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Abstract

Objectives: Disruption of the balance between brain structure and function is implicated in many brain disorders. This
study aimed to investigate the coupling between the brain cortical thickness (CTh) and glucose metabolism using 8.

FDG PET/MRI.

Methods: 138 subjects who performed brain 18F-FDG PET/MRI were retrospectively recruited and divided into two
groups according to their ages. The Spearman’s rank correlation was calculated between the FDG uptakes and CTh
across the cortex for each subject to explore the structural and functional coupling (S-F coupling) at the regional level,
which was then correlated with age to explore its physiological effects. Structural connectivity (SC) based on CTh and
functional connectivity (FC) based on glucose metabolism were constructed followed by exploring the network similarity

and coupling between SC and FC. The global and local efficiency of the brain SC and FC were also evaluated.

Results: 97.83% of subjects exhibited a significant negative correlation between regional CTh and FDG uptakes
(p<0.05 with FDR correction), and this S-F coupling was negatively correlated with age (r=-0.35, p<0.001). At the
connective level, SC-FC coupling was almost positive, with more regions in the old age group exhibiting significant
coupling than in the middle age group. Besides, FC exhibited denser connections than SC, resulting in both higher

global and local efficiency, but lower global efficiency when the network size corrected.

Conclusion: This study found there is a coupling between CTh and glucose metabolism from the regional to
connective level. These findings may have implications for the diagnosis and treatment of neurological and psychiatric

disorders.

Clinical relevance statement: The observed coupling between brain cortical thickness and glucose metabolism, both
at the regional and connective level provides insights into the brain mechanisms and highlights potential implications for

the diagnosis and treatment of neurological and psychiatric disorders.
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Key points

1. Human brain structure and function were coupled to complete complex tasks.

2. Brain cortical thickness and glucose metabolism were negatively coupled at the regional level but positively correlated
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at the connective level.

3. Brain structural and functional coupling reflects aging progress, and can be applied in the diagnosis of brain disorders.

Keywords: Brain, PET/MRI, cortical thickness, glucose metabolism, structural and functional coupling.

Introduction

The human brain is an intricately organized system, where the structure and function of different regions work together to
accomplish complex tasks. Disruption of the delicate balance between brain structure and function has been proven to be
implicated in several neurological and psychiatric disorders 1213114l Therefore, understanding the relationship between

brain structure and function is a critical question in human neuroscience.

Cortical thickness (CTh) and glucose metabolism are two widely used measures in brain research. CTh, measured by
MRI, refers to the distance between two borders of the gray matter; and glucose metabolism, measured by '8F-FDG PET,
reflects neuronal activity. These two measures provide opportunities to investigate the brain structures and functions, and
trajectories of CTh and glucose metabolism might not change synchronously during aging or in disease states, as it is
reported that aging was negatively correlated with CTh in many cortical regions but with decreased mean brain glucose
metabolism only in the temporal lobe [°!. Thus, we would expect that the coupling of the two modalities would provide

unique and distant sources of variability.

Large-scale brain networks have emerged as a promising tool to study the brain. In brain network models, nodes
correspond to brain regions, whereas edges correspond to connections between the nodes. Structural connectivity (SC)
constructed based on brain CTh, defines anatomical connections between two regions showing statistically significant
correlations in CTh. Previous studies validated that CTh-based SC provides crucial connectivity information in the human
brain €171 and is consistent with known neuroanatomical pathways measured by diffusion imaging!®!. Functional
connectivity (FC) constructed using '8F-FDG PET images, assumes that brain regions with similar metabolic demands are
also functionally connected [°I'%. Compared to the most widely used FC constructed by the BOLD-fMRI, metabolic FC
constructed in an inter-subject way could convey similar neural networks, and provide complementary insight into the
neuromechanism ['']. Previous studies showed that most functional links were not supported by an underlying structural
link, and functional communities tend to encompass spatially distributed systems with perceptual, cognitive, and affective
relevance, while structural networks tend to be more spatially constrained ['2]. Such observations highlight the need to

consider multimodal brain connectomes simultaneously to understand disease pathophysiology.

