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a b s t r a c t 

Normal aging is accompanied by structural degeneration and glucose hypometabolism in the human brain. How- 

ever, the relationship between structural network disconnections and hypometabolism in normal aging remains 

largely unknown. In the present study, by combining MRI and PET techniques, we investigated the metabolic 

mechanism of the structural brain connectome and its relationship with normal aging in a cross-sectional, 

community-based cohort of 42 cognitively normal elderly individuals aged 57–84 years. The structural connec- 

tome was constructed based on diffusion MRI tractography, and the network efficiency metrics were quantified 

using graph theory analyses. FDG-PET scanning was performed to evaluate the glucose metabolic level in the cor- 

tical regions of the individuals. The results of this study demonstrated that both network efficiency and cortical 

metabolism decrease with age (both p < 0.05). In the subregions of the bilateral thalamus, significant correlations 

between nodal efficiency and cortical metabolism could be observed across subjects. Individual-level analyses in- 

dicated that brain regions with higher nodal efficiency tend to exhibit higher metabolic levels, implying a tight 

coupling between nodal efficiency and glucose metabolism ( r = 0.56, p = 1.15 × 10 − 21 ). Moreover, efficiency- 

metabolism coupling coefficient significantly increased with age ( r = 0.44, p = 0.0046). Finally, the main findings 

were also reproducible in the ADNI dataset. Together, our results demonstrate a close coupling between structural 

brain connectivity and cortical metabolism in normal elderly individuals and provide new insight that improve 

the present understanding of the metabolic mechanisms of structural brain disconnections in normal aging. 
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. Introduction 

Normal aging is accompanied by the degeneration of brain struc-

ures and functions, evident in such occurrences as gray matter at-

ophy, disruptions of white matter (WM) integrity and glucose hy-

ometabolism. Advances in neuroimaging techniques, such as magnetic

esonance imaging (MRI) and positron emission tomography (PET), al-

ow researchers to investigate these dynamic brain changes with aging in

ivo . With multimodal MRI techniques, numerous studies have reported

tructural and functional reorganization in elderly subjects. With PET,

specially fluorodeoxyglucose PET (FDG-PET), the alterations in the un-
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erlying glucose metabolism in normal aging could be investigated di-

ectly. 

The “disconnection aging ” model has been proposed as a potential

echanism for cognitive aging ( O’Sullivan et al., 2001 ). With the diffu-

ion MRI technique, many researchers have observed a general trend of

ge-related diffusion changes in WM, especially in the frontal regions,

ndicating a deterioration in both the composition and integrity of WM

 Bartzokis et al., 2012 ; Bennett and Madden, 2014 ; Kantarci et al., 2014 ;

ebel et al., 2012 ; Martensson et al., 2018 ; Stadlbauer et al., 2012 ).

imilar results were also observed in longitudinal studies, demonstrat-

ng significant age-related alternations in WM integrity throughout the
arning, Beijing Normal University, Beijing 100875, PR China. 
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rain ( Barrick et al., 2010 ; Sullivan et al., 2010 ; Teipel et al., 2010 ).

rom the perspective of the brain connectome, the WM structural net-

ork can be mapped in vivo and exhibits many nontrivial topological

roperties, such as small-worldness, with both high global and local ef-

ciency, suggesting an optimal balance of functional integration and

egregation ( Bullmore and Sporns, 2009 ; He and Evans, 2010 ). In nor-

al aging, the structural brain connectome exhibits significant topolog-

cal alterations, such as reduced network efficiency, loss of frontal hubs

nd increased modularity ( Gong et al., 2009 ; Li et al., 2020 ; Wen et al.,

011 ; Zhao et al., 2015 ). Although WM changes during normal aging

re nonpathological, they are likely to contribute to age-related cog-

itive decline in elderly subjects ( Bender et al., 2016 ; Bennett et al.,

011 ; Madhavan et al., 2014 ; Sasson et al., 2013 ; Voineskos et al., 2012 ;

olf et al., 2014 ; Yang et al., 2015 ). 

In addition to the structural pathway, the generation and trans-

ission of neural signals in the brain rely on the energy supply from

he aerobic glycolysis of glucose. Therefore, neuronal death and a

ecrease in synaptic activity in healthy aging might result in a de-

rease in brain glucose metabolism in elderly individuals. In some

ifespan studies, age-related decreases in glucose metabolism were ob-

erved in the frontal lobe, temporoparietal lobe and cingulate gyri

 Castellano et al., 2019 ; Nugent et al., 2016 ). Moreover, several re-

earchers have demonstrated the associations between WM degenera-

ion and cortical hypometabolism during normal aging ( Bartzokis et al.,

012 ; Chetelat et al., 2013 ; Cross et al., 2013 ; Inoue et al., 2008 )

nd in subjects with cognitive impairment ( Chetouani et al., 2018 ;

uczynski et al., 2010 ; Schilling et al., 2019 ; Sintini et al., 2018 ).

or example, metabolism in the frontal cortex is related to the frac-

ional anisotropy values of the genu and splenium corpus callosum

 Inoue et al., 2008 ), and frontal cortical hypometabolism is signifi-

antly associated with degeneration in long-range associative fibers

 Chetelat et al., 2013 ). Together, these studies have suggested a link

etween WM degeneration and cortical glucose hypometabolism. How-

ver, most of the studies focused on the association between regional

M integrity and the metabolism of specific gray matter areas. The re-

ationship between the ability of the structural brain network to transmit

nformation and expend energy remains largely unclear. 

