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ARTICLE INFO ABSTRACT

Keywords: The correlation between functional connectivity (FC) network segregation, glucose metabolism
Alzheimer’s dis??{SE and cognitive decline has been recently identified. The coupling relationship between glucose
Energy connectivity metabolism and the intensity of neuronal activity obtained using hybrid PET/MRI techniques can

Functional connectivity
Default mode network
MoCA score

provide additional information on the physiological state of the brain in patients with AD and
mild cognitive impairment (MCI). It is a valuable task to use the above rules for constructing
biomarkers that are closely related to the cognitive ability of individuals to monitor the patho-
logical status of patients. This study proposed the concept of the energy connectivity (EC)
network and its construction method. We hypothesized that the dissociation between energy
connectivity and functional connectivity of brain regions is a valid indicator of cognitive ability in
patients with dementia. The number of EC-attenuated brain regions (EC-AR) and the number of
FC-attenuated brain regions (FC-AR) are obtained by comparison with the normal group, and the
dissociation between functional connectivity and energy connectivity is indicated using the ratio
of FC-AR to EC-AR for individuals in the disease group. The findings suggest that FC-AR/EC-AR
values are accurate predictors of cognitive performance, while taking into account the cognitive
recovery due to compensatory effects of the brain. The cognitive ability of some patients with
cognitive recovery can also be predicted more accurately. This also indicates that lower func-
tional connectivity and higher energy connectivity between network modules may be one of the
important features that maintain cognitive performance. The concept of energy connectivity also
has potential to help explore the pathological state of AD.

1. Introduction

Massive disruption of functional brain networks has been identified in association with the progression of Alzheimer’s disease (AD)
[1]. In the cerebral cortex, information is processed through interactions between various subregions. Anatomical tract tracing,
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connectomics, and electrophysiology are used to infer the organization of brain regions and identify several major brain networks.
Each brain network is referred to as a “module”, corresponds to a major function, and is composed of a number of brain regions [2].
Among several major brain network modules, the default mode network (DMN) is considered one of the core network modules, and its
function is closely related to situational memory and cognitive abilities. Using functional magnetic resonance imaging (fMRI) tech-
niques, it is found that the DMN of AD patients all exhibited significant functional impairment and abnormal organization [3]. As the
severity of AD increases, there is a substantial loss of intra-network connectivity and inter-network anti-correlation [1]. Some in-
vestigators found increased network connectivity between the salience network (SN) and DMN in patients with MCI and AD, sug-
gesting a disruption of the SN-centered network model [4].

Recently, there has been an increasing interest in combining fMRI and PET imaging to explore the relationship between functional
network abnormalities and glucose metabolism. [!®F]-Fluorodeoxyglucose (FDG) is a radioactive contrast agent that provides infor-
mation about the metabolism of glucose in an organism. When FDG is injected into the body, it accumulates in areas with a high
metabolic rate and exhibits a high FDG-standardized uptake value ratio (FDG-SUVR). Some scholars have suggested that glucose
metabolism disorder is one of the important characteristics of AD, and the relationship is increasingly close [5,6]. Prototypical glucose
metabolism alterations are also observed in patients with amnestic mild cognitive impairment (MCI) [7,8]. As AD progresses, both
functional brain network segregation and glucose metabolism decrease and associated with cognitive decline [9]. Intra- and
inter-network connectivity is critical for achieving the optimal “trade-off” between minimizing energy consumption and maximizing
functional efficiency in the normal brain [10]. Connectivity between the whole brain network modules is associated with cognitive
performance [11], and FDG-SUVR may also be used as a proxy indicator of cognitive performance. These findings further elucidated
that abnormalities in metabolic and functional connectivity may underlie the neural basis of cognitive dysfunction in AD [12]. In
addition to the level of glucose metabolism, the intensity of neuronal synaptic activity is also reflected in the power spectrum [12]. The
amplitude of low frequency fluctuation (ALFF) reveals the intensity of the blood oxygenation level dependent (BOLD) signal for
regional spontaneous activity and can indicate the strength of neuronal activity in different brain regions, thus exploring the hidden
neurophysiological significance of this activity. The ALFF represents the intensity of neuronal activity, and if low-frequency signal
fluctuations are more consistent between brain regions, it may indicate that they have similar functions (higher functional connec-
tivity). It has been shown that the correlation between FDG-SUVR and the ALFF is closely related to cognitive performance [13].

Combining the MCI and AD stages in research could lead to better understanding of the progression of dementia, which could
improve the outcome of treatments. Studies have shown that abnormal cerebral metabolic rate of glucose and energy generation in
specific brain regions are one of the early characteristic changes of AD, and have indicated that the abnormal metabolism of glucose is
the early manifestation of AD [14].

