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Background: With the development of spaceflight, scientists have gradually 
realized that long-term microgravity can alter the brain’s structure, which may 
affect the stability of brain function and, in turn, cognition and many other 
behaviors.
Objective: By quantitatively analyzing the effects of microgravity on brain gray 
matter volume, fiber tracts, and resting-state neural functional activity, this study 
preliminarily explores the dynamic changes in brain tissue structure and their 
relationships during simulated microgravity.
Methods: Six male rhesus macaques were included in the study and underwent 
−10° head-down bed rest (HDBR) for 42 days as a terrestrial analog of the 
microgravity environment. Multimodal magnetic resonance imaging (MRI) was 
performed 3 days before HDBR, 21 days after HDBR, and 42 days after HDBR. 
Voxel-based morphometry (VBM) analysis was used to compare differences in 
brain gray matter volume. Differences in the fractional anisotropy (FA), mean 
diffusivity (MD), axial diffusivity (AD), and radial diffusivity (RD) were investigated 
using tract-based spatial statistic (TBSS) analysis. Resting-state functional MRI 
was used to compare differences in local neural activity.
Results: During simulated microgravity, significant changes in gray matter 
volume were found in the right substantia innominate of the basal forebrain, 
right insula, left putamen, and left occipital gyrus. A significant decrease 
in FA and AD was found during simulated microgravity, specifically in the 
left inferior longitudinal fasciculus, left fornix, left corticospinal tract, left 
inferior longitudinal fasciculus, left superior longitudinal fasciculus, left frontal 
aslant tract, right uncinate fasciculus, and bilateral inferior fronto-occipital 
fasciculus regions. A significant decrease in MD and RD was widely observed 
in the left inferior longitudinal fasciculus, middle cerebellar peduncle, bilateral 
frontal aslant tract regions, bilateral anterior thalamic radiation, and bilateral 
uncinate fasciculus. Regional homogeneity (ReHo) in the left thalamic reticular 
nucleus continuously increased during simulated microgravity conditions. 
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Conclusion: Using multimodality MRI, this study indicated that simulated 
microgravity might cause widespread abnormalities through neuroplasticity, 
especially in brain regions in charge of visuospatial awareness and voluntary 
motion. There may exist a complex functional compensation between the 
reconstruction of gray and white matter and the rearrangement of neural 
connections.

KEYWORDS

simulated microgravity, structural MRI, diffusion tensor imaging, functional MRI, 
longitudinal study 

1 Introduction

In recent years, scientists have focused on central nervous 
system changes induced by microgravity during human spaceflight. 
Astronauts are confronted to multiple spaceflight-associated 
stressors, especially a dramatic decrease in gravity force. 
However, in the real world, it is very hard to selectively 
discriminate the strict role of microgravity on physiological, 
and particularly cerebral, dysfunction (Moore et al., 2019; Porte 
and Morel, 2012). Thus, ground-based models are a suitable 
alternative to space microgravity and could induce similar 
modifications in the central nervous system. The head-down 
tilt bed rest (HDBR) model, as a golden standard analog 
for microgravity, effectively simulates fluid redistribution and 
mechanical loading to the hindlimbs, which provides a similar 
condition as microgravity (Moore et al., 2010). This approach 
replicates key physiological conditions observed in spaceflight, 
including cephalad fluid shifts, reduced weight-bearing on 
hindlimbs, and musculoskeletal degeneration. Its validity is further 
evidenced by hemodynamics (Roberts et al., 2021), neurocognitive 
network (Hargens and Vico, 2016), and molecular pathways 
(Zhang et al., 2019; Lin et al., 2020). The HDBR model in 
rhesus monkeys was selected because the central nervous system 
of primates is most similar to that of humans compared with 
other species (Convertino et al., 1998).

Notably, one of the commonly reported neurological effects 
of microgravity is that the brain largely “floats upward,” 
causing a salient redistribution of cerebrospinal fluid (CSF) 
(Roberts et al., 2017), followed by remodeling of gray and 
white matter (Seidler et al., 2024). In recent years, with the 
continuous development and innovation of multimodal magnetic 
resonance imaging (MRI) technology in the medical field, 
significant breakthroughs have been achieved in the study of 
microgravity-related changes in the central nervous system. 
Through this technology, we have gradually realized that the 
structural changes in the brain inevitably contribute to the 
stability of brain function and affects cognition and many 
other behaviors. However, to the best of our knowledge, 
there is limited research regarding the joint analysis and 
process of the longitudinal effects of microgravity on the brain 
structure.

To determine changes in brain structural plasticity under 
simulated microgravity, the current study aimed to investigate the 
MRI-based characteristics of rhesus monkeys before, during, and 
after prolonged exposure to HDBR. 

2 Materials and methods

2.1 Animals

This study uses a within-subject control design to minimize 
individual differences and reduce sample size requirements. A total 
of six male rhesus macaques (Macaca mulatta) of Chinese origin, 
from the China Astronaut Research and Training Center, were 
utilized in our longitudinal study. All animals were confirmed to 
be healthy, and control of viruses, bacteria, parasites, and other 
pathogens complied with the national standards for ordinary-
grade nonhuman primates. Before being assigned to the project, all 
animals were adapted for 38 days in the barrier facility of the animal 
laboratory. All animals were 4–8 years old, 85–95 cm in length, and 
weighed 6–10 kg. The serial numbers of the animals were 195001, 
165007, 185001, 180605, 175005, and 185009.

The HDBR model was used as a microgravity analog in 
terrestrial rhesus monkeys. The head-down animals were placed 
on beds, which were tilted 10° backward from the horizontal. The 
rhesus monkeys in the head-down position were secured to the 
bed using a specialized cloth, which was humanely attached to the 
bed frame of the HDBR platform. The specialized cloth covered 
the elbows and knees to prevent skin abrasions from friction with 
the device, while two forearms and lower legs were not fixed to 
the bed. This setup limited major body movement and maintained 
the −10° head-down tilt position, while still allowing forelimb and 
hindlimb horizontal motion to free access to food, water, and fruits. 
Animals received a standardized diet and were individually housed 
in temperature-controlled rooms (23 °C ± 2 °C) under a 12:12-
h light–dark cycle (lights on: 08:00; lights off: 20:00). The entire 
process was continuously supervised and monitored 24 h a day. 
Environmental enrichment included provision of toys, which were 
available all the time, except during MRI scanning procedures. 
Animal caretakers provided daytime companionship to reduce 
anxiety and tracked body weight every week to monitor animal 
health. More details were provided in our previous work (Sun et al., 
2017). All animal experimental protocols involved in this study 
were approved by the Experimental Animal Management and Use 
Committee of the China Astronaut Research and Training Center 
(Approval No. ACC-IACUC-2024-024), which is in accordance with 
the principles of the Association for Assessment and Accreditation 
of Laboratory Animal Care International (AAALAC), approved 
by the Institutional Animal Care and Use Committee (IACUC). 
All animal housing occurred in the Animal Facility at China 
Astronaut Research and Training Center. 
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2.2 MRI scanning

