age. Furthermore, brain regions with significant EP changes from the flourishing (7–20 years) to the youth period (23–38 years) were mainly located in the right prefrontal cortex and basal ganglia, and were involved in emotion regulation and executive function in coordination with the action of the sensory system, implying that self-awareness and voluntary control performance significantly changed during neurodevelopment. However, the changes from the youth period to middle age (40–59 years) were located in the mesial temporal lobe and caudate, which are associated with long-term memory, implying that the memory of the human brain begins to decline with age during this period. Overall, the findings suggested that the human connectome shifted from a relatively anatomical driven state to an orderly organized state with lower entropy.
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1. Introduction


The human connectome undergoes complex transformations across the lifespan, and it can be mathematically modeled as a complex network by graph theoretical analysis. Imaging connectomics based on graph theory has become an effective and unique methodological framework for studying functional connectivity patterns of the developing and aging brain [1]. Normal brain development is characterized by continuous and significant network evolution through infancy, childhood, and adolescence, following specific maturational patterns. Normal aging is related to some resting state brain networks disruption, which are associated with certain cognitive decline. Specifically, a connectome (i.e., a large-scale resting-state functional connectivity network, RSFC) can be mapped by taking each parcellation unit of the whole-brain as nodes and estimating inter-unit correlations (i.e., functional connectivity, FC) in spontaneous blood oxygenation level dependent (BOLD) fluctuations as edges. Combined with graph theoretical analysis, this study aimed to explore typical age-related architecture changes of the human brain, which is a prerequisite for studying neuropsychiatric diseases such as autism, depression, schizophrenia, Alzheimer's disease, and Parkinson’s disease.



Many connectomics studies using network science and graph theory have shown age-related changes of FC patterns. FC patterns between/within resting-state subsystems (a set of brain regions that exhibit coherent activity in a task-free state [2] and exhibit consistent spatial topographic patterns across the cerebral cortex [3,4]) have been investigated with age [5], and FC patterns for brain regions had also been examined across the lifespan [6,7]. In addition, several whole-brain FC pattern studies on RSFC networks have focused either on early or late age-related changes [3,8,9,10,11,12,13], while other studies have focused on specific subsystems involving default networks [14,15,16,17], and cognitive-control [18,19,20]. Moreover, findings on large-scale RSFC network properties have revealed that modularity and local efficiency decreased over aging [8,21,22,23]. In contrast, another study reported that modularity was similar in older and younger participants [24]. Furthermore, studies of connectomics on global efficiency have not reached a consensus [8,21]. These studies focused on studying the FC pattern or some network properties in the developmental stage or across the lifespan. Little attention has been focused on the changes to whole-brain centralities with age.



Nodal connectivity or centralities account for a given region’s relationship with the entire functional connectome and not just its relationship to specified regions (seed-based analysis), or to brain subsystems (independent component analysis). As such, centrality measures allow us to capture the given region’s importance in the functional connectome. Prior studies of nodal connectivity or centralities have focused primarily on identifying “cortical hubs” [8,25,26,27,28,29] and finding rich-clubs [21,30,31] in healthy adulthood participants. A few researchers have reported that the degree distribution in the normal adult human brain conformed to an exponentially truncated power law [25,32,33]. Recent neuroscience studies have employed eigenvector centrality (EC) mapping for measuring FC in both diseases [34,35] and task states of brain activity [26]; however, these studies have not explored EC pattern changes of the whole-brain RSFC network across the lifespan in healthy individuals.



The network eigen-entropy (NEE) was defined based on EC and the Shannon entropy. In a complex system, it characterizes the orderness change of a system indicating the state or the development direction of a system. EC defined in this way assigned each node a centrality that depended on both the quantity and the quality of its connections. It integrated the centralities of a node’s neighbors and each node was ranked by its EC scores in a network. Therefore, EC was extended to capture the global features of the graph [36,37]. The energy probability (EP) of each node was derived from EC scores in a graph network. The resulting set of energy probabilities generated a frequency distribution. The EP can be regarded as a random variable that follows this frequency distribution, and the distribution measured the functional connectome heterogeneity [36]. If the nodes’ function in the network is not specialized, and the communication of information is not preferential, the EP distribution is uniform, and the network is homogenous. However, if the nodes’ function is specialized, and the communication of information is preferential, the EP distribution is distributed, and the network is heterogeneous. Collectively, the more distributed the EP histogram of a system is, the lower the entropy is and vice versa. Thus, the NEE allows us to analyze the organizational mechanisms of the functional connectome development.



We initiated this study under the assumption that the orderness of the functional connectome was related to the age of the brain.