In the present study, we aimed to investigate the coupling between human brain CTh and glucose metabolism using1 8F.
FDG PET/MRI. We (1) explored the regional relationship between CTh and glucose metabolism across the cortex and

whether this relationship reflected aging progress; (2) constructed the structural and functional brain network, and
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explored the similarity and SC-FC coupling between the structural and functional brain network in group-level; and (3)

compared the topological properties of structural and functional brain networks.

Materials and Methods

Subjects

Two hundred and one subjects who performed whole-body '8F-FDG PET/MR between August 2020 and September 2021
in the Department of Nuclear Medicine, Shanghai East Hospital were retrospectively enrolled. All subjects were clinically
evaluated, and their whole-body PET/MRI images were reviewed by two nuclear medicine physicians (N.Q., and J.Z).
Subjects who had a stroke, major head trauma, neuropsychiatry disorders, malignancy, uncontrolled diabetes, medicine
abuse, or alcohol addiction were excluded. Finally, 138 subjects were included and divided into two groups based on their

age: middle age and old age group.

PET/MR Scanning

All subjects underwent whole-body '8F-FDG PET/MR scanning using a uPMR 790 HD TOF PET/MR system (United
Imaging Healthcare, Shanghai, China). The subjects fasted for at least 6 hours to keep their blood glucose level <6.0
mmol/L before injection. They were intravenously injected with a dose of ~5.5 MBaq/kg of '8F-FDG and rested quietly for
about 60 min. Then a 10-min brain PET was acquired simultaneously with an MRI T1 image after the whole-body
PET/MR scanning. The brain MRI T1 images were acquired with the following parameters: echo time = 3 ms, repetition
time = 7.19 ms, inverse time = 750 ms, flip angle = 10°, slice thickness = 0.67 mm, spacing between slices = 0.67 mm,
data matrix = 264x460x512 mm, and voxel size = 0.67x0.5x0.5 mm. Brain PET images were reconstructed using the
OSEM algorithm, with 3 iterations and 20 subsets followed by a Gaussian filter of 4 mm in full width at half maximum on a
150x150x159 mm matrix with a 2x2x2 mm voxel size, and corrected for decay, normalization, photon attenuation, scatter,

and random coincidences.

Image Preprocessing

The T1 images were preprocessed using the computational anatomy toolbox (CAT12, http://www.neuro.uni-jena.de/cat/)
and SPM12 (http://wwwe.fil.ion.ucl.ac.uk/spm) with the default settings, including skull-stripping, denoising, correction for
bias field inhomogeneities. Then the images were segmented into gray matter, white matter, and cerebrospinal fluid, and
normalized using the Shooting registration algorithm. Volumes were segmented using surface and thickness estimation
based on projection-based thickness and export of ROl data using the Desikan-Killiany atlas ['%! in the writing options. In
addition to CTh, the local gyrification index, sulcus depth, fractal dimension as well as regional cortical volume were also

extracted using standard procedures for ROI extraction provided in CAT12.

The PET images were preprocessed using SPM12. All images were co-registered to their corresponding T1 image and
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spatially normalized into Montreal Neurological Institute space using the transformation parameters estimated on the
corresponding T1 image. Then the Desikan-Killiany atlas ['%] was applied to segment the cerebral cortex into 68 regions
(34 for each hemisphere without cerebellum), and the mean intensity of each region was extracted. In addition, the
regional FDG uptake values were also corrected to partial volume affected using the Geometric Transfer Matrix correction

algorithm ['4 to exclude the effect of brain atrophy.

Network Construction

Prior to the brain network construction, linear regression was performed on regional CTh or FDG values to remove the
mean CTh or FDG uptakes of the whole brain, and the residuals substituted for the raw CTh or FDG values. SC and FC
were constructed by calculating Spearman’s rank correlation coefficients between the residual CTh or FDG values of each
pair of brain regions in an inter-subject manner, and the spurious connections were excluded with a coefficient threshold
of p>0.05. In the network, the node was defined as a brain region, and the edge was defined as a connection of each pair

of nodes with the weight of the edge defined as the absolute value of correlation coefficients.