MRI scans were acquired prior to HDBR as the baseline (Time 
1, T1), and at the third (Time 2, T2) and sixth weeks (Time 3, 
T3) post-HDBR. All scans were performed using a Siemens Verio 
3.0T magnetic resonance scanner (Siemens, Germany) with a 32-
channel head coil at the Ninth Medical Center of PLA General 
Hospital. Structural MRI, diffusion-weighted MRI, and resting-
state functional MRI were performed under anesthesia induced 
by intramuscular injection of ketamine hydrochloride (7.5 mg/kg, 
Jiangsu ZhongMu BeiKang Pharmaceutical CO., LTD) and xylazine 
(5 mg/kg, Changsha Best Biological Technology Institute CO., LTD). 
Anesthesia remained stable for at least 1 h, and the scan duration was 
less than 1 h. Fingertip blood oxygen and heart rate detectors were 
used to monitor basic vital signs. Veterinarians and investigators 
observed the animal conditions through the glass of the scanning 
room. MRI scans were performed 3 days prior to HDBR (T1) and in 
21 days (T2) and 42 days (T3) post-HDBR. T1 weighted images were 
acquired with a three-dimensional (3D) T1 magnetization-prepared 
rapid gradient-echo (MPRAGE) sequence. The parameters were as 
follows: repetition time/echo time (TR/TE) = 2,300/3.49 ms, FOV = 
140 mm × 140 mm, data matrix = 256 × 256, flip angle = 10°, and 
slice thickness = 1 mm (voxel size = 0.5 × 0.5 × 1.0 mm3). The scan 
duration was 6 min 56 s. A ep2d-diff-mddw sequence in the axial 
orientation was used in the DTI scans. Diffusion-weighted images 
(DWIs) were acquired along 30 noncollinear and noncoplanar 
directions, with b = 1,000 s/mm2 and 1 b = 0 s/mm2 image. The 
parameters were as follows: TR/TE = 10,000/98 m, FOV = 191 mm × 
191 mm, data matrix = 130 × 130, flip angle = 90°, and 19 slices with 
3 mm slice thickness (voxel size = 1.5 × 1.5 × 3.0 mm3). The scan 
duration was 10 min 52 s. Resting-state functional MRI images were 
acquired with the ep2d-pace-dynat sequence with the following 
parameters: TR/TE = 2,500/29 m, FOV = 140 mm × 140 mm, data 
matrix = 64 × 640, flip angle = 90°, and slice thickness = 3 mm (voxel 
size = 2.2 × 2.2 × 3.0 mm3). The scan duration was 15 min 7 s. 

2.3 VBM

Preprocessing for VBM was carried out in SPM12 and CAT12 
running on MATLAB (Mathworks Inv., Sherborn, MA, United 
States). Since the tissue probability maps (TPMs) implemented 
in SPM12 were for humans, we used the macaque TPMs 
provided by Rohlfing et al. (2012) and segmented the images into 
grey matter (GM), white matter (WM), and cerebrospinal fluid 
(CSF). Each segmented image was used to create the investigated 
monkey GM, WM, and CSF templates based on the diffeomorphic 
anatomical registration through exponentiated lie algebra 
(DARTEL) algorithm. Subsequently, the individual GM images 
were spatially normalized to the investigated monkey templates. 
The normalized images were then registered to the INIA19 macaque 
brain template using affine parameter transformations and resliced 
to a voxel size of 1.5 × 1.5 × 1.5 mm. The voxel values were modulated 
by multiplying the GM images by Jacobian determinants of the 
deformation field to allow for comparison of the absolute amount 
of the tissue corrected for individual GM volumes. The resulting 
images were then smoothed with an isotropic Gaussian kernel of 
6 mm full width at half maximum. 

2.4 DTI data analysis

MRtrix3.0.4 (https://www.mrtrix.org/) software was used for 
data preprocessing. First, all raw DWI volumes were aligned to 
the b0 image, and the background noise and ring artifacts were 
removed using MRtrix tools. Then, head motion and eddy current 
distortions were corrected using the dwifslpreproc command, 
which integrates functions from the FMRIB Software Library 
(FSL, https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/) (Smith et al., 2004). 
B-vectors were adjusted accordingly. To correct for intensity 
inhomogeneities from the MRI scanner, N4 bias field correction 
was applied using the ANTs toolkit. Skull stripping and removal 
of non-brain tissues were performed manually. Finally, voxel-
wise diffusion tensor modeling was performed using the FSL 
dtifit tool (Basser et al., 1994), yielding maps of fractional 
anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD), 
and radial diffusivity (RD) derived from the eigenvalues of the 
diffusion tensor.

Subsequent analysis used tract-based spatial statistic 
(TBSS) to identify major WM tracts. Voxel-wise analysis on 
FA images was conducted using the TBSS toolbox of FSL 
(Smith et al., 2004), modified according to established protocols 
for nonhuman primate (NHP) neuroimaging (Tang et al., 2016). 
Each FA image was nonlinearly registered to an individual’s T1 
template, followed by transformation into the D99 Macaque 
Stereotaxic Atlases (Saleem et al., 2021) with 1 × 1 × 1 mm3

resolution. Individual FAs were converted to the standard space, 
and a mean FA image was generated across all subjects. Then, the 
mean FA image was skeletonized, and a mean FA skeleton was 
derived using a threshold of 0.2 to exclude small peripheral tracts 
and retain the major WM tracts common to all the subjects. Each 
subject’s FA maps were projected onto this skeleton by filling the 
voxel values from the nearest tract center. The skeletonized FA 
images were included in group-level statistical analyses. The tbss_
nonFA commands were applied to project MD, AD, and RD onto 
the same FA skeleton. 

2.5 fMRI analysis

The preprocessing was implemented using the DPABI 
toolbox for the monkey module (Yan and Zang, 2010). 
Preprocessing steps included the removal of the first 10 time-
point volumes, field map correction, slice timing and motion 
correction, normalization of standard space of the monkey 
D99 atlas (Saleem et al., 2021), 2-mm cubic voxel resampling, 
linear detrending, nuisance covariate regression, and band-pass 
filtering.

Kendall’s coefficient of concordance (KCC) was used to measure 
regional homogeneity or similarity of the ranked time series of a 
given voxel with its nearest 26 neighbor voxels in a voxel-wise way. 
Then, Dpabi was used to calculate the KCC value of the time series 
of a given voxel with those of its nearest neighbors (26 voxels) in 
a voxel-wise analysis. To normalized regional homogeneity (ReHo) 
maps, we divided each voxel's KCC value by the global mean KCC. 
Then, the ReHo maps were spatially smoothed with 3-mm FWHM 
Gaussian kernel. 
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2.6 Statistical analysis

Statistical analysis and visualization were performed using 
MATLAB 2022b, FSL, and GraphPad Prism 10. No adverse events 
were observed during the experiments. So, each analysis has the 
same sample size (n = 6).

For VBM, we performed voxel-by-voxel repeated-measure 
ANOVA to make group-level statistical comparison of GM changes 
across different time points. Total intracranial volume (TIV) was 
set as a covariate in all analyzed studies. We selected a threshold of 
P < 0.01 (uncorrected for multiple comparisons) at the voxel level 
across the whole brain, with a cluster size of 10 voxels. No statistically 
significant results were found after FWE correction (PFWE < 0.05). 
The post hoc analysis used paired t-test to investigate the time course 
of the GM changes in the regions.

