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Abstract: Spatial navigation ability refers to the complex process of the human body building cognitive maps in the brain 

according to the external environment. It is crucial to study spatial navigation ability to understand human cognitive functions. 

With the advent of advanced neuroimaging technologies, such as positron emission tomography and magnetic resonance 

imaging, more and more evidence indicates that differences in the navigation ability of empty individuals are related to 

differences in brain structure and function. Functional magnetic resonance imaging (fMRI) and weighted magnetic resonance 

imaging (DTI) are two common methods of functional imaging and structural imaging. fMRI mimics animal experiments by 

measuring changes in signals related to blood oxygen levels in different regions of the brain, solving a major problem in human 

studies. On the other hand, structural connections are stable for short periods and are more suitable for studying differences in a 

single spatial navigation network without uniform training. Structural networks can be evaluated by DTI. DTI is highly sensitive 

to the Brownian motion of water molecules in voxels, especially in white matter. DTI results suggested that etiology is associated 

with disrupted fiber connections and decreased FA values, both of which occur in the prefrontal and prefrontal lobe-motor 

pathways. As far as we know, there is no systematic review of neuroimaging technologies related to spatial navigation functions. 

In order to fill this gap, in this review, we combine the structure and function of brain imaging and multimodal imaging 

technology and summarize the central brain regions and brain imaging features related to spatial navigation function. It provides 

a new method for selecting and dialing the spatial navigation ability of specific populations and a new idea for diagnosing clinical 

spatial navigation dysfunction. 
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1. Introduction 

Spatial navigation is a complex cognitive ability that [1] 

targets new or familiar environments. From a survival 

perspective, it is one of the most basic behaviors of animals 

and humans. Individuals move around the environment by 

actively locating objects, interacting with objects, and 

remembering their location [2]. Like taxi drivers in London, 

we must remember the 25,000 streets of the city. For 

example, some people have no acquired brain damage or 

neurological problems in the general population, but they are 

challenging to locate in very familiar environments [3, 4]. 

What are the individual differences in spatial orientation 

ability? 

Structural magnetic resonance imaging (sMRI) and 

Functional Magnetic Resonance Imaging (fMRI) are two 

commonly used medical imaging methods to study brain 

network connectivity, studying the human brain from a 

structural and functional perspective. Multimodal brain MR 
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imaging combines structural and functional network 

connectivity to study the interrelationships between brain 

structure and function and explore and identify connectivity 

across the brain network, providing complementary 

information. Therefore, multimode brain MR imaging may 

be necessary to study spatial navigation [5]. If we can 

explore the individual differences in spatial navigation 

function from multiple perspectives, this will be a 

significant breakthrough in imaging technology and 

cognition. 

In this review, we present a detailed review of the 

imaging detection techniques that cause individual 

differences in spatial navigation capabilities and provide 

prospects for the future development of multimodal brain 

MR imaging. 

2. Research on Spatial Navigation 

Capability Based on sMRI 

The sMRI can reliably assess the relationship between gray 

matter volume and spatial navigation in various brain regions. 

A voxel-based morphological analysis is one of the most 

commonly used methods. A series of studies verified the 

correlation between total brain volume and spatial navigation 

task performance. Through voxel-based morphological 

analysis, they identified factors associated with total gray 

matter volume in spatial navigation, including the 

hippocampus (HIP), entorhinal cortex (EC), retrosplenial 

complex (RSC) [4]. The hippocampus (HIP) is involved in 

pathway integration and short-term memory, retrosplenial 

complex (RSC) is involved in spatial localization, and 

entorhinal cortex (EC) is involved in pathway integration [6]. 

Medial prefrontal cortex activity was also observed during 

pathway integration, interacting with the hippocampus for 

systemic [6] memory and execution functions. Clark [7] 

found a clear relationship between the volume of gray matter 

in the hippocampus and the ability to navigate in outer space, 

but not with general spatial navigation. The progressive study 

of the spatial navigation ability of taxi driver drivers in 

London by Maguire [8]. They found that the proper 

hippocampal gray matter posterior volume was more minor 

than healthy controls and London bus drivers compared to 

parahippocampal gray matter posterior volume. This could be 

due to a positive correlation between hippocampal gray matter 

volume and memory ability and memory, the ability to learn 

new environments, and the ability to gain new perspectives 

[9]. According to the results of different behavioral tests, what 

kind of people [4] classified subjects into high, medium, and 

low spatial orientation ability? The analysis found a negative 

correlation between gray matter volume in the right posterior 

hippocampus, low spatial orientation ability (r= -0.35, 

p=0.048), and high spatial orientation (r = 0.39, p = 0.034). 

Two different ideas about how these brain structures affect 

spatial navigation functions exist. One is that the hippocampus 

may only be part of a neural network connection that can 

provide specific processing aspects for brain networks to 

coordinate spatial navigation. Therefore, differences in spatial 

navigation behavior are related not only to the structure of the 

hippocampus but also to connections between the posterior 

pressurized cortex, endodermis, and hippocampus. A second 

possibility is that roughly dividing the gray matter volume of 

the hippocampus does not explain its relationship to 

navigation ability. After subdivision, navigational behavior is 

only related to gray matter volume in one part of the 

hippocampus [6, 10]. 