Here, by combining diffusion MRI and FDG-PET techniques, we

imed to unravel the complicated relationship between structural con-

ectivity degeneration and cortical hypometabolism in normal aging in

 cross-sectional, community-based cohort of 42 cognitively normal el-

erly individuals aged 57–84 years. Based on diffusion MRI and trac-

ography techniques, the topological efficiency metrics of the structural

rain network were quantified and applied as a proxy of the integrity of

hole-brain structural connectivity. Cerebral glucose metabolism was

easured with FDG standard uptake value ratio (SUVr) values, which

ere computed from the FDG-PET image. First, we compared the age-

elated degeneration patterns of WM network efficiency and glucose

etabolism. Then, we investigated the relationship between WM net-

ork efficiency and cortical metabolism during normal aging at global

nd regional levels. Finally, the reproducibility of the findings was

alidated with an alternative parcellation scheme and an independent

ataset. 

. Materials and methods 

.1. Participants 

BABRI dataset. Forty-two cognitively normal elderly participants

ere involved in the present study (age range 57–84 years, mean age

0.8 ± 7.1 years, 22 males); they were recruited from a large cohort

ncluded in the Beijing Aging Brain Rejuvenation Initiative (BABRI)

roject, an ongoing longitudinal study examining the brain and cog-

itive health in an elderly, community-dwelling sample. All of the par-

icipants were right-handed and native Chinese speakers. Participants

ere included in this study if they met the following criteria: 1) no his-
ory of addictions or neurologic, psychiatric, or systemic illnesses known

o influence cognitive function, including head trauma, tumors, current

epression, alcoholism, and epilepsy; 2) the ability to cope with the

hysical demands of an MRI procedure (no claustrophobia or Meniere’s

isease) and no metal in the body that did not meet the standard of MRI

cans; 3) no suspected dementia or indication of an inability to complete

he neuropsychological tests because of physical or mental disability; 4)

o structural abnormalities other than cerebrovascular lesions, includ-

ng tumors, subdural hematomas, and contusions due to previous head

rauma that could impair cognitive function; 5) no large vessel diseases,

uch as cortical or subcortical infarcts and watershed infarcts; and 6)

o diseases with WM lesions, such as multiple sclerosis. All of the par-

icipants were assessed for “clinical nondementia ” status by using the

SM-IV, Petersen’s MCI criteria ( Petersen, 2004 ), and Clinical Dementia

ating score (CDR = 0), and all participants scored ≥ 24 on the Mini-

ental Status Examination (MMSE) ( Zhang et al., 1990 ). This study fol-

owed the principles of the Declaration of Helsinki and was approved by

he Institutional Review Board of the Beijing Normal University Imaging

enter for Brain Research. Written informed consent was obtained from

ach participant. 

ADNI data set. The validation dataset was from the Alzheimer’s Dis-

ase Neuroimaging Initiative (ADNI) cohort. ADNI is a multisite lon-

itudinal study ( www.adni-info.org ). The inclusion criteria of the par-

icipants in the present study were as follows: First, subjects diagnosed

s cognitively healthy in the ADNI-2 cohort were included. Then, we

elected individuals with available T1-weighted, DTI and FDG-PET im-

ges in the same follow-up. As we aimed to investigate the associa-

ion between the WM structural network and brain metabolism, indi-

iduals were only included if the interval between DTI and FDG-PET

cans was 3 months or less. Finally, forty cognitively normal partic-

pants with T1-weighted, DTI and FDG-PET images were included in

his study (age range, 63–86 years; mean age 73.5 ± 5.5 years; 20

ales). Detailed descriptions about the inclusion and exclusion cri-

eria for the diagnostic groups can be found on the ADNI website

 http://adni.loni.usc.edu/methods/ ). 

.2. Image acquisition 

BABRI data set. MRI data were acquired with a Siemens Magnetom

rio 3T scanner at the Imaging Center for Brain Research, Beijing Nor-

al University. Participants laid down still with their heads fixed in

osition by straps and foam to minimize movement. T1-weighted im-

ges were collected with sagittal 3D magnetization prepared rapid gra-

ient echo (MP-RAGE) sequences, covering the entire brain (sagittal

lices = 176, repetition time (TR) = 1900 ms, echo time (TE) = 3.44 ms,

lice thickness = 1 mm, flip angle = 9°, inversion time = 900 ms, field

f view (FOV) = 256 × 256 mm 

2 , and acquisition matrix = 256 × 256).