It would be valuable to investigate the relationship between these characteristics and how to integrate the information from these
brain networks to find markers that more accurately describe the cognitive abilities and pathological states of patients. We constructed
generalized linear regression models based on the sex and age of the individuals in the normal group, and screened the brain regions
with weaker metrics (FDG-SUVR, ALFF) in the disease group for subsequent studies. In this study, we proposed an energy information
network constructed based on FDG-SUVR and ALFF. The ratio of the number of brain regions with weak functional connectivity and
the number of brain regions with weak energy information coherence is closely related to MoCA scores and can be an important
predictor of cognitive ability. And this method is found to reflect, to a certain extent, the cognitive recovery due to compensatory
effects. The schematic diagram of the energy connection is shown in Fig. 2. The overall process of the study is shown in Fig. 1.

2. Materials and methods

All PET and MRI image data is downloaded from the AD Neuroimaging Initiative (ADNI) database (http://adni.loni.usc.edu). Data
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Fig. 1. Research methods and data processing flowchart. PET-MRI : Courtesy of Dr. Theberge, Lawson Research Institute, London, ON, Software
version VB20P. fMRI : https://developer.nvidia.com/blog/nvidia-digits-alzheimers-disease-prediction/.
Other images from BrainNet viewer and Freesurfer.
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Fig. 2. Schematic representation of the relationship between glucose metabolism and amplitude of low frequency fluctuations. ALFF increases
before the onset of rigid dementia as a result of a compensatory mechanism.

collection and sharing for this project is funded by the ADNI database. Informed consent is obtained from the volunteer in accordance
with the institutional review board policy. All methods are carried out in accordance with relevant guidelines and regulations. All
experimental protocols were approved by the Institutional Review Board (IRB) at Hangzhou Dianzi University (IRB-2020001) and the
Ethics Committee at Beijing Hospital (2022BJYYEC-375-01).

2.1. Subjects

Demographic information about the subjects is shown in Tables 1 and 2. Two hundred and fifteen individuals with [®F]-Fluo-
rodeoxyglucose PET, functional magnetic resonance imaging (fMRI) and T1-weighted structural MRI images from the Alzheimer’s
Disease Neuroimaging Initiative (ADNI) are included in this study. Among them, the experimental dataset has 133 participants,
including 41 cognitively normal (CN) participants, 32 patients with EMCI, 31 patients with LMCI, and 29 patients with AD. The
validation dataset has 82 participants, including 17 cognitively normal (CN) participants, 24 patients with EMCI, 17 patients with
LMCI, and 24 patients with AD. This study selected participants from the ADNI database (http://adni.loni.usc.edu) who had 18F-FDG
PET and fMRI scans less than one month apart. Each subject is examined by the Montreal Cognitive Assessment (MoCA), Mini-Mental
State Examination (MMSE), and global clinical dementia rating (CDR >0.5 for AD diagnosis). Patients are followed up with cognitive
ability tests every six months or a year. We excluded individuals with a greater difference between the time of cognitive ability
diagnosis and the time of image scanning. ADNI studies are conducted in accordance with the Good Clinical Practice guidelines, the
Declaration of Helsinki, and U.S. 21 CFR Part 50 (Protection of Human Subjects), and Part 56 (Institutional Review Boards). This study
is approved by the Institutional Review Boards of all of the participating institutions. Informed written consent is obtained from all
participants at each site.

Table 1
Experimental dataset Demographics.
Health Control (HC) EMCI LMCI AD

N 41 32 31 29
Age 74.1 £5.8 74.6 £ 4.4 72.3 £ 5.6 75.0 £ 6.7
Gender, F/M 26/15 17/15 17/14 16/13
MMSE 279 +1.7 27.3+23 26.4 +£ 2.2 22.0 +£ 2.0
MoCA 23.5+ 3.0 199 + 2.8 20.7 £ 2.7 16.2 + 2.7
CDR _global
0 37 (90.2%) 5 (15.6%) 0 0
0.5 4 (9.8%) 23 (71.9%) 29 (93.5%) 10 (34.5%)
1 0 4 (12.5%) 2 (6.5%) 18 (62.1%)
2 0 0 0 1 (3.4%)
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Table 2
Validation dataset Demographics.
HC EMCI LMCI AD

N 17 24 17 24
Age 74.9 + 6.6 71.0 £ 5.0 71.8 £ 6.3 73.6 £ 6.3
Gender, F/M 9/8 13/11 7/10 11/13
MMSE 28.5+ 1.3 28.3+ 1.3 27.3 4+ 2.0 23.3+1.8
MoCA 26.0 + 2.2 22.1 +£3.9 21.4 + 2.0 19.9 £ 2.9
CDR _global
0 15 (88.2%) 0 0 0
0.5 1 (5.9%) 23 (92.0%) 17 (100%) 13 (54.2%)
1 1 (5.9%) 1 (8.0%) 0 11 (45.8%)
2 0 0 0 0

Results are presented as mean + SD (%); Mini-Mental State Examination (MMSE); Montreal Cognitive Assessment (MoCA); Clinical Dementia Rating
Scale (CDR).