2. Materials and Methods


2.1. fMRI Data Acquisition


The analyses described in the study used two separate resting-state functional magnetic resonance imaging (rs-fMRI) datasets. During the scan, participants were instructed to relax and to fixate on a crosshair while remaining as still as possible. Unless specifically noted, these datasets were handled identically in processing and analysis.



Dataset I was selected from the Nathan Kline Institute-Rockland Sample (NKI-RS) (http://fcon_1000.projects.nitrc.org/indi/pro/nki.html). All approvals and procedures for the collection and sharing of data were approved by the NKI institutional review board. Dataset I consisted of 173 healthy participants in total (aged 7–85 years; mean age, 36.53 ± 20.28 years; 102 males). All participants were divided into four groups in terms of the standard age division recommended by the World Health Organization (WHO), as shown in Table 1. MRI data was acquired using a 3.0 T SIMENS Trio scanner. Structural images were acquired using a magnetization-prepared rapid gradient echo (MPRAGE) sequence (repetition time [TR] = 2500 ms, echo time [TE] = 3.5 ms, flip angle = 90°, thickness = 1.0 mm, slices = 192, matrix = 256 × 256, and FOV = 256 mm). Functional images were acquired using echo-planar imaging (EPI) sequence (TR/TE = 2500/30 ms, FA = 80°, FOV = 216 mm, matrix = 64 × 64, slices = 38, thickness = 3.0 mm). A 10-minute (260 volumes) R-fMRI scan was collected for each participant.



Dataset II consisted of 100 healthy participants randomly selected from the dataset of the Human Connectome Project (HCP) (http://www.humanconnectome.org). Each participant underwent two R-fMRI sessions on separate days. The ages of all participants ranged from 26 to 30 years. Functional images were acquired using multi-band gradient EPI sequences (time repetition/echo time = 720/33.1 ms, flip angle = 52°, field of view = 208 × 180 mm2, matrix size = 104 × 90, thickness = 2.0 mm, slices = 72). A 14-minute and 24-second resting-state fMRI scan was collected for each participant (1200 volumes). For more detailed parameters, see [38].




2.2. Data Preprocessing


For the functional imaging data of each participant, the first five volumes were discarded to remove possible T1 stabilization effects. Next, imaging data were preprocessed using the statistical parametric mapping software package SPM8 (http://www.fil.ion.ucl.ac.uk/spm) following the pipeline in previous research described in [39,40]. Preprocessing steps mainly included the removal of sudden spikes caused by significant head motion, slicing time correction, spatial realignment correction, normalization, spatial smoothing, and temporal band-pass filtering. Slicing time correction was utilized to compensate for slice acquisition dependent time shifts of each volume. Six rigid body translation and rotation parameters were applied to correct head motion. Normalization included R-fMRI data written into the Montreal Neurological Institute (MNI) space at a 3 × 3 × 3 mm3 resolution using the nonlinear transformation calculated on the corresponding anatomic images. The normalized functional volumes were spatially smoothed using a 6-mm full width at half maximum (FWHM) Gaussian filter kernel. Briefly, the linear trend over each scan was removed and a temporal band pass filter from 0.01 to 0.08 Hz was performed. Prior to spatial smoothing, to reduce hardware noise, the draining vessel effect, and motion artifacts on each voxel of gray matter, we further regressed the following nuisance variables: six rigid body motion parameters, the white matter (WM), cerebrospinal fluid (CSF), and whole-brain global signals. The residuals from the functional data were used for further analysis.




2.3. Construction of Resting-State Functional Connectivity Network


The whole brain was divided into many regions using a parcellating method, which offered multi-scale parcellations. A single divided brain region included a set number of voxels with spatially coherent brain activity [41]. Each voxel time series within the whole brain was extracted after data preprocessing. The time series of a region was obtained by averaging the time series of all the voxels in this region. The Pearson’s correlation coefficients were then calculated between each pair of brain regions. To improve the normality of the correlation coefficients, Fisher’s r-to-z transform was performed to convert the correlation coefficients to z-values. Only positive coefficients were preserved to avoid ambiguous biological explanations of negative coefficients. Next, we utilized Bonferroni correction to set the correlation coefficients with p-values greater than 0.05 as 0; otherwise, we set the correlation coefficients as 1. Finally, an adjacent matrix A was generated for each participant to represent an undirected binary RSFC network.