TI data were acquired using a single-shot, twice-focused, diffusion-

eighted echo-planar imaging sequence (TR = 9500 ms, TE = 92 ms,

0 diffusion-weighted directions with a b value of 1000 s/mm 

2 and a

ingle image with a b value of 0 s/mm 

2 , axial slices = 70, slice thick-

ess = 2 mm, no interslice gap, matrix size = 128 × 128, field of

iew = 256 × 256 mm 

2 , and voxel size = 2 × 2 × 2 mm 

3 ). 18 F-FDG

cans were performed in Peking Union Medical College Hospital using

 GE Discovery PET/CT Elite scanner (cortical thickness = 3.75 mm, ac-

uisition matrix = 192 × 192). After a 30-min resting period, a bolus of

.1 mCi/kg of FDG was injected at time 0. Then, data acquisition began

0–60 min after injection. 

ADNI dataset . DTI and inversion-recovery spoiled gradient recalled

IR-SPGR) T1-weighted imaging data were acquired on several GE 3T

canners using scanner-specific protocols. Briefly, DTI data were ac-

uired with a voxel size of 1.37 × 1.37 × 2.70 mm 

3 , 41 diffusion

radients with b = 1000 s/mm 

2 and 5 images with b = 0 s/mm 

2 . IR-

PGR data were acquired with a voxel size of 1.02 × 1.02 × 1.20 mm 

3 .

DG-PET imaging data were acquired on several types of scanners us-

ng different acquisition protocols. To increase data uniformity, the

http://www.adni-info.org
http://adni.loni.usc.edu/methods/
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ata underwent a standardized preprocessing procedure during pro-

edures for the ADNI project. Detailed descriptions of imaging proto-

ols and preprocessing procedures are available at the ADNI website

 http://adni.loni.usc.edu/methods/ ). 

.3. Image processing 

DTI data. The preprocessing included eddy current and head motion

orrection, estimation of the diffusion tensor and calculation of the frac-

ional anisotropy (FA). Briefly, the eddy current distortions and motion

rtifacts in the DTI data were corrected by applying an affine alignment

f each DTI image to the b0 image. Accordingly, the b-matrix was re-

riented based on the transformation matrix generated in eddy current

orrection. All preprocessing procedures of the DTI data were performed

ith the FDT toolbox in FSL ( http://www.fmrib.ox.ac.uk/fsl ). After pre-

rocessing, the diffusion tensor was estimated by solving the Stejskal

nd Tanner equation. The FA of each voxel was calculated. 

FDG-PET data. To quantify the FDG-SUVr, FDG-PET images were spa-

ially normalized to the MNI space through T1-weighted images. Briefly,

1-weighted images were rigidly aligned to corresponding FDG-PET im-

ges. Then, the registered T1-weighted images were normalized to the

NI space, and this transformation was applied to the FDG-PET image.

lobal and regional SUVr were calculated by dividing the SUV of the

hole brain and each ROI by the mean SUV of the cerebellum (Figure

1B). The ROIs were defined with the human Brainnetome Atlas with

46 brain regions (BNA-246) (210 cortical and 36 subcortical regions,

able S1) ( Fan et al., 2016 ). 

ADNI dataset. The original DTI, N3-corrected T1-weighted im-

ge and preprocessed FDG-PET data were downloaded from LONI

 http://loni.usc.edu/ ). The details of data acquisition can be found at

ttp://www.adni-info.org . The FDG-PET images were preprocessed by

DNI image preprocessing pipelines, including spatial alignment, aver-

ging, and interpolation to a standard 2 mm isotropic voxel (detailed

escriptions can be found at http://adni.loni.ucla.edu/methods/pet-

nalysis/preprocessing/ ). The procedures of DTI data processing and

DG-SUVr extraction were identical to the processing procedures of the

ABRI dataset. 

.4. Brain network construction 

The two fundamental elements of a network are nodes and edges. In

his study, we constructed a WM structural network for each participant

n both datasets using the following procedures. 

Network node definition. The BNA-246 atlas ( Fan et al., 2016 ) was

sed to define the network nodes. Briefly, the T1-weighted image of each

ubject was coregistered to the first b0 image in individual DTI space.

he registered T1-weighted images were then nonlinearly transformed

nto the ICBM152 T1 template in MNI space. The inverse transformation

as used to warp the BNA-246 atlas from MNI space into native DTI

pace. Discrete labeling values were preserved using a nearest-neighbor

nterpolation method. Using this procedure, we obtained 246 cortical

nd subcortical regions, each representing a node of the brain network

Figure S1A, Table S1). All procedures were performed using SPM12

oftware ( http://www.fl.ion.ucl.ac.uk/spm/software/SPM12/ ). 

WM tractography. DTI tractography was performed with the Diffu-

ion Toolkit ( https://www.trackvis.org/dtk/ ) with a deterministic trac-

ography algorithm ( Mori et al., 1999 ). All of the tracts in the dataset

ere computed by seeding each voxel with an FA that was greater than

.2. Tractography was terminated if a tract turned at an angle greater

han 45º or reached a voxel with an FA of less than 0.2. For each partic-

pant, tens of thousands of streamlines were generated to depict all of

he major WM tracts. 

Network edge definition. For the network edges, two regions were con-

idered structurally connected if there was at least one fiber streamline

ith two endpoints that were located in these two regions. Specifically,
e defined the number of interconnecting streamlines ending in two re-

ions as the weights of the network edges. As a result, we constructed the

ber number (FN)-weighted WM network for each participant, which

as represented by a symmetric 246 × 246 matrix (Fig. S1A). 