2.2. Image processing

MRI, fMRI, and PET acquisition protocols are detailed elsewhere, see www.adni-info.org. The fMRI data are processed using the
CONN functional connectivity toolbox software (CONN). First, slice timing correction and head motion correction are performed on
the fMRI time series signal. The repetition time of fMRI sampling is 3000 ms. When analyzing fMRI data, a realignment is applied to the
time series signal in order to eliminate the effect of motion. To eliminate motion artifacts, the 3D time series images of the same
modality in the fMRI data are aligned by using six motion parameters that describe the spatial transformation (three translations and
three rotations). All images are aligned to Montreal Neurological Institute (MNI) standard space, with a resampled isotropic spatial
resolution of 3 mm. Extraction of 0.01-0.1Hz signal using temporal band-pass filtering to remove low frequency linear drift and high
frequency physiological noise such as respiration and heartbeat. Finally, spatial smoothing is performed using an 8 mm FWHM
Gaussian kernel. Time series signals of 400 brain partitions are extracted using the Schaefer2018_400Parcels_7Networks mask for
constructing the adjacency matrix and calculating ALFF intensity. Validation dataset samples are calculated using the Schae-
fer2018_1000Parcels_17Networks mask. The fMRI image data in the ADNI2 database is acquired primarily using the Philips imaging
protocol, whereas the majority of the fMRI image data in the ADNI3 database is acquired using the Siemens imaging protocol. To
ensure the validity of the results, we repeat the experiment using data from different imaging protocols.

The FDG-PET data is processed using the Petsurfer software. We used FreeSurfer to segment and parcellate MRI T1-weighted
images and Petsurfer to calculate the ['®F]-Fluorodeoxyglucose standardized uptake value ratio for the whole brain. PET images
are obtained according to published imaging protocols. We converted FDG SUVR images from the ADNI database to FDG SUVR images
based on MRI, and defined the pons as the reference region. All images are segmented and registered using the FreeSurfer and Petsurfer
programs. We performed head movement correction on FDG-PET images of all samples to eliminate the deviation caused by head
movement in the image process, and all PET images of individuals are aligned to the mean FDG-PET image. Before analyzing the FDG-
PET data, the high-resolution segments for running the partial volume effects method are created using the “gtmseg” function in
FreeSurfer, and a registration file is generated from the PET image data in NII format. FDG-PET data are corrected for partial volume
effects (PVC), co-registered to the corresponding MRI images, and normalized using the deformation parameters defined from the MRI
procedure. The pons are used as reference for quantitative scaling of the image data results, and the standardized uptake value ratio is
obtained [15]. In order to improve the quality of image data, the surface is smoothed by a Gaussian filter [16], and the smoothed
results are aligned to the human brain standard template (fsaverage) for subsequent analysis [17]. FDG analysis is performed using the
Schaefer2018_400Parcels_7Networks mask. Regional glucose metabolism and ALFF intensity are calculated as the mean value within
the network masks. Validation dataset samples are calculated using the Schaefer2018_1000Parcels_17Networks mask. The details of
the templates are in the supplementary material.

2.3. Construction of energy consistency network

A previous study found a significant Spearman correlation between FDG-PET SUVR and ALFF [13]. In particular, the correlation
within the DMN network showed a significant downward trend in the AD group compared to the NC group, while no significant
differences are found in whole brain regions of the AD group. FC is mainly used to describe the consistency between modules and does
not directly describe the changing pattern of neuronal activity intensity between regions. This study proposes a method to construct an
energy information connection network using the glucose metabolism information of each brain region and the amplitude of low
frequency fluctuations. This formula is used to describe the consistency of neuronal activity intensity between brain regions, reflecting
the efficiency of energy information transfer. The core idea of this formula is to use the ratio of FDG-PET SUVR and ALFF to construct
the energy correlation network, which is defined as:

jet (F,+FJ)XA, XAj
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where s; is the i-th brain partition in module s; t is a brain partitions of modules other than the module s; N; is the number of all the brain
partitions in the rest of the modules except for the module s; and F; represents the SUVR value of glucose metabolism in region s; within
module s; A; represents the SUVR value of ALFF intensity in region s; within module s; F; represents the SUVR value of glucose
metabolism in region j within module t. A; represents the SUVR value of ALFF intensity in region j within module t.

2.4. Inter-network functional connectivity

In the following analysis of functional and energy synergy between network modules [18], the focus will be on the DMN network,
which is closely related to cognition to test our hypothesis on EC and FC alterations associated with cognitive impairment.
Inter-network connectivity (inter-FC/EC) is used to evaluate synergy between network s; and t, which is defined as:
ZjetZSi\/

N,

FC.x,,z = (2)

where s; is the i-th brain partition in module s; t is a brain partitions of modules other than the module s; N; is the number of all the brain
partitions in the rest of the modules except for the module s; and Z;; denotes the Fisher’s z-transformed correlation coefficient r be-
tween region s; within module s and region j within module t.