To reveal the WM impairments due to microgravity, the three 
group comparisons were conducted with pairwise t-test on the 
skeletonized FA images from the DTI scans. A nonparametric 
general linear model using a randomized tool in FSL (Winkler et al., 
2014) was applied to perform paired group comparisons with 
5,000 permutations and threshold-free cluster-enhancement 
(TFCE) (Smith and Nichols, 2009) to correct for multiple 
comparisons. Statistically significant outcomes were considered 
at FWE-corrected PFWE < 0.05. The differences in FA, AD, RD, 
and MD values were calculated separately. The differential brain 
regions were reported based on XTRACT Macaque Probabilistic 
Tract Atlases (Warr et al., 2020) and displayed on the D99 
Macaque Atlases (Saleem et al., 2021).

To explore the ReHo differences during simulated microgravity 
conditions, repeated-measure ANOVA was performed on the 
normalized ReHo maps. The resultant statistical map was set 
at a combined threshold of P < 0.001 and a minimum cluster 
size of 10 voxels, corresponding to a corrected threshold of 
P < 0.05. Statistically significant outcomes were considered at 
FWE-corrected PFWE < 0.05. The post hoc analysis used paired t-
test to investigate the time course of the GM changes in the 
regions. The differential brain regions were displayed based on D99 
Macaque Atlases (Saleem et al., 2021). 

3 Results

3.1 General description

No lesions were found in any of the scans. We calculated the 
TIV based on individual de-skulled structural images. The repeated-
measure ANOVA showed that there were no significant changes in 
TIV during HDBR (Figure 1).

3.2 Changes in gray matter volume after 
HDBR

We performed VBM analysis to identify the structural changes 
that occurred during simulated microgravity conditions. Results 
were displayed in the T1 template from the INIA19 rhesus atlas 
(Rohlfing et al., 2012). Figure 2 and Table 1 show the regions 
with significant alterations in GM volume using repeated-measure 

FIGURE 1
Total brain volume measurements. ns, no significance; T1, pre-HDBR; 
T2, 21 days of HDBR; T3, 42 days of HDBR.

ANOVA (P < 0.01, uncorrected, cluster size >10). Significant voxels 
were observed in the right substantia innominate (r-SI) of the 
basal forebrain (BF) area, right insula, left putamen (l-Pu), and left 
occipital gyrus. In our samples, the multiple comparison correction 
failed to detect any significant voxels. Post hoc pairwise comparisons 
demonstrated a statistically significant increase in r-SI (Figure 3A, P 
= 0.0470) and l-Pu (Figure 3C, P = 0.0063) from 6 weeks after HDBR 
compared to that in pre-HDBR. The GM in the left occipital gyrus 
significantly decreased (Figure 3D, T1 vs. T2, P = 0.0132) and then 
dramatically increased to the normal level (Figure 3D, T2 vs. T3, P 
= 0.0448; T1 vs. T3, P = 0.3185).

3.3 Changes in the white matter fiber after 
HDBR

Comparing to baseline, monkeys after 21 days (Table 2) and 
42 days of HDBR (Table 3) presented with significantly decreased 
FA, MD, AD, and RD. Figures illustrate the results in the T1 template 
from the D99 rhesus atlas (Goldman-Rakic and Rakic, 1991).

Compared to pre-HDBR, the decrease in FA was detected in 
the left inferior longitudinal fasciculus and left fornix region, and 
a decrease in AD was observed in the left corticospinal tract, 
left inferior longitudinal fasciculus, right uncinate fasciculus, and 
bilateral inferior fronto-occipital fasciculus regions after 21 days 
of simulated microgravity conditions (Figures 4A,C). After 42 days 
of simulated microgravity, the regions showing decreased FA 
had expanded and remained in the left inferior longitudinal 
fasciculus regions. Meanwhile, a decrease in AD was observed 
in the left superior longitudinal fasciculus and frontal aslant 
tract regions (Figures 5A,C). These changes suggest destruction in 
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FIGURE 2
Axial brain slices showing difference in GM volume after HDBR. R, 
right; L, left; Pu, putamen; SI, substantia innominate.

white matter integrity in regions associated with memory, emotion, 
visuospatial awareness, and motion.

Compared to pre-HDBR, a widespread decrease in MD 
was observed in the left inferior longitudinal fasciculus, middle 
cerebellar peduncle, and bilateral frontal aslant tract regions; 
in addition, a decrease in RD was detected in the middle 
cerebellar peduncle, right anterior thalamic radiation, and left 
uncinate fasciculus regions after 21 days of simulated microgravity 
(Figures 4B,D). After 42 days of simulated microgravity, the regions 
with decreased MD and RD were reduced. A decrease in MD was 
observed in the middle cerebellar peduncle, bilateral frontal aslant 
tract, bilateral anterior thalamic radiation, and bilateral uncinate 
fasciculus regions. A decrease in RD was detected in the right frontal 
aslant tract and left uncinate fasciculus regions (Figures 5B,D). 
These changes indicate that potential optimization of white matter 
microstructure, such as increased fiber density and myelination, may 
partially compensate for the impairment in white matter integrity. 
Moreover, the compensatory fibers may reduce with the extension 
of simulated microgravity.

However, when comparing HDBR at 21 and 42 days of simulated 
microgravity, no significant changes were observed in any tensor 
metrics, indicating that alterations in white matter fiber tracts 
may mainly occur at an early stage of simulated microgravity 
conditions. Values of every different brain region at three time 
points were subjected to post hoc analysis. Paired t-tests revealed 
that the decreases in values were already significantly observed 
at 21 days of HDBR (Figure 6). The results of the post hoc
analysis suggest that both 21 and 42 days of simulated microgravity 
conditions caused alterations in all the mentioned brain regions in 
rhesus monkeys, and the significant changes are likely to occur at an 
earlier stage of simulated microgravity.

3.4 Changes in the functional activity after 
HDBR

We performed ReHo analysis to identify the functional changes 
that occurred during simulated microgravity. Results were displayed 
in the T1 template from D99 rhesus atlas (Goldman-Rakic and 
Rakic, 1991). Figure 7 and Table 4 show that ReHo in the left 
thalamic reticular nucleus (RN) underwent significant changes. 
Compared to pre-HDBR, ReHo in the left thalamic reticular nucleus 
increased at 21 days of simulated microgravity and continued to 
increase by 42 days.

4 Discussion

We performed longitudinal studies on the alterations in gray 
matter, white matter tracts, and resting-state functional activity 
during simulated microgravity in rhesus monkeys. Repeated sMRI, 
DTI, and fMRI scans were acquired at the baseline (3 days prior 
to HDBR) and 21 and 42 days after HDBR. We found GM 
abnormalities in the right substantia innominate (r-SI) of the BF 
area, right insula, left putamen (l-Pu), and left occipital gyrus. 
White matter fiber tracts were damaged in the left ILF, left 
FX, left corticospinal tract (CST), left SLF, left FAT, right UF, 
and bilateral IFO. Meanwhile, white matter in left SLF, left UF, 
middle cerebellar peduncle (MCP), bilateral FAT, bilateral ATR, and 
bilateral UF reinforced. White matter abnormality indicated that 
simulated microgravity influences the brain function in visuospatial 
awareness, motion, memory, emotion, execution, and language. 
ReHo increased in the left RN, indicating that local activity in the 
thalamic regions enhanced synchronously. 