.5. Network analysis 

Global efficiency. To characterize the topological organization of WM

tructural networks, the global efficiency of the whole brain network

as assessed. The global efficiency of a graph G measures the efficiency

f the parallel information transmission in the network ( Latora and Mar-

hiori, 2001 ) and can be calculated as follows: 

 𝑔𝑙𝑜𝑏 ( 𝐺) = 

1 
𝑁( 𝑁 − 1) 

∑

𝑖 # 𝑗∈𝐺 

1 
𝐿 𝑖𝑗 

here L ij is the shortest path length between node i and node j in graph

. 

Nodal efficiency. To determine the nodal characteristics of the brain

etworks, we computed the nodal efficiency, E nodal (i), which is defined

s ( Achard and Bullmore, 2007 ) 

 𝑛𝑜𝑑𝑎𝑙 ( 𝑖 ) = 

1 
𝑁 − 1 

∑

𝑖 # 𝑗∈𝐺 

1 
𝐿 𝑖𝑗 

here L ij is the shortest path length between node i and node j in G.

he nodal efficiency measures the average shortest path length between

 given node i and all of the other nodes in the network. 

Graph theory analyses were performed using in-house GRETNA

oftware ( http://www.nitrc.org/projects/gretna/ ) ( Wang et al., 2015 ),

nd the results were visualized using BrainNet Viewer software

 http://www.nitrc.org/projects/bnv/ ) ( Xia et al., 2013 ). 

.6. Statistical analyses 

First, distributions of all continuous variables, including age

nd brain imaging measures, were tested for normality using the

olmogorov–Smirnov test. Second, to identify the effects of age on the

maging measures, partial correlation analyses between age and brain

maging measures, such as network efficiency and FDG-SUVr at the

lobal and regional levels, were performed across subjects. Sex and years

f education were entered as covariates. For the regional analysis, the

DR correction for multiple comparisons was performed. Third, for the

egions with significant age-related alterations, the relationship between

ortical metabolism and nodal efficiency was also examined by partial

orrelation analysis while removing the effects of age, sex and years

f education. Fourth, to examine the spatial coupling between cortical

etabolism and network efficiency in elderly individuals, Pearson’s cor-

elation between regional nodal efficiency and FDG-SUVr metrics across

egions was calculated both at individual and group averaged levels, re-

ulting in a coupling coefficient for each subject. Finally, the correlation

etween the nodal efficiency-metabolism coupling coefficient and age

as evaluated using Pearson’s partial correlation, after removing the ef-

ects of sex and years of education. All of the statistical analyses were

erformed with MATLAB (R2018a). 

.7. Reproducibility analyses 

To investigate the reproducibility of our results, we performed the

ollowing analyses to evaluate the effects of head motion, the effects of

ifferent parcellation schemes and the reproducibility from an indepen-

ent dataset. 

Effects of head motion. Although precautions were made to minimize

nvoluntary head motion, the measures derived from diffusion-weighted

maging can still be influenced by head motion. To eliminate the effects

f head movement, we evaluated the association between age and struc-

ural network efficiency and included sex, years of education and 4 av-

raged affine transformation parameters (translation, rotation, scaling

nd affine) estimated by FSL eddy_correct as covariates. 

http://adni.loni.usc.edu/methods/
http://www.fmrib.ox.ac.uk/fsl
http://loni.usc.edu/
http://www.adni-info.org
http://adni.loni.ucla.edu/methods/pet-analysis/preprocessing/
http://www.fl.ion.ucl.ac.uk/spm/software/SPM12/
https://www.trackvis.org/dtk/
http://www.nitrc.org/projects/gretna/
http://www.nitrc.org/projects/bnv/
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Fig. 1. The effects of age on network efficiency and cortical 

metabolism. (A) The global efficiency of the WM structural net- 

work showed significant decreases in normal aging (left). A 3D 

representation of brain regions with a significant age-related 

decline in nodal efficiency ( p < 0.05, FDR corrected) (right). 

The color bar represents the value of the correlation coefficient 

( r value) between age and nodal efficiency. (B) Whole-brain 

glucose metabolism (FDG-SUVr) showed significant decreases 

in normal aging (left). A 3D representation of brain regions 

with a significant age-related decline in glucose metabolism 

( p < 0.05, FDR corrected) (right). The color bar represents the 

value of the correlation coefficient ( r value) between age and 

regional FDG-SUVr values. 

Table 1 

Demographic characteristics of all participants. 

BABRI ( n = 42) ADNI ( n = 40) 

Age (years) 70.8 ± 7.1 (57–84) 73.4 ± 5.5 (63–86) 

Gender (M/F) 22/20 20/20 

Education (years) 11.6 ± 3.6 (3.5–17) 16.4 ± 2.7 (12–20) 

MMSE 27.5 ± 2.1 (24–30) 28.9 ± 1.3 (26–30) 

Data are presented as the mean ± SD (range). 

MMSE: Mini-mental State Examination. 