2.5. Statistical analysis

All the statistical analyses are carried out using GraphPad Prism software (version 7.0.4, GraphPad Software Corporation). The
demographics and clinical characteristics are compared among the three groups using one-way analyses of variance (ANOVA) for the
other variables.

To determine the differences in FCsi (Eq. (2)) and ECsi (Eq. (1)) occurring in the AD, LMCI, and EMCI groups relative to the CN
group, we constructed a generalized linear regression model (GLM) model using age and gender of the CN group as covariates and
calculated the W-score of the disease group relative to the CN group. W-scores are similar to z-scores [19], but they are adjusted for
specific variates [20]. We first performed a vertex-oriented general linear model (GLM) of glucose metabolism and ALFF in the HC
group using age and gender as variates. The formula is shown below:

F M FAge MAge

~ o 1 0 76 0 _
Fl1
o) 1 0 72 0
F3 10710 Pr
P
Ml = 10 7 . P @
M2 Mage
M3 010 74 Regression Coefficients
01 0 72
| Data | L ]
Design Matrix

Eq. (3) is the general linear model, where F represents female and M represents male. The middle part is the design matrix based on
the gender and age of each group, and this matrix is used to perform the construction of generalized linear regression models on gender
and age, and to construct generalized linear regression models for normal samples for subsequent comparisons. f. is the regression
coefficient for females; B, is the regression coefficient for males; By, is the regression coefficient for female age; fy,, . is the regression
coefficient for male age. These parameters are all generated based on the standard cerebral cortex.

Next, we used age and gender p-term plots, as well as regression model residual maps, to calculate a vertex-wise W-score of glucose
hypometabolism and ALFF for each patient in the EMCI, LMCI, and AD groups. The formula for calculating the w-score is shown below:

Xpatient — Bgender * gender — Page * age
RSD

W — score = (Hypometabolism; ALFF) “4)

where Xpatient is the patient’s observed value, pgender and page are the predicted parameter based on the healthy control GLM, RSD is
the residual standard deviation from the control GLM [21], similar to prior methods [22].

The number of brain regions with W-score less than 0 in the EMCI, LMCI and AD groups is calculated and one-way analysis of
covariance (ANCOVA) is performed for each group followed by post hoc two-sample t-test. In addition, we calculate the ratio between
the number of reduced brain regions in FCsi (Eq. (2)) and ECsi (Eq. (1)) compared to the normal group. Correlation analysis is used to
explore the associations of FC weakening regions, EC weakening regions and FC weakening regions/EC weakening regions ratio with
MoCA scores. P < 0.05 is considered to be statistically significant.
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3. Results
3.1. Demographic and clinical characteristics

Demographics and clinical information for experimental and validation datasets are listed in Tables 1 and 2. No significant dif-
ferences are found in age and gender among all groups. Some individuals in the late mild cognitive impairment (LMCI) group had
higher MoCA scores than those in the early mild cognitive impairment (EMCI) group.

3.2. 18FDG-PET SUVR and ALFF in dementia

Averaged W-scores (Eq. (4)) of hypometabolism mapping for each pathological stage are shown in Fig. 3A. In the stage of EMCI,
hypometabolism mainly concerned the temporal polar, angular gyrus, supramarginal gyrus, inferior temporal gyrus, middle temporal
gyrus, fusiform gyrus and posterior cingulate cortex. The W-scores of these regions are basically concentrated in 0.5-1, and the dif-
ference is not significant compared with the HC group. The W-scores of posterolateral prefrontal cortex, frontal polar, frontal orbital

A Hypometabolism region
Left Hemisphere Right Hemisphere

EMCI EMCI
LMCI LMCI
AD AD
B ALFF reduced region
Left Hemisphere
EMCI EMCI
LMCI LMCI
AD AD

Fig. 3. (A) Representative surface of the average ['®F]-Fluorodeoxyglucose standardized uptake value ratio (SUVR) maps in W-score, units
compared to HCs, views presented as voxelwise means within each hemisphere. (left-to-right: left lateral, left medial, right lateral, and right medial).
(B) Representative surface of the average ALFF maps in W-score, units compared to HCs, views presented as voxelwise means within each hemi-
sphere. (left-to-right: left lateral, left medial, right lateral, and right medial). The W-scores less than 0 of FDG-SUVR and ALFF are obtained by
calculating the difference between the true value of each group of individuals and the predicted value of the GLM model constructed based on the
sex and age of the CN group. W-scores are taken as absolute values.
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and superior lateral frontal cortex increased slightly in the LMCI group. In the patients with AD stage, the W-scores of these regions
increased further, temporal polar, angular gyrus, supramarginal gyrus, inferior temporal gyrus, middle temporal gyrus, fusiform gyrus
superior and posterior cingulate cortex showed significant differences compared with the HC group.