Based on the above constructed structural and functional network, we first explored the similarity between SC and FC by
calculating the probability of the existence of FC while structurally connected, i.e., P(existence|connected), and the
probability of inexistence of FC while structural disconnected, i.e., P(inexistence|disconnected). The higher values of
P(existence|connected) and P(inexistence|disconnected) indicated a higher similarity between the two networks. To
explore the age effect on the brain connectome, we also calculated the P(existence|connected) and
P(inexistence|disconnected) of structural or functional connectivity between the middle and old age groups, with the

middle age group as the denominator.

Network properties

1

The network size is reflected by the average network degree (K), which is calculated asK = Ny /K, where k; is the sum of
the weights attached to node i/, and N is the number of nodes. The mean network degree is commonly used as a measure

of density, or the total “wiring cost” of the network.

We then calculated the global and local efficiency of the above-constructed network. Global efficiency is a measure of
1 1

- d;
NIN=1) 5. ij »Where djis the shortest

network integration, which is inversely related to path length defined as Eg,ob =

weight path length between node iand j. The local efficiency (Ej,c) is a measure of network segregation, and is defined as
1

the average nodal efficiency: £, = Ny ie GE(G,-), where G;is the subgraph of the neighbors ofi. Both global and local
efficiency express the very precise physical meaning of the efficiency of transporting information, including local

necessities (fault tolerance) and wide-scope interactions! ..

To exclude the effect of network size on the global and local efficiency, the networks were binarized using a set of

connective densities from 0.01 to 0.17 with a step of 0.02, and the network efficiencies were calculated on the binarized
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network at each density.

Statistics

As the data were non-normal distributed, Spearman’s rank correlation coefficient was calculated between the CTh and
FDG values of the series of 68 regions for each subject to explore the structural and functional coupling (S-F coupling) at
the regional level. Then the association between S-F coupling and age was calculated to explore its physiological effects.
To explore the coupling between brain structural and functional connectivity (SC-FC coupling), the correlations between

the SC and FC matrix were calculated for the two groups respectively., as shown in Fig. 1b.

a Subjects who perpformed "®F-FDG whole-body PET/MR from 2020 to 2021
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Fig. 1. Flowchart for (a) subjects’ enrollment and statistics.

Resulis

Demographics

Gender distribution between the two groups was not significantly different, and detailed information was provided in Table

1.

Table 1. Demographics

Middle age group Old age group

Sample size 69 69

Gender (male/female) 41/28 41/28

Age (years, mean+SD) 42.33+5.25 60.19+4.88
Age range (years) 21-49 55-73

S-F Coupling

The brain S-F were negatively coupled at the regional level. In detail, 135 out of 138 (97.83%) subjects exhibited a
significant negative correlation between CTh and FDG (p<0.05 with FDR correction), and the Spearman’s rank
coefficients ranged from -0.11 to -0.71, as shown in Fig. 2. We further discovered that this S-F coupling was negatively
correlated with age (R=-0.35, p<0.001), which were also confirmed when the FDG images were partial volume corrected
(R=-0.27, p=0.0017, sFig 1), those results suggested that discordancy between brain structure and function was larger

during aging.
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Fig. 2. Regional S-F coupling. Scatters of regional FDG and CT values, as well as the images of subjects with minimum (A, D) and maximum (C, E)
coupling discordance; correlative scatter of subject with the median S-F coupling was also provided (B). (F) is the total S-F coupling strength

distribution, and S-F coupling was negatively associated with age (G). the y-axis of (A)-(C) were the PET values *1083,

Network Similarity

The FC and SC matrix for the middle and old age groups were shown in Fig. 3. We first investigated the network similarity
based on the hypothesis that SC is the basis and the constraint for the FC. We found that the old age group exhibited
more similarity between SC and FC especially when SC is connected and FC exists. In detail, P(existence|connected)
=0.5431 and 0.6876, and P(inexistence|disconnected) =0.4995 and 0.5260 for the middle and old age population.
Permutation tests showed that P(existence|connected) between the young and old population was statistically significant

(p<0.001), while P(inexistence|disconnected) was not (p=0.3426).