 

b  

t  

t  

b  

h  

w

 

p  

c  

d  

t  

t  

d

3

3

 

T  

b  

s  

A  

i  

1  

a  

t

3

 

d  

p  

b  

i  

f  

(  

t  

t  

p  

(

 

b  

r  

a  

f  

e  

a

 

e  

t  

b  

c  

a  

r  

t  

c  

S  

p  

p

3

m

 

m  

n  
Effects of parcellation schemes. Network efficiency metrics can

e influenced by the definition of network nodes. To evaluate

he effects of different brain parcellation schemes, we repeated

he network construction with a contracted AAL atlas with 90

rain regions (AAL-90) according to Gong et al. (2008) (PANDA,

ttps://www.nitrc.org/projects/panda/ ). Based on the AAL-90 net-

ork, similar network analyses were performed. 

Validation using the ADNI d ataset. Different MRI and PET scanning

arameters used during data acquisition and different demographic

haracteristics of the research sample may also influence the repro-

ucibility of the results. To evaluate the potential effects of these fac-

ors on the results, we repeated the network analysis procedures with

he BAN-246 atlas with an independent dataset from the ADNI-2 cohort

escribed above. 

. Results 

.1. Demographic information of all participants 

The demographic characteristics of all participants are presented in

able 1 . The BABRI dataset consisted of 42 healthy subjects (22 males)

etween the ages of 57 and 84 years (mean ± std, 70.8 ± 7.1). These

ubjects completed 3.5–17 years of education (mean ± std, 11.6 ± 3.6).

 total of 40 subjects aged 63–86 years (mean ± std, 73.4 ± 5.5) were

ncluded from the ADNI dataset (20 males). These subjects completed

2–20 years of education (mean ± std, 16.4 ± 2.7). The distributions of

ge and years of education among groups are presented in Supplemen-

ary Fig. S2. 
.2. Age effects on WM network efficiency and glucose metabolism 

Regarding the structural brain network, a significant age-related

ecline in network global efficiency was identified ( r = –0.55,

 = 2.4 × 10 − 4 ) ( Fig. 1 A). Further analysis revealed that most of the

rain regions demonstrated significant age-related decreases, especially

n the right hippocampus, thalamus, frontal gyrus, including the middle

rontal, orbital frontal (orbital and lateral areas), and superior frontal

dorsolateral and medial areas) areas; the left parietal gyrus, including

he inferior parietal (rostro-dorsal area) and superior parietal (postcen-

ral and rostral areas) areas; and the bilateral inferior and superior tem-

oral areas, left precuneus and right cuneus ( p < 0.05, FDR corrected)

 Fig. 1 A and Table S2). 

For glucose metabolism, a significant age-related decline in whole-

rain FDG-SUVr was also observed ( r = –0.37, p = 0.020) ( Fig. 1 B). For

egional alterations, we found that the FDG-SUVr values of the right

nterior cingulate cortex, medial area of the right orbital and superior

rontal gyrus, right occipital gyrus, caudal temporal thalamus, and bilat-

ral lateral superior temporal gyrus exhibited significant decreases with

ge ( p < 0.05, FDR corrected) ( Fig. 1 B and Table S3). 

Specifically, some regions showed common decreases in both nodal

fficiency and glucose metabolism; these areas were mainly located in

he subregions of the bilateral thalamus, bilateral superior frontal gyrus,

ilateral superior temporal gyrus, left insula, left angular gyrus, right

ingulate gyrus, right orbital gyrus, right hippocampus, right striatum

nd right cuneus ( Fig. 2 ). Further correlation analyses revealed that sub-

egions of the thalamus (the rostral temporal thalamus, rTtha; occipital

halamus, Otha; and caudal temporal thalamus, cTtha) showed signifi-

antly positive correlations between nodal efficiency and cortical FDG-

UVr across subjects (rTtha. L: r = 0.47, p = 0.002; cTtha. L: r = 0.59,

 = 7.3 × 10 − 5 ; Otha. R: r = 0.56, p = 2.3 × 10 − 4 ; cTtha. R: r = 0.61,

 = 3.6 × 10 − 5 ) ( Fig. 2 ). 

.3. Spatial coupling between WM network efficiency and glucose 

etabolism 

Similar spatial distributions of nodal efficiency and cortical

etabolism are illustrated in Fig. 3 . Specifically, regions with higher

odal efficiency were mainly distributed in the superior frontal gyrus,

https://www.nitrc.org/projects/panda/
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Fig. 2. The distribution of brain regions that showed common age-related decreases in both nodal efficiency and glucose metabolism. A 3D representation of brain 

regions with age-related decreases is shown in blue. Among these regions, the nodal efficiency of four thalamic subregions (cyan) was significantly correlated with 

their FDG-SUVr values across subjects. rTtha: rostral temporal thalamus; Otha: occipital thalamus; cTtha: caudal temporal thalamus. 