For estimating NEE change in each subsystem during a lifespan, we used a previously established functional parcellation of the human cerebral cortex [4], which was derived by clustering the whole-brain FC network of 500 subjects according to the similarity of regionals FC profiles. This procedure resulted in seven clusters, whose boundaries shared a close correspondence to the known topographic boundaries of visual and sensory motor areas, the limbic system and distributed association networks for executive control (frontoparietal), attention (dorsal, ventral), and internally-directed cognition (default). Thus, we divided the whole-brain RSFC network nodes into seven subsystems. Specifically, we first calculated the number of voxels where all voxels of each brain region were dropped in a certain subsystem. Second, we put the brain region into the subsystem owning the maximum number of voxels. If all voxels of the brain regions were not dropped into any of the subsystems, we put those regions into an unknown category. The divided results of the seven subsystems are shown in Figure 1. The unknown brain regions are not shown in Figure 1.




2.4. Calculate Network Eigen-Entropy


As the EC depends on both the quantity and the quality of its connections, the centrality score (ECi) was proportional to the sum of the scores of the node’s neighbors      ∑   j = 1  N   a  i j   E  C j    .


   E  C i  =  1 λ    ∑   j = 1  N   a  i j   E  C j      



(1)




where aij denotes the element of the adjacent matrix A, and N denotes the number of nodes of a binary RSFC network, and   λ   denotes unique largest real eigenvalue. Using the power iteration method, we found that the centrality vector (EC) was an eigenvector of the adjacency matrix associated with   λ  , which had strictly positive components using the Perron-Frobenius theorem [42]. The calculation process of EC was as follow. First, a starting positive amount of influence of every node was set with 1/N. The iteration stopped after the maximum iterations had been reached. In the power iteration, every iteration vector was multiplied by the adjacency matrix of the network and normalized. The i-th component of the EC represented the relative centrality score of the node i in the network.



To calculate entropy, we first defined the intrinsic probability of each node in the binary RSFC network. We know that the unique positive centrality score of each node is the final steady state of the system through the power iteration processing. The eigenvector was only defined up to a common factor, so the ratios of the centralities of the nodes (I) were defined as an intrinsic state probability of the binary RSFC network. Thus, the intrinsic probability of each node was defined as


    I i  =   E  C i      ∑   j = 1  N  E  C j      



(2)







We also called the intrinsic probability of each unit in the system the EP of each node in the RSFC network. Thus,     I i     represents the EP of each node in a binary RSFC network. Quoting the Shannon entropy equation, NEE was constructed:


   E = −    ∑   i = 1  N    I i  ln  (   I i   )    



(3)







The entropy E is related to the eigenvector of a RSFC network, so we called it NEE. When the network is completely uniform    E  C i  =    1 N      , the EP distribution is uniform and the NEE is maximum.


    E  m a x   = −    ∑   i = 1  N    1 N  ln  1 N  = ln N   



(4)







When all nodes are not connected to each other,    E  C i  = 0   , the NEE is minimum theoretically, but in the real RSFC networks, the network is connected, and the NEEs are greater than minimum.


    E  m i n   = 0   



(5)








2.5. Statistical Analyses


We used multiple linear regression to model NEE with age and age2 as predictors, along with three other nuisance variables: sex, head-motion mean frame-wise displacement (meanFD) [43] and temporal signal-to-noise ratio (tSNR) [44]. The regression model was formulated as follows:


   E =  β 0  +  β 1  × a g e +  β 2  × a g  e 2  +  β 3  × s e x +  β 4  × m e a n F D +  β 5  × t S N R   



(6)







In this study, the Mann–Whitney rank-sum test was used to test whether the whole-brain NEE or brain node EP values of pairwise groups were significantly different. This is useful for examining the significant differences between two independents, but in non-normal populations, which is a sample rank instead of the sample value of the test.




2.6. Test–Retest Reliability


Test–retest reliability is an important group level statistic, referring to the temporal or intra-individual stability of an index measured across multiple occasions in a group of participants. Intra-class correlation (ICC) [45] was used on dataset II to quantify NEE’s test–retest reliability in this functional connectome analysis.



The ICC values were categorized into five common intervals [46]: 0 < ICC ≤ 0.2 (slight); 0.2 < ICC ≤ 0.4 (fair); 0.4 < ICC ≤ 0.6 (moderate); 0.6 < ICC ≤ 0.8 (substantial) and 0.8 < ICC < 1.0 (almost perfect). However, several limitations of the ICC approach has been described in [47]. In addition to the absolute values of ICC, we calculated the p-values of ICC using the permutation test. The p-value allowed a precise statistical analysis to evaluate the significance of the extracted ICC.