In addition to being associated with gray matter volume in 

each brain region, the cortical thickness measured in each 

brain region is positively associated with moderate cognitive 

ability; cortical thickness is measured in one dimension, while 

gray matter volume is measured in three dimensions. The 

volume of gray matter consists of two components: the 

thickness of the cortex and the cortical surface area of the 

cortical thickness [11]. A longitudinal analysis of 1,660 

healthy subjects between the ages of 2 and 94 found a 

hemispheric and hemispheric difference in the thickness of the 

cerebellum cortex with age (the thickness of the right 

hemisphere is greater than the thickness of the left 

hemisphere), which is likely related to some temporal lobe 

structures, particularly the hippocampus and entorhinal cortex. 

This trend is consistent with spatial navigation ability in the 

entorhinal cortex and hippocampus as we age, further 

demonstrating the importance of the cerebral cortex and 

entorhinal cortex in spatial navigation in older adults [11]. 

3. Research on Spatial Navigation 

Capability Based on fMRI 

The fMRI is one of the most commonly used methods to 

study the human brain. It measures brain activity by detecting 

local Blood Oxygen Level Dependence (BOLD) signals over 

time. Based on the BOLD signal analysis of the activated 

brain regions when performing specific tasks, connecting 

these regions can form brain activation maps, which is 

extremely useful for understanding the function of the human 

brain [12]. 

The fMRI has been widely used for inter-individual 

differences in spatial navigation and brain activity 

relationships, often isolating regions associated with spatial 

navigation, and correlating local changes in brain activity with 

behavioral tests of spatial navigation to identify brain regions 

[13] associated with individual spatial differences. Based on 

these studies, Kravitz [14] proposed the theory of the medial 

parietal-temporal cortex. They found that solid neural 

connections between the hippocampus, post pressure cortex, 

and parahippocampal gyrus suggest that these structures 

functionally interact with [15] in spatial cognitive tasks. 

Auge [16, 17] found that subjects with high spatial 

navigation were more reliable in the spatial selection, possibly 

because subjects with high spatial navigation were more 

active in the posterior cortex and had more connections 

between the posterior cortex and the hippocampus. Sulpizio 

[18] has demonstrated that activation of the parahippocampal 
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gyrus is correlated with learning from unfamiliar surroundings. 

In contrast, the parahippocampal gyrus involves the body's 

rapid learning of specific connections between unfamiliar 

scenes. Sarah [19] assessed the global efficiency of the spatial 

navigation ability of the brain network, using graph theory 

analysis to assess fMRI data obtained at rest and using voxel 

methods to assess the global efficiency of the brain network, 

and found a significant relationship between the efficiency of 

the brain functional network and spatial navigation ability, 

particularly in medial parietal and temporal regions. Neubauer 

[20] found that brain regions activated at rest, as effective 

networks, matched parietal and medial temporal regions that 

were easily activated in people with high spatial orientation, 

suggesting that brain activity can be used to distinguish more 

and more people with high spatial orientation, even without 

the challenges of spatial orientation testing [21]. Because of 

the operability of the "efficient brain," scientists hope to 

conceptualize the biology of spatial navigation in the same 

way that machines or computers do, leading to more and more 

functional magnetic resonance imaging (fMRI) studies, such 

as electroencephalography (EEG), positron emission 

tomography (positron emission tomography (PET), regional 

brain flow analysis (fMRI), unified navigation and brain 

function networks: spatial navigation is a network 

characteristic of the brain. It is associated with neural 

efficiency [11, 22]. 

Recently, a new neurocognitive model of brain navigation 

has been proposed by a group of scholars that, in addition to 

the frontal, frontal, temporal, anterior, parietal, and occipital 

regions, enables clear structural and functional differentiation 

in areas associated with brain navigation [23, 24]. 

4. Research on Spatial Navigation 

Capability Based on DTI 

DTI is an advanced MR imaging modality that explores and 

describes structural information in living brain tissue by 

quantifying the random diffusion of water molecules. DTI can 

detect the integrity of white matter fiber tracts and determine 

neural connection connectivity pathways through microscopic 

measures such as fractional anisotropy (fractional anisotropy, 

FA), Axial Diffusivity (AD), and radial diffusion coefficient 

(Radial Diffusivity (Radial Diffusivity, RD), which 

conventional MRI cannot do [25, 26]. 