Fig. 3. The spatial distributions of group-averaged 

nodal efficiency and glucose metabolism. (A) Regional 

distributions of group-averaged nodal efficiency and 

regional FDG-SUVr. Brain regions with higher imag- 

ing measures are shown in yellow. (B) Significant cor- 

relation between group-averaged nodal efficiency and 

regional FDG-SUVr across regions. (C) Significant age 

effect on the coupling coefficient between nodal effi- 

ciency and FDG-SUVr. 
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ngular gyrus, precentral gyrus, postcentral gyrus, middle frontal gyrus

nd occipital gyrus ( Fig. 3 A). For glucose metabolism, regions with

igher FDG-SUVr values were mainly located in the cuneus, pre-

uneus, occipital gyrus, precentral gyrus and middle frontal gyrus

 Fig. 3 A). Importantly, a significant correlation between regional nodal

fficiency and regional FDG-SUVr across regions was found within

ach participant (coupling coefficient r from 0.24 to 0.58), as well

s for the group average ( r = 0.56, p = 1.2 × 10 − 21 ) ( Fig. 3 B),

uggesting a strong coupling between nodal efficiency and cortical
etabolism across regions at an individual level, implying that brain

egions with higher nodal efficiency tend to consume more glucose

etabolism. 

As nodal efficiency and metabolism were spatially coupled with each

ther within individuals, we further examined how the coupling coef-

cient between these two measures would change with age. We found

hat the coupling coefficient significantly increased with age ( r = 0.44,

 = 4.6 × 10 − 3 ) ( Fig. 3 C), suggesting a much stronger coupling between

odal efficiency and cortical metabolism in older subjects. 
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Fig. 4. Reproducibility of the findings using the ADNI dataset. (A) A 3D representation of the spatial distributions of nodal efficiency and glucose metabolism in the 

ADNI dataset. Strong coupling between nodal efficiency and cortical metabolism across regions was observed. (B) High correlation of nodal efficiency and FDG-SUVr 

values across regions between the BABRI and ADNI datasets was demonstrated. (C) Significant age effects were identified on whole-brain network global efficiency 

and glucose metabolism in the ADNI dataset. 
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.4. Reproducibility of findings 

Effects of head motion. The effects of age on brain network measures

ere evaluated with head motion parameters included as additional co-

ariates. Similar effects of age were observed on network global ef-

ciency ( r = -0.54, p = 7.4 × 10 − 4 ) (Fig. S3A) and nodal efficiency

 p < 0.05, FDR corrected) (Fig. S3B). 

Validation using the AAL-90 atlas. With AAL-90 parcellation for WM

etwork construction, similar age effects were found on network global

fficiency ( r = -0.44, p = 4.5 × 10 − 3 ) (Fig. S4A) and whole-brain FDG-

UVr ( r = -0.35, p = 0.024) (Fig. S4B). Moreover, strong coupling be-

ween group-averaged nodal efficiency and cortical metabolism across

egions was also observed ( r = 0.45, p = 6.7 × 10 − 6 ) (Fig. S4C). Further-

ore, a significant age-related increase was found in the coupling coeffi-

ient between nodal efficiency and nodal FDG-SUVr ( r = 0.33, p = 0.035)

Fig. S4D). 

Validation using the ADNI dataset. Despite the different demographic

haracteristics and scan parameters between the BABRI and ADNI

atasets, highly similar spatial distributions of nodal efficiency ( r = 0.87,

 = 3.9 × 10 − 77 ) and nodal FDG-SUVr ( r = 0.98, p = 1.7 × 10 − 174 ) were

bserved between these two datasets ( Fig. 4 B). Significant effects of age

n both network global efficiency ( r = -0.32, p = 0.047) and whole-brain

DG–SUVr were also identified ( r = -0.34, p = 0.038) ( Fig. 4 C). More-

ver, tight coupling between group-averaged nodal efficiency and corti-

al metabolism across regions was found in the ADNI dataset ( r = 0.49,

 = 2.9 × 10 − 16 ) ( Fig. 4 A). However, the age-related increase in the cou-

ling coefficient could not be reproduced in the ADNI dataset ( p > 0.05).

. Discussion 

In the present study, we examined the relationship between struc-

ural network efficiency and cortical glucose metabolism in normal ag-

ng in healthy elderly subjects by combining diffusion MRI and FDG-PET

echniques. We confirmed that both WM structural network efficiency

nd glucose metabolism showed significant decreases in normal aging,

hich has been reported in previous studies. Furthermore, by combin-

ng these two imaging modalities, there are several novel findings from
he perspective of the brain connectome. First, we observed a common

ecrease with significant correlations between nodal efficiency and glu-

ose metabolism that was mainly located in the subregions of the bi-

ateral thalamus. Second, the brain regions with higher nodal efficiency

lso exhibited higher glucose metabolism in elderly individuals, suggest-

ng a strong spatial coupling between these two measures. Moreover,

ge-related increases in coupling coefficient was observed in elderly in-

ividuals. Overall, our results demonstrated a tight coupling between

he structural network efficiency of the brain and cortical metabolism

cross regions in normal elderly subjects, which provided new insights

or an improved understanding of the relationship between structural

rain connectivity and glucose metabolism and that helps to unravel

he potential metabolic mechanisms of structural brain disconnections

hat occur in normal aging. 