3. Results


3.1. Age-Related Changes of Topologic Energy Probability Distribution and Energy Probability Histograms between Groups


The topologic EP maps and EP histograms for the four groups are shown in Figure 2. Each region’s EP within each group was obtained by calculating the average EP in this region, in this group. Consequently, we obtained four group-level EP maps. The EP distribution of Group I was concentrated on    0.6 ×     10   − 3   − 2 ×     10   − 3        as shown in the bottom panel of Figure 2, whereas the EP distribution interval of Group II was amplified by    0.6 ×     10   − 3   –   3   ×     10   − 3     , which sloped to the right and tended to have a tail. The EP distribution of Group III had a right long tail, and the distribution interval ranged from    0.2 ×     10   − 3      to    3.5 ×     10   − 3     . Corresponding to the EP histograms, the topographic EP map in Group I showed that the EP of each region was approximate to equal, as shown in the top panel of Figure 2. While the EP in other regions (except the sensory motor area and ventral attention network) began to decrease in the other three groups.



To quantitatively characterize the transformation of EP distribution in individuals with age, the whole-brain NEE was calculated for each participant.




3.2. Age-Related Changes of the Whole-Brain Network Eigen-Entropy across Lifespan


Model selection analyses were carried out using the Akaike information criterion (AIC). The probable models of functional connectome orderness are shown in Figure S1. These analyses showed that the functional connectome orderness levels during a lifespan, as measured by whole-brain NEE, are best fit by the polynomial fitting curve (Figure 3). The positive quadratic trajectory showed that the whole-brain NEE values decreased fast with continuous age before close to 60 years (Figure 3a). In a multiple linear regression model, no significant impact of sex (t = 0.23, p = 0.81), meanFD (t = −0.67, p = 0.50) or tSNR (t = −0.49, p = 0.62) on NEE was exhibited. In contrast, significant impacts of age (t = −5.67, p < 0.0001) and age2 (t = 3.43, p = 0.0007) on NEE were exhibited. Pairwise comparison analysis through the four age groups using the Mann–Whitney rank-sum test showed that significant decreasing NEEs between groups were tested consistently (Figure 3b). In detail, the NEE of Group II significantly decreased relative to that of Group I (p = 0.001), and the NEE of Group III significantly decreased relative to that of Group II (p < 0.001); however, there was no significant difference between Groups III and IV for NEE (p = 0.56). Consistent with the results of a comparison of Groups III and IV, the NEE fitting curve maintained its trend during the normal aging stage. An important issue was whether the whole-brain NEE changes were driven by the seven subsystems.




3.3. Age-Related Changes of Subsystems’ Network Eigen-Entropy across Lifespan


To assess how whole-brain NEEs in seven subsystems exhibited age-related changes, MLRs were fit to lifespan trajectories of the seven subsystems. The trajectories of the values of NEE in the seven subsystems showed linear or non-linear decreases with age (Figure 4). The overall trends were the same as the trend of the values of whole-brain NEE. Excluding the values of NEE of the limbic system and sensory motor area, the NEEs of the other five subsystems showed significant linear decreases with age. The age-related (t = −8.47,    p =   1.18 ×   10   − 14     ) NEE trajectory within the dorsal attention network slipped the fastest (F (1, 167) = 71.82,    p   =   1.18 ×     10   − 14     ), and the age-related (t = −4.24,    p   =   3.69   ×     10   − 5     ) NEE trajectory within the frontoparietal network slipped slightly (F (1, 167) = 17.98, p = 3.69     ×     10   − 5     ). In contrast, the NEE trajectory within the limbic system exhibited positive quadratic changes (F (2, 166) = 20.85,    p   =   8.34 ×   10   − 9     ) with age, and the NEE trajectory of the sensory motor area exhibited negative quadratic changes (F (2, 166) = 19.92,    p   =   1.76 ×     10   − 8     ) with age. Significant linear age effects (t = −3.69,    p = 3.06   ×   10   − 4     ) and quadratic age effects (t = 2.45, p = 0.016) on limbic NEE were detected, and significant linear age effects (t = 2.45, p = 0.015) and quadratic age effects (t = −3.66, p = 3.44     ×     10   − 4     ) on the sensory motor area NEE were also detected.