Averaged W-scores of ALFF mapping for each pathological stage are shown in Fig. 3B. The ALFF significantly decreased with the
development of dementia in a large portion of the frontal regions, as well as temporal, occipital lobe regions, demonstrating a
reduction in the intensity of local neuronal activity. And these changes are more significant than glucose metabolism. However, by the
final stage of AD, the decline in ALLF values subsided, but the degree of hypometabolism is further exacerbated. These results sug-
gested that the correlation between FDG-SUVR and ALFF can reflect the progression of AD, which corresponds to the results of previous
studies [13]. Therefore, we proposed constructing an energy correlation network based on this result and assumed that it is closely
related to the cognitive ability of individuals.

3.3. Patterns of EC-AR and FC-AR changes in global brain regions

The results of global EC and FC changes for experimental dataset are demonstrated in Fig. 4A. Energy connectivity was calculated
using Eq. (1), while functional connectivity was calculated using Eq. (2). There is no significant difference in the number of EC-AR in
global brain regions among the patients in the three states. As dementia progresses, the number of FC-AR changes more significantly.
The number of FC-AR is significantly higher in the EMCI (p = 0.03), which are closer in cognitive ability, than in the AD group,
indicating that the connectivity between network modules is higher in the AD group than in the MCI group. Previous findings have
suggested that impaired segregation of network modules and their decoupling relationship with glucose metabolism are responsible
for the cognitive decline in AD [23]. Furthermore, the ratio of FC-AR to EC-AR showed significant changes in some groups, and the
FC-AR/EC-AR values in the EMCI group are significantly higher than those in the AD groups (p = 0.02), which is consistent with the
pattern of changes in the MoCA scores in the demographic information, tentatively indicating a certain association between FC/EC
values and cognitive ability. The LMCI group showed higher FC-AR/EC-AR values than the AD group, but did not show significant
differences.
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Fig. 4. Patterns of EC-AR and FC-AR changes in global brain regions. (A) Changes in global EC-AR values, global FC-AR values and FC-AR/EC-AR
values for individuals in the EMCI, LMCI and AD groups in the experimental dataset. (B) Changes in global EC-AR values, global FC-AR values and
FC-AR/EC-AR values for individuals in the EMCI, LMCI and AD groups in the validation dataset. Group differences are compared via GLM analysis
with post-hoc two-sample t-tests. *p < 0.05. EC-AR and FC-AR are obtained by calculating the difference between the true value of each group of
individuals and the predicted value of the GLM model constructed based on the sex and age of the CN group, and EC-AR and FC-AR are the sum of
the number of brain regions with W-scores less than 0.
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The comparison results of global EC and FC changes for validation dataset are demonstrated in Fig. 4B. To verify that our results are
reliable and reproducible, we selected a certain number of samples from the validation dataset for the same analysis. The EC-AR values
are lower in the EMCI group than in the LMCI and AD groups. The FC-AR values of the three groups are more consistent. The FC-AR/
EC-AR values also showed a similar pattern, which is almost identical to the pattern of MoCA score changes in the demographic in-
formation. There is no significant difference in FC-AR/EC-AR values between the LMCI and AD groups. The FC-AR/EC-AR values are
also significantly higher in the EMCI group than in the LMCI group and AD group, which is consistent with the change in MoCA scores.
Samples are regrouped according to their CDR scores (Fig. 5A and B). Individuals with CDR 1 in the validation dataset had significantly
lower global FC-AR/EC-AR values than the CDR 0.5 group (p < 0.05, Fig. 5B). Across both data sets, individuals with high CDR scores
had lower energy connectivity than individuals with low CDR scores.

3.4. Patterns of EC-AR and FC-AR changes in DMN network

Abnormalities in the DMN network have been found in various psychiatric disorders [24]. DMN is usually associated with
self-referential processes and scene memory, and abnormalities in its functional network are the most common presenting symptoms of
AD [25]. Based on Egs. (1) and (2), calculate the energy connectivity and functional connectivity between the DMN network module
and other brain regions. There is no significant change in EC-AR values and FC-AR values for the DMN network for the experimental
dataset and validation dataset. The number of FC-AR in the DMN network of the experimental dataset changed more significantly
compared to the global brain regions. FC-AR values in the LMCI group are higher than those in the EMCI (p = 0.97) and AD (p = 0.17)
groups. There is no significant difference between the EMCI and AD groups. FC-AR/EC-AR values also showed a similar pattern of
variation (Fig. 6B), which is consistent with the pattern of cognitive change in the EMCI, LMCI and AD groups.