.1. Decreased brain network efficiency and metabolic level in normal 

ging 

For the WM structural network, we observed a significant decline

n global efficiency in normal aging, which is in accordance with the

ndings of previous studies ( Ajilore et al., 2014 ; Fischer et al., 2014 ;

oineskos et al., 2012 ; Wen et al., 2011 ), implying a reorganized and

ess efficient structural brain network during a normal aging process.

egionally, the effects of age were most significant in the subregions

f the right frontal regions and subcortical regions, including the tha-

amus and hippocampus. Similar results were also reported in previous

tudies, suggesting a selective age-related FA decline in anterior fibers

 Bartzokis et al., 2012 ; Malykhin et al., 2011 ; O’Sullivan et al., 2001 ;

tadlbauer et al., 2012 ) as well as WM fibers connected to prefrontal

egions ( Sullivan et al., 2010 ). 

With FDG-PET, we found decreased glucose metabolism in normal

ging, mainly located in the right superior medial frontal gyrus, right

nterior cingulate cortex and left superior temporal gyrus. These find-

ngs are consistent with many previous metabolic studies, which also

eported decreased brain glucose uptake in elderly subjects, particularly

n anterior regions, including the anterior cingulate and medial pre-

rontal cortex ( Greve et al., 2016 ; Kalpouzos et al., 2009 ; Knopman et al.,
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014 ; Lebel et al., 2012 ; Pardo et al., 2007 ; Yoshizawa et al., 2014 ). As

 biomarker of synaptic activity, the decrease in metabolism could be

aused by the pruning of neural cells and cortical atrophy in the aging

rocess. 

Importantly, a common decrease between nodal efficiency and glu-

ose metabolism was located in the subregions of the thalamus, where

ignificant associations between these two imaging measures were fur-

her identified across subjects. In normal aging, disrupted WM in-

egrity of the thalamus has been reported by many previous studies

 Chetelat et al., 2013 ; Douet and Chang, 2014 ; Madden et al., 2012 ;

elletier et al., 2013 ; Villain et al., 2008 ; Villain et al., 2010 ; Yang et al.,

016 ). As an important transition hub in the brain, the thalamus is in-

olved in sensory input processing and is considered a principal route

n interactions among cortical, subcortical, and brainstem nuclei. The

ajority of neurons in the thalamus represent relay cells, which con-

ain triadic synapse complexes ( Ralston, 1971 ). These relay cells receive

hick fiber inputs from sensory relay nuclei and project to cerebral re-

ions all over the brain, in which case synaptic activity might account

or a crucial proportion of energy expenditure in the thalamus. There-

ore, the metabolic level of the thalamus could be more sensitive to WM

ntegrity alternation. From the perspective of the brain connectome, the

isruption of this structural pathway would reduce the efficiency of in-

ormation integration in the thalamus and therefore lead to a decrease

n activity and hypometabolism in these regions ( Kuczynski et al., 2010 ;

intini et al., 2018 ). 

.2. Spatial coupling between brain network efficiency and glucose 

etabolism 

The most important finding in the present study was that brain re-

ions with higher nodal efficiency also tended to exhibit higher glu-

ose metabolism, suggesting a strong coupling between network effi-

iency and metabolism within individuals. Previous studies combin-

ng rs-fMRI and FDG-PET techniques have demonstrated the high con-

istency between spatial distributions of glucose metabolic level and

unctional connectivity measures ( Aiello et al., 2015 ; Li et al., 2013 ;

architelli et al., 2018 ; Tomasi et al., 2013 ). In particular, Liang et al.

ound that in the resting-state functional network of healthy adults,

he distribution of network hubs largely overlapped with regions that

ad high regional cerebral blood flow (rCBF); also, rCBF was signif-

cantly correlated with functional network nodal centrality measures

 Liang et al., 2013 ), suggesting that regions with higher functional con-

ectivity strength tend to consume more energy. Although the asso-

iation between brain structure and function was not consistently ob-

erved ( Baum et al., 2020 ; Bennett and Rypma, 2013 ; Hagmann et al.,

008 ; Honey et al., 2009 ; Osmanlioglu et al., 2020 ; Preti and Van De

ille, 2019 ; Sui et al., 2014 ), the significant spatial coupling between

tructural network efficiency and glucose metabolism potentially im-

lied that the capacity of information transmission of a region was re-

ated to its neural activities revealed by the metabolic level. Thus, DTI

ay provide unique information on metabolic changes in the brain dur-

ng cognitive aging, which could not be explained by functional con-

ectivity. In the future, multiple-modality studies combining DTI, fMRI

nd FDG-PET are needed to clarify the specific contributions to the hy-

ometabolism in aging that are engendered by structural and functional

hanges in the brain. 

Although the correlation between network efficiency and cerebral

etabolism was found to be significant, a causal relationship could

ot be inferred in the current study. Previous DTI studies have inves-

igated the relationship between local WM integrity and metabolism,

ndicating that the alteration of WM integrity would affect the metabolic

evel of the brain region to which it is attached ( Bartzokis et al., 2012 ;

hetelat et al., 2013 ; Cross et al., 2013 ; Inoue et al., 2008 ). One the-

ry is that glucose metabolism may affect the myelination of proximate

r projecting tracts; another explanation is that the loss or degener-

tion of myelinated fibers decreases synaptic activity in surrounding
r projecting cells ( Bartzokis, 2004 ). In a longitudinal study by Vil-

ain et al., researchers found that hippocampal atrophy progressively

ed to the disruption of the cingulum bundle and uncinated fascicu-

us, and the reduction of information transmitted through the structural

athway finally led to hypometabolism in the cingulate and subgen-

al cortices. They also suggested that the influence of WM atrophy on

emote metabolism was over and above that of local gray matter struc-

ural alterations ( Villain et al., 2010 ). Thus, it is possible to hypothesize

hat reduced information transmission in network components with de-

reased network efficiency requires less energy and therefore leads to

ypometabolism in related regions. 