During aging, FC exhibited higher P (existence|connected) (0.7986 and 0.3858 for the FC and SC; p<0.001, FDR
corrected), and lower P(inexistence|disconnected) (0.7105 and 0.8461 for FC and SC; p=0.0045, FDR corrected), which

means that connections across life-span were sustained in FC, and disconnections across life-span were sustained in SC.
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SC-FC Coupling

Based on the brain’s functional and structural networks, we explored the SC-FC coupling. Unlike the individual negative S-
F coupling, the SC-FC couplings were almost positive and varied across the cortex, ranging from -0.12 to 0.42 for the
middle age group, and -0.19 to 0.58 for the old age group. In the middle age group, only three regions, including the left
cuneus, left lingual, and right paracentral region showed significant SC-FC coupling (Fig. 3c). While in the old age group,
27 out of 68 regions showed significant SC-FC coupling (p<0.05, FDR corrected). Regions exhibited significant SC-FC
coupling almost evenly distributed across the brain, in detail, 7 regions in the frontal lobe, including bilateral frontal pole,
paracentral gyrus, right precentral region, right rostral middle frontal gyrus, left orbital and triangular part of inferior frontal
gyrus; 6 in the occipital lobe, including bilateral cuneus, pericalcarine, right lingual and lateral occipital gyrus; 7 in parietal,
including bilateral postcentral gyrus, left inferior parietal gyrus, supramarginal gyrus, isthmus cingulate cortex, right
precuneus and superior parietal gyrus; 5 in temporal lobe, including bilateral fusiform, left inferior temporal gyrus, right
middle temporal gyrus and parahippocampal gyrus; as well as right insula, as shown in Fig. 3f. Besides, three regions
including right frontal pole, right insula and right postcentral regions showed significant higher SC-FC coupling in old age

than the middle age group.

Middle age

Sdiaoe

) rvalue I rvalue
0 1 0.2 0.6

Fig. 3 The brain structural (A, D) and functional (B, E) network for the middle and old age group. The dotted rectangular indicated the significantly
correlated connections between FC and SC, and the green dotted rectangular regions showed significantly stronger connections in the old than

middle age group. The positions of those regions were shown in C and F.
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The network properties including degree, global and local efficiency were calculated to explore the segregation and
integration of the brain networks (Fig. 4). FC (K =14.1037, 15.5055 for middle and old age groups, respectively) exhibited
significantly denser connections compared to SC (K = 3.7373, 4.3927 for middle and old age group, respectively) in both
middle and old age group (p<0.001). Thus, it was reasonable to get the result that FC (

Eg,ob =0.33,0.34 E,,.=0.38,0.39 for the middle and old age group) had higher global and local efficiency the SC (

E

glo
efficiency was significantly higher in FC than that in SC in both the middle and old age groups, while the global efficiency

p=0.18,0.19 E, . =0.18,0.22 for the middle and old age group). But when the network size was corrected, the local

was the opposite, as shown in Fig 4.
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Fig. 4. Network properties of the SC and FC in middle and old age groups. network degree (A), global efficiency(B) and local efficiency(C) of the
brain network. Global efficiency (D) and local efficiency (E) were also calculated on the binarized networks to exclude the effect of network size.
permutation test p<0.001 with FDR correction between middle and old age group; # p<0.05 with FDR correction for the FC and SC difference in old
age group; i p<0.001 with FDR correction for the FC and SC difference in old age group; & p<0.05 with FDR correction for the FC and SC

difference in middle age group; & p<0.001 with FDR correction for the FC and SC difference in middle age group.
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Discussion

In this study, we quantified the coupling between brain structure and function at regional and connective levels. Our
findings demonstrated that CTh and FDG uptakes were negatively correlated at the regional level and this discordancy
was larger during aging. At the connective level, SC-FC was positively coupled, and the old age group exhibited more
similarities between SC and FC. Besides, the connections were denser in the FC matrix, partly resulting in higher global
and local network efficiency in FC than SC, but FC exhibited lower global efficiency and higher local efficiency than SC

when the network size is corrected.