4.1 Gray matter changes

Structurally, gray matter is composed of neurons, axons, glial 
cells, and capillaries. Most studies attribute GM alterations to 
synaptogenesis, gliogenesis, neurogenesis, and vascular changes 
(Zatorre et al., 2012). We observed GM reduction in the left 
occipital gyrus, which changed after spaceflight, as observed 
in previous studies (Burles et al., 2023). Riascos et al. (2019) 
found a trend of decrease in the mean of the occipital cortical 
thicknesses after spaceflight. Koppelmans et al. (2016) showed 
that GM decreases were broadly distributed across the occipital 
lobes. Generally, occipital gyri process visual information and 
are an important part of the visual network. We found that 
simulated microgravity causes gray matter atrophy in the occipital 
gyrus, which may be related to decreased connectivity in certain 
spatial visual networks associated with this region. Similar to the 
actual spaceflight, the HDBR experiment led to a reduction in 
relatively monotonous visual stimuli, then reduced neural input, 
and redistribution of visual processing pathways (Ozdemir et al., 
2018). This could be one of the reasons for gray matter atrophy 
in the occipital gyrus. When completing sensorimotor tasks under 
microgravity conditions, changes in visual and vestibular input 
alter astronauts' perception of moving objects, and the brain’s 
perception of motion relies on an egocentric spatial reference (Hao 
and Zhou, 2020). Consistent with previous results, the decrease 
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TABLE 1  Significant clusters displaying an alternation in GM volume after HDBR.

Estimated area Peak F value Cluster size (voxel) GMV (mm3)

X Y Z T1 T2 T3

R-SI 8.5 2 −4.5 21.8478 136 330.01 ± 26.68 333.34 ± 28.87 337.42 ± 24.34

R-insula 17.5 −6 −1.5 20.2225 49 120.81 ± 11.77 120.81 ± 12.03 122.69 ± 10.82

L-Pu −7.5 4 −0.50 10.7053 29 72.71 ± 5.95 73.84 ± 6.50 74.80 ± 5.40

L-occipital gyrus −6.5 −38 12.5 19.1282 109 154.67 ± 10.05 142.56 ± 11.68 151.40 ± 10.43

R, right; L, left; Pu, putamen; T1, pre-HDBR; T2, 21 days of HDBR; T3, 42 days of HDBR; SI, substantia innominate.

FIGURE 3
Post hoc pairwise comparisons. Longitudinal changes in the mean GMV in clusters. ∗, P < 0.05; ∗∗, P < 0.01; R, right; L, left; Pu, putamen; SI, substantia 
innominate.
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TABLE 2  White matter with decreased FA, MD, AD, or RD after 21 days of HDBR (T1 > T2, PFWE < 0.05).

Cluster number Cluster size (voxels) Brain region  Peak of mass TBSS metrics Function

X Y Z

1 332
L-ILF

−11.8 −5.83 −9.17 FA
Memory and emotion

L-FX Memory

2 5,042

L-SLF −13.8 7.17 −2.17 MD Visuospatial awareness

MCP Motor coordination

BIL-FAT Execution and language

3 1,393

L-CST −17.8 13.2 3.83 AD Voluntary motion

L-IFO Visuospatial awareness

L-ILF Memory and emotion

4 126
R-IFO

16.2 8.17 3.83 AD
Visuospatial awareness

R-UF Emotion

5 363 MCP −6.78 −37.8 −10.2 RD Motor coordination

6 260 BIL-ATR −2.78 −10.8 −2.17 RD Emotion

7 253 L-UF −14.8 8.17 −2.17 RD Emotion and language

L, left; R, right; BIL, bilateral; ILF, inferior longitudinal fasciculus; FX, fornix; SLF, superior longitudinal fasciculus; MCP, middle cerebellar peduncle; FAT, frontal aslant tract; CST, 
cortico-spinal tract; IFO, inferior fronto-occipital fasciculus; UF, uncinate fasciculus; ATR, anterior thalamic radiation; FA, fractional anisotropy; MD, mean diffusivity; AD, axial diffusivity; 
RD, radial diffusivity; T1, pre-HDBR; T2, 21 days of HDBR.

in occipital gyrus GMV provides structural evidence that sensory 
reweighting affects sensorimotor performance during microgravity
(Tays et al., 2021).

In addition, we observed an increase of GMV in the left 
putamen (Pu), consistent with a previous study reporting a similar 
trend (Riascos et al., 2019). Pu is part of the basal ganglia and is 
connected to the hippocampus, typically associated with motor 
control and learning. Neuroanatomical studies have shown that 
the posterior putamen is linked to the primary motor cortex 
and the supplementary motor area (SMA). The putamen plays 
a role in the initiation, execution, and regulation of voluntary 
movements. Moreover, the putamen is critical for stimulus–response 
associations, learning, or strategic planning, particularly in 
simpler, stereotyped behaviors such as habit formation and 
stimulus–response conditioning (Ja et al., 2008). In the HDBR 
experiment, rhesus monkeys showed reduced daily activity but 
could voluntarily perform eating and playing with toys. Our 
study found an increase in GMV in the left putamen, suggesting 
that even simple behavioral mechanisms require adaptation to 
simulated microgravity. On the one hand, the activity of anti-gravity 
muscle groups weakens, leading to diminished motor coordination 
and impaired balance and movement flexibility (Yang and Shen, 
2003). On the other hand, the conditioned, habitual, and simple 
daily behaviors demand readaptation. So it is speculated that the 
putamen, a key node in the motor circuit, may play a crucial 
role in adapting motor capabilities and basic behavior patterns to 

microgravity (Hupfeld et al., 2022), potentially resulting in increased 
gray matter volume in the putamen.

This study also found an increase in GMV in the right substantia 
innominata (SI) region after 42 days of HDBR. The SI is part of 
the basal forebrain and contains the basal nucleus of Meynert, 
which may be involved in regulating various functions, including 
motor control, anger-related emotions, memory, and arousal. A 
mouse study identified the SI as a core region responsible for 
general aggressive responses (Zhu et al., 2021), linking it to anger-
related behaviors. Meanwhile, in patients with Parkinson’s disease, 
cholinergic neuron loss and Lewy body formation were observed 
in the SI (Chen et al., 2024). Although previous studies on spaceflight 
or HDBR simulations did not report similar abnormalities in this 
brain region, the increased gray matter density here may be related to 
enhanced self-protective mechanisms in response to altered gravity 
conditions. 

4.2 Fiber tract changes

We also characterized the development of white matter 
microstructure using DTI. Compared with the voxel-based analysis 
method in DTI, the TBSS method is better in image alignment 
and without the smoothing problem. The parameters FA, MD, AD, 
and RD reflect white matter integrity from different perspectives. 
FA is an indicator of water diffusion directionality and serves as a 
comprehensive measure of microstructural integrity. Reduced FA 
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TABLE 3  White matter with decreased FA, MD, AD, or RD after 42 days of HDBR (T1 > T3, PFWE < 0.05).