3.4. Brain Regions with Significant Energy Probablity Changes


There was a specific attempt to unearth specific brain regions which prominently drive NEE decline during different periods of the lifespan. The Mann–Whitney rank-sum test analysis for EP on whole-brain regions (800 nodes) between groups was undertaken though False Discovery Rate (FDR) correction. When comparing Group II with Group I, the results exhibited a total of 14 regions that showed statistically significant age-related change, representing 1.75% of whole-brain region comparisons (q < 0.05, FDR-corrected; corresponding to an uncorrected    p   =   8.4 ×     10   − 4     ). These brain regions were involved with six of the seven subsystems, excluding a visual network. We mapped these significantly changed brain regions to the cerebral cortex and discovered that they were mainly comprised of the right inferior frontal gyrus, right supplementary motor area, and basal ganglia (containing the cingulate gyrus, right caudate nucleus, left globus pallidum, and left putamen). The topographic brain region distribution is shown in detail in Figure 5a. In addition to a few brain regions that showed a significant increase in EP, all the rest showed a significant decline. In addition, most of the brain regions were on the right hemisphere. When comparing Group III with Group II (Figure 5b), the results exhibited a total of 12 regions that showed statistically significant age-related change, representing 1.5% of whole-brain regions comparisons (q < 0.05, FDR-corrected; corresponding to an uncorrected       p   =   8.5 ×     10   − 4     ). These brain regions were involved with two of the seven subsystems and when these brain regions were mapped to the cerebral cortex, it was discovered that they were primarily located within the right temporal pole, left lingual gyrus, left inferior occipital gyrus and parahippocampal gyrus, left hippocampus and right caudate nucleus, which are part of the visual subsystem and limbic system. In contrast to the results of the comparison between Group II and Group I, all significantly changed brain regions showed a reduction in EP.




3.5. Control Analyses


The scale of the brain networks and the scanning duration of the data may have influenced the calculation of the NEE. Therefore, we evaluated the potential confounding effects of these two factors on NEE.



To explore how the network scales influenced NEE, a series of cortical parcellations [41] ranging from 50 to 800 regions were chosen. The top panel of Figure 6a illustrates the increased NEE values of dataset II with the network scales. The NEE value of each network scale in the top panel curve was calculated by averaging the NEE values of all participants. The bottom panel of Figure 6a shows the increased growth rate of NEE with the network scales. The network scale (the number of regions N ≥ 150) was conducted using the elbow criterion [48] of the growth rate in the top panel of Figure 6a. We selected brain parcellation with 800 regions in this study for elaboration and stability.



To investigate the effects of scanning duration on NEE, we calculated each participant’s NEE with different continuous time points in dataset II, ranging from 3 to 13 min, which were extracted from the total scanning duration (1200-time points) by adjusting the starting time point randomly. The top panel of Figure 6b shows the NEE curve with different scanning durations and the bottom panel of Figure 6b shows the growth rate curve of NEE with different scanning durations. As shown in Figure 6a, the NEE value was calculated by averaging each participant’s NEE for this scanning duration. Similarly, the scanning duration (T ≥ 6 min) was assessed using the elbow criterion of the growth rate curve, in the top panel of Figure 6b. The NEE values slightly increased with scanning duration, but the growth rates of NEE decreased sharply. To obtain stable FC, the scanning duration should be longer than six minutes.



Additionally, the test–retest reliability measures the temporal or intra-individual stability across multiple occasions in a group of participants. In this study, Intra-class correlation was used to weigh the NEE’s test–retest reliability.



The ICC value for dataset II was 0.35, which indicated fair test–retest reliability. However, several limitations of ICC approaches have been described in [47]. In addition to the absolute values of ICC, we calculated the p-values of ICC using a permutation test. The p-value allowed a precise statistical analysis to evaluate the significance of the extracted ICC. The distribution of the ICC was displayed in Figure 6c through 10,000 repeated permutation tests. According to the absolute value and p-value (p < 0.0001) of the ICC, the metric NEE was considerably reliable in temporal or intra-individual conditions.



Moreover, the significance of NEE should be established to compare it with the results of null-hypothesis networks. Null-hypothesis networks (random networks) shared the same size, density and binary degree distribution of the original network as dataset II, and the random network sample corresponded to each participant network. As shown in Figure 6d, the significant differences between the RSFC networks and random networks (p < 0.001, Mann–Whitney rank-sum test) were revealed.





4. Discussion


In this study, we calculated the whole-brain NEE from the EP of parcellation units of the cerebral cortex. By systematically investigating the development and aging of human connectome from 7 to 85 years, we found that the whole-brain NEE showed a non-linear decrease with age. The EP distribution within the whole-brain shifted from concentration to wide dispersion with age at group level. Moreover, the NEE values of subsystems showed non-linear or linear decreases with age. Interestingly, the NEE values of the sensory motor area showed negative quadratic changes with age, while the NEE of limbic system showed positive quadratic changes with age, and the other five subsystems showed linear decreases. Furthermore, brain regions with significant EP changing from flourishing (7–20 years) to the youth period (23–38 years) were mainly located in the right prefrontal cortex and basal ganglia, the areas involved in emotion regulation and executive function in coordination with the action of the sensory system, thus implying that self-awareness and voluntary control performance significantly changed during neurodevelopment. Those from the youth period through to middle (40–59 years) age were located in the mesial temporal lobe and caudate (which are associated with long-term memory), implying that the memory of the human brain begins to decline with age during this period. These results may be relevant for understanding normal developmental and aging changes in neural circuits that underlie age–related variation in cognition and behavior. These novel findings are discussed below in detail.