The results of the comparison of FC-AR/EC-AR values for the three groups of the validation dataset (Fig. 6C) showed significant
differences between the EMCI and AD groups (p = 0.01). The FC-AR/EC-AR values are also significantly higher in the EMCI group than
in the LMCI group (p = 0.02), which is consistent with the change in MoCA scores. As shown in Fig. 6A, the DMN network connections
are visualized using the BrainNet program. Samples are regrouped according to their CDR scores. Across both data sets, individuals
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Fig. 5. Patterns of EC-AR and FC-AR changes in global brain regions based on CDR scores. (A) Changes in global EC-AR values, global FC-AR values,
and FC-AR/EC-AR values for individuals in the CDR 0, CDR 0.5, and CDR 1 groups in the experimental dataset. (B) Changes in global EC-AR values,
global FC-AR values, and FC-AR/EC-AR values for individuals in the CDR 0.5 and CDR 1 groups in the validation dataset. Group differences are
compared via GLM analysis with post-hoc two-sample t-tests. *p < 0.05; **p < 0.01. EC-AR and FC-AR are obtained by calculating the difference
between the true value of each group of individuals and the predicted value of the GLM model constructed based on the sex and age of the CN group,
and EC-AR and FC-AR are the sum of the number of brain regions with W-scores less than 0.
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Fig. 6. Patterns of EC-AR and FC-AR changes in DMN network. (A) Visualization of EC and FC network connectivity maps for DMN networks of
EMCI, LMCI and AD groups, from both axial and sagittal perspectives. The larger blue dots represent the brain regions inside the DMN network. (B)
Changes in DMN network EC-AR values, DMN network FC-AR values and FC-AR/EC-AR values for individuals in the EMCI, LMCI and AD groups in
the experimental dataset. (C) Changes in DMN network EC-AR values, DMN network FC-AR values and FC-AR/EC-AR values for individuals in the
EMCI, LMCI and AD groups in the validation dataset. Group differences are compared via GLM analysis with post-hoc two-sample t tests. *p < 0.05;
**p < 0.01. EC-AR and FC-AR are obtained by calculating the difference between the true value of each group of individuals and the predicted value
of the GLM model constructed based on the sex and age of the CN group, and EC-AR and FC-AR are the sum of the number of brain regions with W-
scores less than 0. DMN, Default Mode Network; EC, Energy connectivity; FC, Functional connectivity. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)

with CDR 1 had significantly lower DMN FC-AR/EC-AR values than individuals with CDR 0.5 (p < 0.05, p < 0.01, Fig. 7A and B). It is
found that individuals with high CDR scores also had lower DMN energy connectivity than individuals with low CDR scores in both
data sets.

3.5. Correlations between FC-AR/EC-AR values and the MoCA scores

Significant correlations between FC-AR/EC-AR values and MoCA scores of the DMN network module in the EMCI (p = 0.0001),
LMCI (p = 0.01) and AD (p = 0.0009) groups in the experimental dataset (Fig. 8A). The validation dataset for the EMCI (p = 0.0056),
LMCI (p = 0.025) and AD (p = 0.028) groups also showed almost the same pattern, except for a slight decrease in the significance of the
correlation between FC-AR/EC-AR values and MoCA scores (Fig. 8B). The correlation between FC-AR/EC-AR values and MoCA scores
decreased with the development of dementia, probably due to the effect of toxic proteins. To further validate the experimental results,
we obtained MoCA scores for multiple time points (three follow-up results) for the experimental and validation dataset samples. The
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Fig. 7. Patterns of EC-AR and FC-AR changes in DMN network based on CDR scores. (A) Changes in DMN network EC-AR values, DMN network FC-
AR values and FC-AR/EC-AR values for individuals in the CDR 0, CDR 0.5, and CDR 1 groups in the experimental dataset. (B) Changes in DMN
network EC-AR values, DMN network FC-AR values and FC-AR/EC-AR values for individuals in the CDR 0.5 and CDR 1 groups in the validation
dataset. Group differences are compared via GLM analysis with post-hoc two-sample t tests. *p < 0.05; **p < 0.01. EC-AR and FC-AR are obtained
by calculating the difference between the true value of each group of individuals and the predicted value of the GLM model constructed based on the
sex and age of the CN group, and EC-AR and FC-AR are the sum of the number of brain regions with W-scores less than 0. DMN: Default Mode
Network; EC: Energy connectivity; FC: Functional connectivity.

relationship between the FC-AR/EC-AR values and their corresponding multi-time point results is explored (Fig. 9A and B). As the FC-
AR/EC-AR values of the experimental (Fig. 9A) and validation datasets (Fig. 9B) increased, the mean values of the multi-time-point
results also improved. But overall, it shows a fluctuating change. Correlation analysis of global network based on FC-AR/EC-AR
values and MoCA scores for the validation dataset is presented in Supplementary Material Fig. S2. The results of the validation
dataset with multiple time points of MoCA scores are presented in Supplementary Material Fig. S1. Most of the follow-up records for
the AD group are recorded only once and are not shown in Fig. S1.