.3. Increased nodal efficiency-metabolism coupling in normal aging 

In addition to the age-related decline in network efficiency and

etabolism, the coupling coefficient between these two measures was

lso significantly associated with age, exhibiting an increased efficiency-

etabolism coupling in the aging process. Increased SC-FC coupling is

sually observed in the developing brain, as white matter structural mat-

ration, accompanied by synaptic plasticity and neurochemical modifi-

ation, leading to a more integrated structural network and increased

eural synchrony ( Hagmann et al., 2010 ; Supekar et al., 2010 ; van den

euvel and Fornito, 2014 ). However, Davis et al. found that under task

onditions, regionwise SC-FC coupling may be stronger among older

dults to prevent cognition decline by maintaining communication be-

ween regions ( Davis et al., 2012 ). Similarly, a more recent study by

ang et al. indicated that the higher structural-functional coupling

n cognitive impairment subjects was associated with poorer cognitive

unctions, suggesting that the disruption of the optimal structural orga-

ization may have given rise to SC-FC coupling alteration ( Wang et al.,

018 ). In the current study, while the age-related decrement in nodal

fficiency was widespread across the brain, the decrease in metabolism

ould be observed mostly in areas with lower nodal efficiency. In net-

ork hub regions such as the angular gyrus, precentral gyrus, postcen-

ral gyrus, middle frontal gyrus and occipital gyrus, glucose metabolism

emains relatively intact, which may also have contributed to higher

fficiency-metabolism coupling. However, the increase in efficiency-

etabolism coupling with age could not be reproduced in the validation

nalysis using the ADNI dataset, which may suggest that extra caution

hould be taken when interpreting this result. 

.4. Reproducibility analysis 

Validation analyses were performed to evaluate the potential influ-

nce of network resolution and the generalizability of these findings in

ifferent populations. Significant age effects on global efficiency and

erebral metabolism, as well as the tight coupling between nodal ef-

ciency and FDG-SUVr within individuals, were consistently observed

sing the AAL-90 atlas and in the ADNI dataset, implying the robust-

ess of these results. However, the association between the efficiency-

etabolism coupling coefficient and age could not be replicated in the

DNI dataset. This inconsistency may partly be due to the difference

etween the BABRI and ADNI groups. On average, individuals in the

DNI dataset completed more years of education than BABRI partici-

ants completed ( Table 1 ). Although years of education are not asso-

iated with WM network efficiency or FDG-SUVr in the current study,

he protective effect of education on brain structure and cognitive func-

ion in the aging process has been demonstrated in previous studies

 Chen et al., 2019 ; Kim et al., 2015 ). Another possible explanation for

he inconsistency could be the heterogeneity of data within the ADNI

ataset. Although a standard protocol was performed in ADNI data col-

ection to minimize the effect of multicenter imaging, the consistency

nd comparability of data from multiple centers and acquired using var-

ous scanners still need further evaluation. 
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.5. Methodological issues 

There are several strengths and limitations in this study. We used

ultimodal imaging data and connectome approaches to conduct com-

rehensive research on the relationship between WM network efficiency

nd metabolism in the normal aging process. The validation of alterna-

ive parcellation schemes and independent datasets avoided the bias in-

uced by the network construction method and demographic character-

stics, which might lead to center- or sample-specific findings. However,

here were also some limitations in this study that should be noted. First,

nly structural network connections were included in the current study.

unctional connections could exist between regions without a WM path-

ay. Thus, the portion of hypometabolism that could not be explained

y WM alternations might be caused by functional changes. To develop

 full picture of structural, functional and metabolic alterations in the

rain in normal aging, a combined model with functional MRI evalua-

ion should be developed in the future. Second, because cross-sectional

ata were implied, the causality between network efficiency and glu-

ose metabolism could not be inferred from the current results. Further

esearch should be undertaken to investigate the relationship between

he WM network and glucose metabolism and their covariation in a lon-

itudinal study design. Finally, although validation analyses were per-

ormed to examine the robustness of our results, the sample size was

till small and might not provide a general representation of the healthy

ging population. A larger sample would be beneficial to depict the lin-

ar or nonlinear correlation between age and imaging measures more

recisely. In the future, we will continue to collect imaging data and

alidate the results with a larger sample. 

. Conclusions 

By combining MRI and FDG-PET techniques, the present study

emonstrated a tight coupling between structural brain connectivity

nd cortical metabolism across regions in normal elderly individuals,

hich may provide new insight that improve the present understanding

f the relationship between structural brain connectivity and glucose

etabolism and unravel the potential metabolic mechanisms of struc-

ural brain disconnections in normal aging. 
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