4.1. The Orderness of the Functional Connectome Measured by the Network Eigen-Entropy


Previous studies on structural and functional connectomics have revealed that the human brain has a small-world structure [33,49,50], which possesses a greater clustering coefficient than the random network and lower characteristic path length than the regular network. Unlike the properties of the small-world structure, whole-brain NEE characterizes the orderness of network structure from a spatial perspective based on the EC and statistical entropy. As EC conveys the global structural information of the network, the uniformity of the EC distribution reflects the degree of complex network heterogeneity. So, NEE can also capture the heterogeneity of the network. The entropy of a single discrete random variable is a measure of its average uncertainty, characterizing the degree of underlying randomness of the random variable. The orderness/certainty implied by NEE is dependent on the similarity of the intrinsic structure on multi-levels in a network. The more uniform energy distribution, the greater the entropy, the more uncertainty in the system; on the other hand, the more orderness/certainty in the system.



On the application of entropy in the human brain, there are several studies related to our study. Yao and his colleagues [51] regarded the correlation coefficients between brain regions as a random variable, and applied relative entropy to measure the variability in the distribution of correlation coefficients. The results demonstrated that the relative entropy increased with age. These results investigated whether the FC changed with age. Jia and his colleagues [51] regarded the dynamic correlation coefficients between brain regions as a random variable, and applied sample entropy to measure the complexity of dynamic FC, while the results demonstrated that the sample entropy reduced with age. Mcintosh and his colleagues [52] used multiscale entropy (MSE) to measure brain signal variability through a collection of the electroencephalography (EEG) and magnetoenphalography (MEG) signals in tasks. MSE characterized the temporal complexity of the brain signal, while NEE depicted the spatial complexity of the interaction between brain regions signal activities across the whole brain. However, these entropy analyses cannot capture the orderness of the brain network structure from a spatial perspective.



Through the analysis of the Mann–Whitney rank-sum test, we found that the mean NEE value of the RSFC networks was lower than that of random networks and their variance box distribution differed by two magnitudes (Figure 6d). As the connections between nodes in the random network were random, the EC distribution was uniform, and the intrinsic architecture of the functional brain network was regular relative to the random network. The degree of orderness of the functional brain network was higher than the random network, and the NEE could robustly distinguish functional brain networks from random networks.




4.2. The Orderness Variability of the Whole-Brain with Age


To specifically assess the association of the whole-brain NEE with age, we divided the fMRI dataset I into four age groups. In the analysis of different aged individuals in dataset I, we found that at the group level, the EP distribution of the RSFC networks shifted from concentration to dispersion (Figure 1). Through a statistical analysis of whole-brain NEE of different aged individuals, we found that the whole-brain NEE was robust when compared among the flourishing, youth period and middle age groups. Furthermore, the whole-brain NEE was significantly different among the entropies of the three sample groups, and further analysis over continuous aging showed that an approximate U-shaped trajectory of the whole-brain NEE fitted. The distribution of EP in the middle age group was more widely spread than that of the flourishing and youth periods. This led to the middle age group having a smaller NEE than that of the youth period group, which had an even smaller NEE than that of the flourishing. This revealed that there was a higher level of heterogeneity of functional connectome during middle age group than the youth period, and the youth group had a higher level of heterogeneity of functional connectome than that of the flourishing. This implied that the orderness/certainty of functional connectome enhanced rapidly until middle age. In contrast, the EP distribution was partially adjusted from middle age to old age. This led to no significant change of NEE between middle age and old age (61–85 years), and these findings may be associated with the degree of functional connectome adjustment with age. This finding verified the opinion in What is Life written by Schrodinger [53] that life continues to draw on negative entropy from the environment. The finding also was consistent with the evolution theory of the life system proposed by Darwin that the development of the organism and the highly complex brain is a process of diminishing entropy. These results may partly reveal the architectural transition of the human brain shift from a relatively anatomically driven configuration to a functional well-organized configuration with age. Furthermore, the current findings seem consistent with the notion of free energy minimization in the brain, as the entropy-like term (NEE) did indeed decrease with aging subjects [54,55,56]. Considering the notion of entropy in the context of free energy minimization may extend the value of this study to the broader community.