Cluster number Cluster size (voxel) Brain region  Peak of mass TBSS metrics Function

X Y Z

1 425 L- ILF −18.8 −4.83 −9.17 FA Memory and emotion

2 2,508

BIL-FAT −7.78 4.14 3.83 MD Execution and emotion

BIL-ATR Emotion

BIL-UF Emotion and language

3 629 MCP −5.78 −36.8 −9.17 MD Motor coordination

4 376
L-SLF −14.8 8.17 6.83 AD Visuospatial awareness

L-FAT Language

5 221 R-FAT 8.22 14.2 16.8 RD Execution

6 216 L-UF −15.8 2.17 −10.2 RD Emotion and language

L, left; R, right; BIL, bilateral; ILF, inferior longitudinal fasciculus; FAT, frontal aslant tract; ATR, anterior thalamic radiation; UF, uncinate fasciculus; MCP, middle cerebellar peduncle; SLF, 
superior longitudinal fasciculus; FA, fractional anisotropy; MD, mean diffusivity; AD, axial diffusivity; RD, radial diffusivity; T1, pre-HDBR; T3, 42 days of HDBR.

FIGURE 4
Compared with baseline, white matter difference after 21 days of HDBR. White matter regions (warm color: yellow–red) showed decreased FA (A), MD
(B), AD (C), and RD (D) values in monkeys after 21 days of HDBR, compared to pre-HDBR (PFWE <0.05). The white matter regions with green color 
represent the FA skeleton. R, right; L, left; T1, pre-HDBR; T2, 21 days of HDBR.

is typically associated with white matter injury, demyelination, or 
tract disarray (Alexander et al., 2007). MD represents the average 
rate of water diffusion in all directions within the brain tissue. 
Decreased MD suggests restricted water diffusion, which may result 
from increased cellular density or enhanced fiber tract integrity. AD 

and RD reflect water diffusion rates parallel and perpendicular to 
fiber tracts, respectively. AD reduction often correlates with axonal 
damage, where cellular necrosis leads to axonal degeneration and 
disintegration. The resulting cellular debris creates diffusion barriers 
parallel to axons, thereby lowering AD values in white matter 
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FIGURE 5
Compared with baseline, white matter difference after 42 days of HDBR. White matter regions (warm color: yellow–red) showed decreased FA (A), MD
(B), AD (C), and RD (D) values in monkeys after 42 days of HDBR (down), compared to pre-HDBR (PFWE <0.05). The white matter regions with green 
color represent the FA skeleton. R, right; L, left; T1, pre-HDBR; T3, 42 days of HDBR.

(Alegiani et al., 2019). RD reduction indicates improved myelin 
integrity, increased axonal diameter/density, or perimyelinic edema, 
which restricts water diffusion perpendicular to fibers (Shekari and 
Nozari, 2023). This study observed significant decreases in FA, MD, 
AD, and RD during HDBR, suggesting that white matter alterations 
involve not only structural impairment but also concurrent myelin 
reinforcement and repair processes.

We found a decrease in the FA value in the left ILF and 
left FX after HDBR. These fiber tracts are primarily connected 
to the hippocampus, so their impairment may consequently 
lead to impaired hippocampal-related neurological functions, 
potentially resulting in declines in memory, emotion regulation, and 
executive functions. The ILF consists of long and short association 
fibers originating from the middle and inferior temporal gyri, 
parahippocampal gyrus, hippocampus, amygdala, and temporal 
pole. It connects the occipital cortex with the anterior temporal lobe 
and amygdala, terminating in the peristriate region (Maller et al., 
2019). More than 40% of these fibers form hippocampal pathways, 
making them crucial for memory processes (Latini et al., 2017; 
Chen et al., 2020; Chen et al., 2022). As a part of the limbic 
system, the FX originates from the hippocampus and stretches to the 
diencephalon and basal forebrain (Kantarci, 2014). It plays a crucial 
role in emotion regulation and memory formation in cognitive 
processes. Our previous work proved that neurogenesis and 
proinflammatory mediators in the hippocampus could be affected 
in simulated microgravity (Lin et al., 2020). Although we found 
no alternation in the hippocampus by DTI, impairment of limbic 
fiber integrity may be associated with that of the hippocampus. After 

42 days of HDBR, regions of reduced FA expanded but remained in 
the left ILF, suggesting that as the duration of microgravity exposure 
increases, the damage to hippocampal-related fiber connectivity 
progressively worsens.

Our findings also demonstrated AD reduction in the left 
SLF, left ILF, left CST, left FAT, right UF, and bilateral IFO in 
rhesus during HDBR, indicating that WM tract damage may 
cause dysfunction of spatial awareness, voluntary motion, emotion 
regulation, and language. Visuospatial orientation is a critical 
concern in microgravity research as impairments in these functions 
could pose significant risks to operational tasks in microgravity 
environments. The IFO, one of the major association tracts 
mediating visuospatial awareness (Voets et al., 2017; Herbet et al., 
2017; Urbans et al., 2008), is a direct connection between ventral 
occipital and frontal regions. In some cases, a lesion in the IFO 
may contribute to neglect by impairing the top–down modulation 
of visual areas from the frontal cortex. As one of the longest 
association tracts in the brain, SLF connects the superior parietal 
to superior frontal lobes longitudinally along the dorsal premotor 
and dorsolateral prefrontal regions (Catani et al., 2002). SLF fibers 
adjacent to the superior parietal and frontal regions engage in the 
voluntary orientation of spatial attention through several networks 
(Wang et al., 2020), governing the working memory, integration, 
and attentional allocation of spatial information. The corticospinal 
tract (CST) is one of the most critical motor pathways in the central 
nervous system (Natali et al., 2025). Previous quantitative MRI 
studies on astronauts post-spaceflight revealed asymmetries in FA 
and MD within the bilateral corticospinal tracts (Hasan et al., 2018). 
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FIGURE 6
Post hoc analysis of white matter difference among pre-HDBR and 21 and 42 days post-HDBR. ns, no significance; ∗∗∗, P < 0.001; T1, pre-HDBR; T2, 
21 days of HDBR; T3, 42 days of HDBR. (A) Group difference in FA (T3 < T1). (B) Group difference in MD (T3 < T1). (C) Group difference in AD (T3 < T1).
(D) Group difference in RD (T3 < T1).

In addition, an early study demonstrated increased excitability 
of the corticospinal tract during HDBR (Roberts et al., 2010). 
CST emerged as a primary focus for microgravity studies for 

controlling voluntary movements of the limbs and trunk. Impaired 
motor function in microgravity has been a persistent challenge in 
spaceflight, with countermeasures such as resistance training.
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FIGURE 7
Different brain areas in ReHo among pre-HDBR and 21 and 42 days post-HDBR and post hoc analysis. ∗∗∗, P < 0.001; ns, no significant; T1, pre-HDBR; 
T2, 21 days of HDBR; T3, 42 days of HDBR. (A) Group difference in FA (T2 < T1). (B) Group difference in MD (T2 < T1). (C) Group difference in AD (T2 < 
T1). (D) Group difference in RD (T2 < T1).

TABLE 4  Significant clusters displaying an alternation in ReHo after HDBR (voxel P < 0.001, cluster P < 0.05, PFWE < 0.05).

Estimated area  Peak of mass F Value Cluster size (voxel)  Standardized ReHo

X Y Z T1 T2 T3

L-RN −11 −10.5 5 49.0041 16 −0.57 ± 0.29 −0.42 ± 0.38 0.28 ± 0.28

ReHo, regional homogeneity; L, left; RN, reticular nucleus.