4. Discussion

For the first time, we propose that the concept of energy connectivity be used to represent the similarity in the ability of synapses in
different brain regions to transmit signals. By using the default mode network as a seed module, we calculated the functional and
energy connection strengths between the DMN module and other modules. The separation between the energy connectivity network
and the functional connectivity network constituted by brain regions is more closely related to the maintenance of individual cognitive
abilities. We also examined the validation dataset using different masks and are able to accurately predict the cognitive performance of
individuals with cognitive recovery. These results have important implications for the clinical diagnosis and assessment of Alzheimer’s
disease, and have further improved researchers’ understanding of the progression of dementia.

The classification of cognitive impairment (EMCI, LMCI) provides a wide window of time for early intervention in Alzheimer’s
disease and the study of disease progression patterns. Researchers have recently focused their attention on the coupling between
neuronal activity and functional connectivity between brain regions, and their correlation could serve as additional information on the
physiological state of the brain in patients with dementia [13,26]. The coupling between regional neural activity and topology metrics
of inter-module FC has been explored. In MCI and AD, FDG-SUVR and inter-regional FC metrics are disrupted. In addition, AD modified
the relationship between FDG-SUVR and inter-regional FC measurements. It is demonstrated that AD attenuates the intensity of
regional neural activity and the degree of functional separation in particular brain regions [26]. Another study showed a decrease in
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Fig. 8. Correlation analysis of each group based on the DMN network module. (A) Correlation analysis between FC-AR/EC-AR values and MoCA
scores of individuals in the experimental dataset. (B) Correlation analysis between FC-AR/EC-AR values and MoCA scores of individuals in the
validation dataset. All analyses are performed using Pearson correlation analysis, with p-values representing the degree of significance of the
correlation, two-tailed. *p < 0.05; **p < 0.01; ***p < 0.001.

the correlation of FDG-SUVR/fALFF and SUVR/Regional Homogeneity (ReHo) in global brain regions in the preAD group compared to
the NC group, and this difference is further amplified in the AD group [13]. Our study is mainly based on the pattern between the level
of glucose metabolism and the amplitude of low-frequency oscillations of neuronal activity signals obtained from the above study, and
we proposed a method to construct an energy information correlation network. The above two attributes are integrated into a formula
and combined with the brain network constructed by fMRI signals to explore the changing patterns of brain pathological states during
the development of dementia and suggested a brain network marker that can predict individual cognitive ability more accurately. As
shown in Fig. 4A, the global connectivity of all network modules in the LMCI group of the experimental dataset is weaker than in the
EMCI and AD groups, and differs more from the AD group. This is generally consistent with the results of another study [23]. And this is
consistent with the pattern of MoCA score changes in each group. The FC-AR/EC-AR values in Fig. 4B of the validation dataset showed
a similar pattern of change to the MoCA score, with significantly higher values in the EMCI group than in the LMCI and AD groups.
MOoCA scores are also higher in the EMCI group than in the LMCI and AD groups in the validation data set. The patterns of change in
FC-AR/EC-AR values in global brain regions and MoCA scores for the experimental and validation datasets remained basically
consistent, but the correlations seemed to be blurred, so we conducted further studies for particular brain network modules.

The DMN module is the network most susceptible to amyloid accumulation [27]. Therefore, a common hypothesis is that the DMN
network module region is the preferred target for ad-related pathological processes, including Afdeposition [27]. The correlation
between FDG-SUVR and ReHo values in the DMN network gradually decreases with the increasing accumulation of amyloid [13]. The
precuneus and posterior cingulate gyrus are considered to be critical nodes in the DMN network and are highly susceptible to various
pathological changes [28]. The FDG-SUVR in the DMN network gradually uncouples from the FC, and the degree of this uncoupling
correlates with amyloid load. The researchers concluded that “FDG-FC” coupling” is the only significant variable predicting cognitive
status in early and late stage MCI and AD patients [29]. On the other hand, AD has a detrimental effect on the normal coupling of
FDG-SUVR and node separations in DMN networks [26].

As shown in Fig. 6A and B, our study showed that the conclusions previously obtained based on global brain regions are further
validated when focusing the analyzed subjects on the DMN network from the whole brain level. The decrease in EC network con-
nectivity is more pronounced in the AD group for the experimental and validation datasets. The FC-AR/EC-AR values are higher in the
LMCI group than in the EMCI and AD groups for the experimental dataset. This is more consistent with the changing pattern of MoCA
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Fig. 9. The changing pattern of MoCA scores at multiple time points (DMN). (A) Experimental dataset. (B) Validation dataset.

scores. As can be seen from the results in Fig. 8A and B, there is a significant correlation between the FC-AR/EC-AR values of the DMN
network module and the MoCA scores, but this correlation is gradually weakening with the development of dementia, and the results of
the experimental and validation datasets largely follow this pattern.