4.3. The Orderness Variability of Functional Subsystems with Age


In addition to determining the NEE of the whole brain, we determined the NEE of seven intra-subsystems of the brain across a lifespan. The subsystem NEE exhibited the FC pattern within this brain functional system, which indicated the orderness variability of the specific brain functional system. We observed distinct trajectories of these subsystem NEEs with age. Concretely, the NEE of limbic system decreased quickly over the early part of the lifespan (peak age of about 60 years); thereafter it showed a slightly increasing trend. This meant that the orderness of the limbic system was enhanced before 60 years, and weakened afterwards. The limbic system, as a subcortical cortex controlling human emotions and spiritual activities, showed a consistent trajectory with the whole-brain NEE. In contrast, the NEE of the sensory motor area remained at a high level before the age of 50, indicating that it maintained high homogeneity before the age of 50. After 50 years of age, its NEE decreased, which may be associated with the increases in the inter-connections and EP, making the heterogeneity of the sensory motor area and information exchange between the sensory motor area and other subsystems increase. The EP in the sensory motor area was slightly higher than other subsystems, which may be related to the earlier maturation of the sensory motor subsystem [10,57,58], while the heteromodal areas of the association cortex governing higher cognitive function were still developmental [12,18,29,59]. The finding implied that the orderness/certainty of all subsystems were the same as the orderness/certainty of whole-brain.



The energy probabilities of part brain regions of the ventral attention subnetwork and sensory motor area were apparently higher than other networks in the youth period (Group II), while the energy probabilities of the default network, frontoparietal network and limbic subsystem decreased. This finding may imply that youth is a prominent period of change to the subsystems’ heterogeneity. The energy probabilities of the sensory motor network and part of the ventral attention network brain regions were highest in the whole-brain in the middle age (Group III). However, the energy probabilities of the visual network declined, while the energy probabilities of the default, frontoparietal, and limbic networks decreased further. This result may be consistent with the further enhanced heterogeneity of whole-brain functional subsystems [60,61,62,63,64,65]. The values of EP in the brain regions of the frontoparietal network increased slightly. And the energy probabilities of part brain regions of the default network decreased further in old age (Group IV). In summary, complicated changes to subsystems were not synchronous across the lifespan, which revealed the compensatory function among functional brain areas during normal aging [66,67,68], which may partly reflect the human brain plasticity.




4.4. Brain Regions with Significant Energy Probablity Changing


Through the Mann–Whitney rank-sum test on whole-brain EPs between Group II (youth period) and Group I (flourishing), we found that the significantly changed regions were mainly located in the right prefrontal cortex and basal ganglia, which are involved in emotion regulation and executive function in coordination with the action of the sensory system, implying that self-awareness and voluntary control performance significantly changed during neurodevelopment [69,70,71]. In addition, with the exception of the energy probabilities of the right median cingulate gyrus and right superior frontal gyrus which increased with age, other regions decreased with age. In contrast, a small set of significantly different regions was revealed between Group III (middle age) and Group II (youth period), which were less than that between Group II and Group I, and belonged to subcortical regions. These regions are mainly involved in long-term memory, implying that the memory of the human brain begins to decline with age during this period. Furthermore, we found that the brain regions where EP changes only comprised a small part of the whole brain and these changed brain regions were not synchronized. Between Groups III and IV, no brain region with significant EP changes was detected.




4.5. Limitations and Future Directions


It is worth noting that there were several issues to be considered when interpreting our findings. First, two strategies are commonly used for thresholding an FC matrix to format a graph adjacency matrix: (1) the correlation criterion using a fixed correlation value for all subjects, and (2) edges density criterion using a fixed density value for all subjects. In this study, we used a constant significance criterion. Although age and edges density were unrelated (r = −0.08, p = 0.35), more consistent results might be obtained if graph analyses could be conducted on density criterion. This issue should be studied carefully in future. Second, we regressed out the global signal to partly reduce physiological and other global noise. Third, it was a challenge to map the brain’s parcellation-based functional connectome appropriately and precisely. In the study, we used a random-generated high-resolution template and explored the scale effect of a parcellation scheme on whole-brain NEE values. To eliminate the effect of templates on estimating brain system orderness, we will consider establishing voxel-wise RSFC networks in future work. Fourth, we attempted to explore the age-related differences of functional connectome over a continuous age range that covered both development and aging. However, the analyzed samples were not perfectly distributed across the entire lifespan as the number of young adults was greater than the number of older people. We utilized a quadratic model to explore the age changes across the human lifespan. The incomplete distribution of ages in our sample may have affected parametric curve fitting. Fifth, the RSFC network we constructed was binary and undirected; however, we know that an effective connection between two brain regions indicated a causal relationship, which contained more precise information. Furthermore, weighted connections indicated the strength of the information communication between two brain regions, so in future, we will also consider establishing weighted directed RSFC networks. Sixth, the present work discussed the orderness variability of functional connectome with normal developmental and aging, while structural and functional connectomics were of mutual interaction. Brain structural connectome supported and constrained functional connectome, meanwhile brain network organization refined brain structure gradually. We will consider discussing the orderness variability of structural connectomics with age in further works to reveal the consistency and discrepancy between them.