Additionally, white matter regions showed decreased MD and 
RD values after HDBR compared to pre-HDBR, including the 
bilateral ATR, bilateral FAT, bilateral UF, MCP, and left SLF tracts. 
These MD and RD reductions may be attributed to increased 
fiber density and enhanced connectivity within these tracts, which 
disturbed water molecule diffusion, particularly in the vertical 
direction to the axon. As a projection fiber linking the thalamus 
and prefrontal cortex, the ATR regulates cortical–subcortical 
interactions (Ayyıldız et al., 2023). Specifically, it mediates emotional 
regulation, reward-seeking behavior, and motivational processes, so 
its impairment represents a critical neural mechanism in psychiatric 
disorders like depression and bipolar disorder (Denier et al., 2020). 
The damage to the ILF and UF fiber tracts may contribute to 
emotional regulation dysfunction in microgravity environments. 
Simultaneously, we observed enhanced myelin integrity in the 
bilateral anterior thalamic radiation (ATR) fiber tracts, suggesting 
a potential shift in key neural hubs responsible for emotional 

modulation. FAT is implicated in specific executive functions, such 
as inhibitory control and conflict management and general motor 
regulation, as it is connected to the inferior frontal gyrus, pre-
supplementary motor area, and subcortical structures (Dick et al., 
2019). MCP, the primary fiber tract connecting the pons to the 
cerebellum, relays motor and cognitive information from the 
cerebral cortex to the cerebellum, with its core function being motor 
coordination (Jiang et al., 2020). The decreased MD and RD in MCP 
indicated enhanced myelination and increased axonal density. So the 
structural improvements may boost neural conduction efficiency, 
thereby augmenting its role in motor coordination. Although 
decreased MD and RD may reflect enhanced myelination or 
axonal density, an alternative explanation involves cytotoxic edema 
in glial cells. Such edema could compress axons and dendrites, 
physically obstructing water diffusion and lowering MD and RD 
values. Thus, further research is needed to clarify the molecular 
mechanisms underlying these observations. 
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4.3 Resting-state functional activity change

The fMRI results of this study revealed that simulated 
microgravity induces an increase in ReHo in the left RN of 
the thalamus. ReHo measures the temporal synchronization 
of BOLD signal fluctuations among neighboring voxels within 
a brain region, and the standardized ReHo reflects enhanced 
local functional synchronization, suggesting heightened neural 
activity or improved coordination in the region. Compared to 
pre-HDBR baseline levels, HDBR caused significant changes 
in ReHo values in the left RN region, with these changes 
continuing over prolonged HDBR exposure. RN is a thin layer 
of gray matter located between the lateral thalamic nuclei and 
the internal capsule. RN suppresses thalamic excitatory neurons 
via GABA release, thereby serving as a gatekeeper to regulate 
rhythmic activity in the thalamus and cortex. This inhibitory 
control enables the RN to modulate thalamus-related behavioral 
processes, particularly attention regulation, sleep–wake cycles 
(Barthó et al., 2014), and social memory (Feidi et al., 2024). 
Similar to a previous 72-h HDBR study (Liao et al., 2012), 
the thalamus has been recognized as a key target for neural 
alterations under microgravity. In our study, the enhanced local 
synchronization in the RN may reflect compensatory upregulation 
of inhibitory control within thalamus-related neural circuits 
under simulated microgravity. This could represent an adaptive 
mechanism to counteract disrupted sensory–motor integration 
or altered thalamocortical dynamics in a gravity-deprived 
environment. 

4.4 Dynamic changes

Microgravity is a major stressor in the brain and produces 
significant effects in sensorimotor and vestibular brain regions 
(Willey et al., 2021). Previous evidence that prolonged microgravity 
leads to a progressive loss in cognitive function is sparse. The 
inability to obtain in-flight test from astronauts prevents observation 
of dynamic changes, thus creating a critical gap in longitudinal 
studies within this field. This study first reported dynamic brain 
changes in rhesus simulated microgravity models through MRI. 
The gray matter, white matter, and regional functional activity 
changes were mostly aggravated with time variation. The post hoc
analysis of these changes suggested that significant changes are 
likely to occur at an earlier stage of simulated microgravity in 
rhesus monkeys. HDBR experiments on human volunteers showed 
that HDBR implied self-adaption or compensatory mechanisms to 
meet complex demands in cognitive flexibility, spatial navigation, 
and motor control functions (Zeng et al., 2016; Lia et al., 2015). 
Microgravity induces changes in the quantity and morphology of 
cortical synapses (DeFelipe et al., 2002) and neurogenesis in the 
hippocampus (Zhang et al., 2019), suggesting that Earth’s gravity is a 
necessary environment for normal synaptic development (Mao et al., 
2024). Thus, our findings provide new insights into the effects of 
microgravity on the central nervous system and suggest potential 
neuroplastic mechanisms. In addition, we highlight significant 
microgravity-induced changes in visuospatial and motor-related 
brain regions in rhesus monkeys, involving gray matter volume, 
white matter integrity, and functional activity.

Moreover, we first synchronously reported the gray matter, 
white matter, and regional functional activity changes at the 
voxel-wise level. The study revealed that structural and functional 
changes under simulated microgravity occurred particularly in the 
brain regions associated with visuospatial cognition and motor 
control. Visuospatial cognition refers to the ability to perceive 
and analyze visual and vestibular information to determine the 
position, orientation, distance, and spatial relationships of objects or 
oneself. A study on astronauts found that spaceflight reduces neural 
connectivity between the occipital gyrus and other brain regions 
during spatial working memory (SWM) tasks (Salazar et al., 2023). 
Roberts et al. found that white matter regions emerged as significant 
predictors of altered visuospatial cognition (Roberts et al., 2019). We 
found that GMV of the left occipital gyrus significantly decreased, 
while the white matter integrity of the bilateral IFO was impaired. 
These changes may be linked to restricted visual information 
processing and vestibular dysfunction in microgravity, potentially 
leading to visuospatial deficits. Additionally, enhanced white 
matter fibers in the left SLF were observed at 21 days of simulated 
microgravity, suggesting possible compensatory mechanisms for 
visuospatial orientation. However, this enhancement was not 
detected at 42 days; instead, impaired white matter connectivity 
was observed in the SLF, indicating progressive fiber tract 
damage with prolonged microgravity exposure. Notably, previous 
DTI studies on astronauts frequently reported impairment of 
occipital-related white matter tracts (Riascos et al., 2019), whereas 
similar changes in SLF and IFO tracts were not observed. 
The HDBR experiment imposed more direct challenges to 
visuospatial orientation, so we may potentially enhance the 
sensitivity for detecting microgravity-induced effects on visuospatial 
abilities. These neuroplastic changes may serve as a critical 
strategy for adapting to abnormal visual–vestibular integration in
microgravity.