Surface-based morphometry offers more information about brain structure. Except for CTh, cortical characteristics include
sulcal depth, gyrification index, and fractal dimension. The sulcal depth and gyrification index are shape-based
quantification to provide information about cortical folding!'®l. The fractal dimension was used to describe the geometrical
properties of structural complexity in the cerebral cortex ['7!. We found sulcal depth and fractal dimension did not show
any significant correlation with regional glucose metabolism, while the gyrification index showed a significant correlation
with regional glucose metabolism, but this correlation could not reflect the aging progress (sFig 1). Taken together,
surface parameters reflecting shape complexity had no correlation with glucose metabolism or the correlation could not

reflect aging progress, so CTh was chosen as a representation of brain structure.

CTh reflects the size, density, and arrangement of cells, allowing for in vivo acquisition of valuable information about
neuroanatomy. Similar to the previous study that CTh is not correlated with the total intracranial volume ['8], our results
confirm that CTh is independent of the regional volume (sFig 1), but is negatively correlated with FDG uptake for a
subject, with a stronger discordance during aging. Previous studies confirmed that metabolic costs of the brain were in
proportion to the total surface area of the neuronal membrane ['°!, and CTh and surface area constitute the cortical gray
volume, but change independently from each other [2%]. As age affects CTh and brain glucose metabolism in different
waysl®], the negative association between CTh and glucose metabolism may reflect a shift in the balance between energy

consumption and neurodegeneration.

At the connective level, we found a positive association between SC and FC, with more regions exhibiting significant
correlations during aging. This result is consistent with the observation that the old age group exhibited higher
P(existence|connected) than the middle age group. The function is constrained by the underlying structure, but there is no
one-to-one mapping, large-scale dynamic functional coordination exists within a fixed structural architecture!?'!, which
means that the brain was elastic and plastic. Functional interactions may arise via indirect structural connections, resulting
in the functional connection among regions that are two or more synapses removed from each other. In other words, the
functional connection of two regions is driven not only by direct signaling between them, but also by common inputs they
receive from sensory organs and from the entire network ['2]. Previous studies reported that a stronger coupling of SC and
FC is related to poorer cognitive performance and decreasing awareness/consciousness [221231124] Here, we also found

the SC-FC coupling was extended from basic sensorimotor to high-level functions during aging.

In the present study, we found that FC exhibited a higher degree than SC, which was similar to previous studies using
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diffusion tensor imaging and resting-state fMRI [25][26]. The functional network is based on patterns of synchronized neural
activity between different brain regions, rather than on the presence or absence of anatomical connections between these
regions, that is, FC can include indirect or polysynaptic connections, which may not be captured by the structural
connectivity. As a result, functional networks can have more connections than structural networks. Besides, the functional
network can exhibit a high degree of redundancy, with multiple connections between the same pair of brain regions. This
redundancy can provide robustness and resilience to the network, allowing it to continue functioning even if some
connections are disrupted or lost. In contrast, the structural network tends to have fewer connections, with a greater
emphasis on efficiency and minimizing wiring costs. The higher degree of FC consequently induced the higher global and
local efficiency of FC than SC. While FC have been found to exhibit lower integration and higher segregation than SC
when corrected for the network size, which may seem counterintuitive given that FC is thought to be shaped by the
underlying SC of the brain. One possible explanation is that FC are shaped not only by the underlying SC, but also by
ongoing neural activity and the dynamic patterns of information flow that emerge from this activity. The dynamic nature of
functional connectivity means that the network may exhibit more transient and flexible segregation patterns that are
adapted to the task at hand, rather than a fixed modular organization that is determined by the underlying anatomy. This

could lead to lower integration and higher segregation in FC compared to SC.

However, there are several limitations of the present study. Firstly, subjects aged from 21 to 73 years old were involved in
this study. The age range was too broad to capture the precise aging process, and did not include individuals in the
developmental process. Besides, previous studies demonstrated that brain structure and function are modulated by
gender, race, and cultural background, the effects of those factors on the coupling of brain structure and function are

interesting fields to be studied in the future.

In conclusion, we quantified the coupling between the brain structure and function from regional to connective level using
8F_.FDG PET/MRI. We demonstrated that the CTh and FDG uptakes were negatively coupled, and this discordancy was
larger during aging. At the connective level, SC-FC is positively coupled and the regions exhibiting SC-FC coupling
covered from primary to high-level functions. Those findings provide a comprehensive picture of the coupling between

brain structure and function and would provide a unique source of variations underlying brain aging and disease.
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