The cerebral cortex contains a large number of synaptic structures that play an important role in the transmission of neural in-
formation and the functional synergy between different brain regions, and this process is inevitably accompanied by glucose meta-
bolism [30]. The brain performs complex cognitive functions that require the coordinated action of many neurons across multiple
brain regions. Energy signal exchange and transmission between neurons supports information communication in the brain and en-
hances synaptic plasticity, an important mechanism for activity [31], behavior and cognitive function [32].

This study found that some subjects in the LMCI and AD groups had higher cognitive performance scores and higher FC-AR/EC-AR
values than those in the EMCI group, but overall glucose metabolism levels showed the opposite trend. Some individuals have a greater
immune response that clears toxic proteins from their brains to maintain brain health in the early stages of mild cognitive impairment.
In contrast, excessive immune responses may result in massive apoptosis of neurons and elevated metabolism, resulting in cognitive
decline. Consequently, some individuals in the EMCI group had metabolic levels comparable to those of the normal group, but their
cognitive performance scores are lower. Other individuals in the LMCI or AD groups with relatively moderate immune responses
maintained better cognitive performance with synaptic potential compensation. In spite of their lower metabolic rates, the strength of
the immune response may be influenced by genetic factors, and further investigation is required [33].

A significant increase in functional connectivity (FC) between brain modules implies reduced segregation between individual
functional networks, whereas insignificant differentiation between network modules indicates disruption of the brain network system.
The decrease in EC represents diminished coherence between FDG SUVR and ALFF values in various brain regions. This may be
influenced by immune responses [33] and synaptic compensatory effects [34], suggesting altered homeostasis in the brain. Higher
FC/EC values imply damage to brain networks. The FC-AR values denote the strength of connectivity between network modules and
can indicate the degree of separation of each network module, the level of separation and cognitive ability have a certain correlation
[23]. A greater degree of separation of network modules may also be beneficial in inhibiting the diffusion of amyloid and tau proteins
in the brain, contributing to the protection of human cognitive abilities [35,36]. The FC-AR/EC-AR values presented in this study
incorporate changes in the level of glucose metabolism and low-frequency signal amplitude, and both changes can, to some extent,
indicate the ability of neuronal synapses to transmit information at the individual level, which is closely related to the level of
cognition. When individuals experience early cognitive impairment, synaptic damage leads to a decrease in ALFF values, with a
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corresponding weakening of glucose metabolism. However, due to synaptic plasticity, the activity of some neurons is enhanced and the
corresponding glucose metabolism is increased. The values of electrical signals may be more sensitive relative to chemical signals,
which may lead to a more pronounced decrease in the amplitude of neuronal oscillations. But this phenomenon will not always exist.
When dementia develops to an advanced stage, some neuronal synapses may show abnormal discharge, but the level of neuronal
metabolism in the whole brain is already at a relatively low level. Granule cells can partially compensate for the loss of synapses during
aging by increasing the electrical response to synaptic activation and possibly synaptic potency [34]. Compensatory changes in
synaptic strength in AD patients are also detected in axospinous synapses of the proximal and distal dendrites. Their multiple synaptic
buttons may be stronger than those of the healthy group. These findings suggest that the development of AD is a multi-dimensional
fusion of neurodegenerative and neuroplastic processes [37]. The investigation of its metabolic compensatory mechanisms can help
to understand the pathology of AD. There is some evidence that the APOEe4 gene may confer some advantage, and that APOEe4
carriers also recall locations more precisely and have a greater advantages with higher levels of p-amyloid. These results suggested that
there is evidence for superior visual working memory in APOEe4 gene carriers [38].

There are some limitations that need to be noted. First, although this study is based on multimodal data, it still has the potential to
integrate more dimensions of information [13], for example, the relationship between FC-AR/EC-AR values and toxic proteins by
combining molecular imaging data of amyloid and tau proteins to further explore the development of Alzheimer’s disease and the
causes of toxic protein accumulation. Second, this study has preliminarily explored the imaging features corresponding to neuronal
compensatory effects and cognitive recovery phenomena, and the next step could be to investigate the genetic patterns of these im-
aging features, such as single-locus associations of single nucleotide polymorphisms and multi-locus interactions, which are important
for the early diagnosis and prevention of Alzheimer’s disease. Third, the sequence repetition time (TR) of the fMRI image data used in
this study is 3 ms, and it is worth exploring and verifying whether the use of data with shorter TR times could reduce the effects of
respiration and heartbeat and thus yield more accurate results.

5. Conclusions

The current research suggests that FC-AR/EC-AR values for DMN network modules may be a more accurate indicator to predict
individual cognitive ability. Individuals with lower global connectivity of brain network modules and higher energy connectivity have
better cognitive abilities. The evaluation index (FC-AR/EC-AR values) can measure the dissociation between the segregation of brain
network modules and the energy transfer capacity of neurons, and takes into account the influence of synaptic compensatory effects on
cognitive changes, incorporating more dimensions of information, which may become a more effective clinical evaluation index, and is
more important for studying the pathological process of Alzheimer’s disease.
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