Motor function, which involves the extrapyramidal system 
(for motor coordination), cerebellar circuits (for balance and 
precision), and the pyramidal tract (for voluntary movement), 
also exhibited adaptive changes. The study detected increased 
GMV in the putamen, enhanced white matter integrity in the 
MCP, and strengthened functional activity in the left reticular 
nucleus of the thalamus, suggesting adjustments in movement 
precision and coordination to adapt to the altered gravitational 
environment. However, white matter damage in the CST was 
observed, possibly compensating for unilateral impairment. 
Reduced limb activity and diminished gravitational loading have 
led current research to primarily attribute post-microgravity 
motor decline to muscle atrophy and bone loss. The findings 
further suggest that reasons of motor deficits in microgravity 
are due to factors beyond muscle atrophy. Such complex neural 
reconnection could hinder motor recovery, highlighting the need 
for integrated neuromuscular and neurostructural rehabilitation
strategies. 

4.5 Limitations

We found alternation in gray matter, white matter, and 
functional activity at the voxel-wise level after HDBR; however, 
there are still some limitations. The study’s small sample size might 
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have biased our results, and non-human primates were used as the 
subjects. Our preliminary results need to be verified with more data 
in the future. Comparing research on large animal models with 
changes observed in astronauts or terrestrial analogs can help clarify 
whether animal studies could be an alternative scheme. The study’s 
self-controlled design limits our ability to determine whether the 
observed changes result specifically from simulated microgravity 
or co-occurring physiological alterations inherent to the HDBR 
model. In particular, the effects of immobilization itself may lead to 
decreased gray matter volume and white matter integrity changes 
in motor-related regions (Langer et al., 2012; Opie et al., 2016). 
Furthermore, repeated anesthesia may influence brain cerebral 
blood flow and neural connectivity (Li et al., 2021; Ma et al., 
2019). Future studies incorporating a horizontal bed rest control 
group would be valuable to isolate more specific effects. Moreover, 
comprehensive experimental designs are required to determine the 
exact role of these structural changes. Behavior tests and cellular tests 
could be used to verify the relationship between the neurological 
function and MRI-based changes. 

5 Conclusion

The brain’s adaptation to microgravity results from 
synergistic regulation of gray matter, white matter, and 
functional networks (Seidler et al., 2024). However, inconsistent 
findings currently preclude definitive evidence for such 
coordination. Our results suggested that monkey models of 
microgravity can be related to regionally specific alternations 
in gray matter, fiber tract, and neural activity. Some of these 
changes reflect damage to brain tissue and neural connections, 
while others involve reconstruction and reconnection. Generally, 
the subtle but significant MRI-based changes showed that rhesus 
monkeys’ brains require greater neuronal recruitment to maintain 
normal performance under simulated microgravity. The findings 
underlined the brain’s compensatory plasticity in adapting to the 
unique challenges of microgravity, offering critical implications for 
understanding neural adaptation in spaceflight. These findings may 
also provide valuable insights for human research. We hope that our 
results can improve the understanding of microgravity mechanisms 
and provide valuable references and guidance for future research 
and diagnosis.

Data availability statement

The raw data supporting the conclusions of this article will be 
made available by the authors, without undue reservation.

Ethics statement

The animal study was approved by the Experimental Animal 
Management and Use Committee of the China Astronaut Research 
and Training Center. The study was conducted in accordance with 
the local legislation and institutional requirements.

Author contributions

JrW: Data curation, Formal Analysis, Methodology, 
Visualization, Writing – original draft, Writing – review and 
editing. DZ: Conceptualization, Resources, Validation, Writing – 
original draft, Writing – review and editing. CZ: Data curation, 
Methodology, Project administration, Visualization, Writing – 
review and editing. XX: Formal Analysis, Supervision, Validation, 
Writing – review and editing. XZ: Formal Analysis, Methodology, 
Writing – review and editing. RL: Data curation, Formal Analysis, 
Investigation, Resources, Writing – review and editing. KX: Data 
curation, Methodology, Writing – review and editing. YZ: Data 
curation, Resources, Writing – review and editing. YT: Investigation, 
Resources, Writing – review and editing. DL: Investigation, Writing 
– review and editing. LL: Investigation, Writing – review and editing. 
SZ: Data curation, Writing – review and editing. YL: Data curation, 
Writing – review and editing. JgW: Conceptualization, Funding 
acquisition, Project administration, Writing – review and editing. 
JD: Conceptualization, Methodology, Project administration, 
Supervision, Validation, Writing – review and editing. 

Funding

The author(s) declare that financial support was received for 
the research and/or publication of this article. This research was 
supported by Grant from The Major Project Fund of the Logistics 
Research Program.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Generative AI statement

The author(s) declare that no Generative AI was used in the 
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in 
this article has been generated by Frontiers with the support of 
artificial intelligence and reasonable efforts have been made to 
ensure accuracy, including review by the authors wherever possible. 
If you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or claim 
that may be made by its manufacturer, is not guaranteed or endorsed 
by the publisher.

Frontiers in Physiology 13 frontiersin.org

https://doi.org/10.3389/fphys.2025.1634366
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org


Wang et al. 10.3389/fphys.2025.1634366

References

Alegiani, A. C., MacLean, S., Braass, H., Gellißen, S., Cho, T. H., Derex, L., et al. 
(2019). Dynamics of water diffusion changes in different tissue compartments from 
acute to chronic Stroke-A serial diffusion tensor imaging study. Front. Neurol. 10, 158. 
doi:10.3389/fneur.2019.00158

Alexander, A. L., Lee, J. E., Lazar, M., and Field, A. S. (2007). Diffusion tensor imaging 
of the brain. Neurotherapeutics 4, 316–329. doi:10.1016/j.nurt.2007.05.011

Ayyıldız, N., Beyer, F., Üstün, S., Kale, E. H., Mançe Çalışır, Ö., Uran, P., et al. (2023). 
Changes in the superior longitudinal fasciculus and anterior thalamic radiation in the 
left brain are associated with developmental dyscalculia. Front. Hum. Neurosci. 17, 
1147352. doi:10.3389/fnhum.2023.1147352

Barthó, P., Slézia, A., Mátyás, F., Faradzs-Zade, L., Ulbert, I., Harris, K. D., et al. (2014). 
Ongoing network state controls the length of sleep spindles via inhibitory activity. 
Neuron 82, 1367–1379. doi:10.1016/j.neuron.2014.04.046

Basser, P. J., Mattiello, J., and LeBihan, D. (1994). MR diffusion tensor spectroscopy 
and imaging. Biophys. J. 66, 259–267. doi:10.1016/S0006-3495(94)80775-1

Burles, F., Williams, R., Berger, L., Pike, G. B., Lebel, C., and Iaria, G. (2023). The 
unresolved methodological challenge of detecting neuroplastic changes in astronauts. 
Life (Basel) 13, 500. doi:10.3390/life13020500

Catani, M., Howard, R. J., Pajevic, S., and Jones, D. K. (2002). Virtual in vivo
interactive dissection of white matter fasciculi in the human brain. Neuroimage 17, 
77–94. doi:10.1006/nimg.2002.1136

Chen, H., Huang, L., Li, H., Qian, Y., Yang, D., Qing, Z., et al. (2020). Microstructural 
disruption of the right inferior fronto-occipital and inferior longitudinal fasciculus 
contributes to WMH-related cognitive impairment. CNS Neurosci. Ther. 26, 576–588. 
doi:10.1111/cns.13283

Chen, Y., Ton That, V., Ugonna, C., Liu, Y., Nadel, L., and Chou, Y. H. (2022). Diffusion 
MRI-guided theta burst stimulation enhances memory and functional connectivity 
along the inferior longitudinal fasciculus in mild cognitive impairment. Proc. Natl. 
Acad. Sci. U. S. A. 119, e2113778119. doi:10.1073/pnas.2113778119