There were some disadvantages of NEE. It can describe the integral topological properties of the system, but it cannot locate local development of the system. In addition, the model used in this study is relatively simple and may impede its generalization and application to broader areas. In the future, we will expand to encompass more graph theoretic formalisms, and pursue more accurate and detailed models. The whole-brain NEE discussed in this study was estimated only for healthy individuals. We know that there is abnormal functional connectivity specific to some RSFC subsystems in brain diseases (e.g., depression, schizophrenia, autism, Alzheimer's disease) [72,73]. So, we would examine whether the NEE of the whole brain or specific subsystems could be used to predict the course of brain diseases and to evaluate treatment effects at a mesoscale level, shedding light on the pathophysiology of brain diseases in the future.





5. Conclusions


Using a public dataset (age range 7–85 years), the results demonstrated the heterogeneity changes of RSFC networks among four groups by exploring the EP distribution. Characterizing this property through network entropy, we found a trend towards the non-linear reduction of whole-brain NEE with continuous age. Going beyond detecting whole-brain NEE, we explored seven subsystems’ NEE variability with age. The results demonstrated their consistence with trends, and the asynchronization of development and aging. In summary, our findings provided new insights into tracking the evolution of the human connectome.
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Figure 1. Surface rendering of all seven resting-state functional connectivity subsystems comprising 800 brain regions in total on both left hemisphere (left) and right hemisphere (right). The inflated surfaces are provided by Caret. The color map indicates colors picturing each of the seven components and their regions on the surfaces. 
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Figure 2. The topographic energy probability maps and energy probability histograms for the four groups. 
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Figure 3. (a) The network eigen-entropy values reduced with age and the polynomial fitting curve was significant with an R2 of 0.47 and p of 0.001; (b) Using the Mann–Whitney rank-sum test by pairwise comparison, significant network eigen-entropy differences between groups were exhibited. 
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Figure 4. The network eigen-entropy trajectories of seven subsystems with age, the polynomial fitting curve of the limbic system and sensory motor area were significant with an R2 of 0.19 and 0.20; the linear decreased fitting curve of the other five subsystems were significantly detected. 
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Figure 5. Statistically significant differences in brain regions in energy probability among three groups. The red represents the positive and the teal color represents the negative Z-value. The size of the node represents the absolute Z-value. The results were presented using the BrainNet Viewer package (http://www.nitrc.org/projects/bnv). (SFG.R = right superior frontal gyrus, IFG.R = right inferior frontal gyrus, MCG.R = right median cingulate gyrus, PCG.R = right posterior cingulate gyrus, IFGtriang.R = the triangular part of the right inferior frontal gyrus, CAU.R = right caudate, ORBinf.L = the orbital part of left inferior frontal gyrus, PAL.L = left globus pallidum, IOG.L = left inferior occipital gyrus, HIP.L = left hippocampus, TPOsup.R = the temporal pole of right superior temporal gurus, FFG.R = right fusiform gyrus). 
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Figure 6. (a) The network eigen-entropy values changed with the network scales; (b) The values of network eigen-entropy changed with different scanning durations; (c) The permutation distribution of the estimate of Intra-class correlation when disrupting sessions; (d) Significant differences of network eigen-entropy values between the RSFC networks and random networks. The variance distribution of resting-state functional connectivity network NEE values was two orders of magnitude larger than that of the random networks’ shown by a box diagram. 
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Table 1. Demographics of the four age groups.






Table 1. Demographics of the four age groups.





	Groups
	Classification
	Age Range (years)
	Number of Participants
	Gender (M a/F b)





	Group I
	flourishing
	7–20
	40
	23/17



	Group II
	youth period
	23–38
	35
	17/18



	Group III
	middle age
	40–59
	37
	27/10



	Group IV
	old age
	61–85
	32
	15/17







M a = Male; F b = Female.
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