FA is the most widely used metric in DTI and is extremely 

sensitive to specific microstructure changes in tissue in brain 

regions, especially axons [27]; In tissues such as cerebrospinal 

fluid, which is unrestricted or very limited, water molecules 

are random and uniform in all directions, and the fiber wall, 

such as the long axis of the fiber, limits the diffusion of water 

molecules along the white fiber bundle. DTI, combined with 

biophysical modeling, can measure the tissue and structural 

characteristics of fiber bundles that transmit signals between 

different brain regions [28]. Compared to conventional sMRI 

detection changes, DTI detection of brain microstructural 

changes in the brain can predict future neuronal degeneration; 

for example, detecting microstructural changes in the 

hippocampus of mild cognitive impairment can help predict 

the future of Alzheimer's disease [29]. 

FA is widely used in the study of individual spatial 

navigation ability. Initially, Iaria et al. combined DTI 

imaging techniques and spatial navigation behavior testing 

to demonstrate a positive correlation between FA values in 

the right hippocampus and spatial orientation ability. Chou 

[30] investigated the relationship between spatial orientation 

ability and sex based on DTI. They found that females 

showed more excellent FA in the frontooccipital tract, corpus 

callosum, and paraneurysm. In contrast, males showed great 

FA in the bilateral inner sac, medial frontal gyrus, spindle, 

hippocampus, brain island, posterior central gyrus, frontal 

lobe, and temporal lobe. Furthermore, male hippocampal 

white matter showed more great FA, and females showed 

more fantastic FA in the parahippocampal gyrus, explaining 

males' superior spatial orientation and inferior spatial 

memory ability [31]. Recently, Ramanoel, through the 

longitudinal comparison of the whole brain structure 

network connection study, found that the elderly and the 

spatial navigation network white matter integrity generally 

decline, hook tract (connecting the hippocampus and medial 

prefrontal cortex) FA reduction, speculated that the hook 

tract FA reduction causes the cause of the elderly spatial 

orientation test [32]. 

5. Current Status of Multimodal-Based 

Spatial Navigation Capability 

Brain regions are not independent in terms of structural and 

functional connections. These two connectivity modes interact 

to form a neural network that extracts, integrates, and stores 

spatial information to guide behavior [33]. Multimodal brain 

imaging research combines different imaging modalities to 

study brain connectivity clusters, integrate different types of 

data or image modalities, analyze the nonlinear relationship 

between different patterns, and derive implicit correlations of 

the same functions in these image modalities [27] with 

structure-function relationships being the most typical of these 

studies. Structural connections include anatomical 

morphological connections and white matter fiber bundles; 

denotes their morphological parameter connectivity, such as 

gray matter mass connections and cortical thickness 

connections, to quantitatively measure relevant changes in 

brain structure in different regions [34]; and white matter fiber 

connectivity characterizes fiber network to estimate matter 

pathway [35]. Structural connections are stable over a shorter 

period but may vary over longer intervals, such as after long 

training sessions. Functional connectivity is based on the 

correlation of BOLD signal time courses between network 

nodes, and resting-state fMRI is currently the most commonly 

used method to assess functional brain networks. Functional 

connections are time-dependent, and connectivity patterns can 

change in [36] milliseconds. If we can explore the individual 

differences in spatial navigation function from multiple 
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perspectives, this will be a breakthrough in imaging 

technology and cognition. 

With the development of imaging technology, more and 

more attention has been paid to studying the relationship 

between brain structure and function using multimodal 

imaging methods. Koon [37] combined structural properties 

of the brain with functional magnetic resonance imaging and 

behavioral testing of dormant states, suggesting that improved 

navigation is related to the small-universe and modular nature 

of navigation networks, where multiple distributed brain 

regions work essentially as a network, which underpins 

individual differences in navigation abilities. Zhu [38] 

described three methods for combining DTI and fMRI: 1. 

FMRI assisted with DTI such as fMRI guided fiber tracking or 

fMRI based DTI result verification; 2. DTI assists with fMRI, 

such as functional connectivity analysis based on DTI data; 3. 

Joint DTI / fMRI fusion, such as obtaining results from each 

model and combining them using statistical analysis. However, 

this combination has not yet been demonstrated in applying 

spatial orientation ability. The study of individual differences 

in navigation mainly focuses on the local variation of 

anatomical and functional characteristics of navigation 

regions. For example, the volume of gray matter in the 

hippocampus, parahippocampal cortex, and prefrontal lobes 

are correlated with navigational performance, and functional 

activity in the hippocampus and parahippocampal cortex is 

correlated with navigational behavior. A newly proposed 

model also suggests that non-aggregated network processes 

involving multiple interacting brain regions can better 

describe the neural underpinnings of spatial navigation. More 

specifically, more vital whole-brain network interaction in 

spatial memory retrieval was associated with successful 

retrieval and better performance [39]. Most human cognitive 

functions do not depend on a single brain region but on the 

coordination of several anatomically and functionally related 

regions. As a result, in addition to assessing local changes in 

specific brain regions, more attention is being paid to studying 

entire networks. 

In summary, various connectivity methods provide essential 

information about human brain tissue at the network level. 

Studying connections and interactions between brain regions 

provides additional knowledge that cannot be obtained by 

regional analysis alone. 
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