Chen, L., Hu, J., Hu, B. B., Cui, Y. J., Zhang, X. Y., Yang, X. Y., et al. 
(2024). Research progress on the role of central cholinergic system in gait deficits 
and balance disturbances in Parkinson’s disease. Chin. J. Neurol. 57, 1163–1168. 
doi:10.3760/cma.j.cn113694-20240104-00012

Convertino, V. A., Koenig, S. C., Krotov, V. P., Fanton, J. W., Korolkov, V. I., 
Trambovetsky, E. V., et al. (1998). Effects of 12 days exposure to simulated microgravity 
on central circulatory hemodynamics in the rhesus monkey. Acta Astronaut. 42, 
255–263. doi:10.1016/s0094-5765(98)00122-2

DeFelipe, J., Arellano, J. I., Merchán-Pérez, A., González-Albo, M. C., Walton, K., and 
Llinás, R. (2002). Spaceflight induces changes in the synaptic circuitry of the postnatal 
developing neocortex. Cereb. Cortex 12, 883–891. doi:10.1093/cercor/12.8.883

Denier, N., Walther, S., Schneider, C., Federspiel, A., Wiest, R., and Bracht, T. 
(2020). Reduced tract length of the medial forebrain bundle and the anterior thalamic 
radiation in bipolar disorder with melancholic depression. J. Affect Disord. 274, 8–14. 
doi:10.1016/j.jad.2020.05.008

Dick, A. S., Garic, D., Graziano, P., and Tremblay, P. (2019). The frontal aslant tract 
(FAT) and its role in speech, language and executive function. Cortex 111, 148–163. 
doi:10.1016/j.cortex.2018.10.015

Feidi, W., Huan, S., Mingyue, C., Feng, B., Lu, Y., Lyu, M., et al. (2024). The 
thalamic reticular nucleus orchestrates social memory. Neuron 112, 2368–2385.e11. 
doi:10.1016/j.neuron.2024.04.013

Goldman-Rakic, P. S., and Rakic, P. (1991). Preface: cerebral cortex has come of age. 
Cereb. Cortex 1, 1–47. doi:10.1093/cercor/1.1.1

Hao, K., and Zhou, Z. (2020). Research on the formation mechanism 
and measurement method of stereoscopic vision. Int. Eye Sci. 20, 500–503. 
doi:10.3980/j.issn.1672-5123.2020.3.21

Hargens, A. R., and Vico, L. (2016). Long-duration bed rest as an analog to 
microgravity. J. Appl. Physiol. 120, 891–903. doi:10.1152/japplphysiol.00935.2015

Hasan, K. M., Mwangi, B., Keser, Z., Riascos, R., Sargsyan, A. E., and Kramer, L. A. 
(2018). Brain quantitative MRI metrics in astronauts as a unique professional group. J. 
Neuroimaging 28, 256–268. doi:10.1111/jon.12501

Herbet, G., Yordanova, Y. N., and Duffau, H. (2017). Left spatial neglect evoked by 
electrostimulation of the right inferior fronto-occipital fasciculus. Brain Topogr. 30, 
747–756. doi:10.1007/s10548-017-0574-y

Hupfeld, K. E., McGregor, H. R., Koppelmans, V., Beltran, N. E., Kofman, I. 
S., De Dios, Y. E., et al. (2022). Brain and behavioral evidence for reweighting 
of vestibular inputs with long-duration spaceflight. Cereb. Cortex 32, 755–769. 
doi:10.1093/cercor/bhab239

Ja, G., Ja, P., and Am, O. (2008). The cognitive functions of the caudate nucleus. Prog. 
Neurobiol. 86, 141–155. doi:10.1016/j.pneurobio.2008.09.004

Jiang, J., Wang, J., Lin, M., Wang, X., Zhao, J., and Shang, X. (2020). Bilateral middle 
cerebellar peduncle lesions: neuroimaging features and differential diagnoses. Brain 
Behav. 10, e01778. doi:10.1002/brb3.1778

Kantarci, K. (2014). Fractional anisotropy of the fornix and hippocampal atrophy in 
Alzheimer’s disease. Front. Aging Neurosci. 6, 316. doi:10.3389/fnagi.2014.00316

Koppelmans, V., Bloomberg, J. J., Mulavara, A. P., and Seidler, R. D. (2016). Brain 
structural plasticity with spaceflight. Microgravity 2, 2. doi:10.1038/s41526-016-0001-9

Langer, N., Hänggi, J., Müller, N. A., Simmen, H. P., and Jäncke, L. (2012). 
Effects of limb immobilization on brain plasticity. Neurology 78, 182–188. 
doi:10.1212/WNL.0b013e31823fcd9c

Latini, F., Mårtensson, J., Larsson, E.-M., Fredrikson, M., Åhs, F., Hjortberg, M., et al. 
(2017). Segmentation of the inferior longitudinal fasciculus in the human brain: a white 
matter dissection and diffusion tensor tractography study. Brain Res. 1675, 102–115. 
doi:10.1016/j.brainres.2017.09.005

Li, C. X., Kempf, D., Howell, L., and Zhang, X. (2021). Effects of alfaxalone on cerebral 
blood flow and intrinsic neural activity of rhesus monkeys: a comparison study with 
ketamine. Magn. Reson Imaging 75, 134–140. doi:10.1016/j.mri.2020.10.011

Liao, Y., Lei, M., Huang, H., Wang, C., Duan, J., Li, H., et al. (2015). The time course 
of altered brain activity during 7-day simulated microgravity. Front. Behav. Neurosci. 9, 
124. doi:10.3389/fnbeh.2015.00124

Liao, Y., Zhang, J., Huang, Z., Xi, Y., Zhang, Q., Zhu, T., et al. (2012). Altered baseline 
brain activity with 72 h of simulated microgravity – initial evidence from resting-state 
fMRI. PLoS ONE 7, e52558. doi:10.1371/journal.pone.0052558

Lin, T., Du, J., Liu, L., Wu, Z., Kong, X., Liu, Y., et al. (2020). Treatment with 
minocycline suppresses microglia activation and reverses neural stem cells loss after 
simulated microgravity. BioMed Res. Int. 2020, 7348745–10. doi:10.1155/2020/7348745

Ma, L., Liu, W., and Hudson, A. E. (2019). Propofol anesthesia increases long-
range frontoparietal corticocortical interaction in the oculomotor circuit in macaque 
monkeys. Anesthesiology 130, 560–571. doi:10.1097/ALN.0000000000002637

Maller, J. J., Welton, T., Middione, M., Callaghan, F. M., Rosenfeld, J. V., and Grieve, 
S. M. (2019). Revealing the hippocampal connectome through super-resolution 1150-
Direction diffusion MRI. Sci. Rep. 9, 2418. doi:10.1038/s41598-018-37905-9

Mao, X. W., Pecaut, M. J., Stanbouly, S., and Nelson, G. (2024). Oxidative 
stress, neuroinflammation, and the blood-brain barrier biomarkers on the brain 
response to spaceflight. Life Sci. Space Res. (Amst) 43, 22–28. doi:10.1016/j.lssr.2024.
08.001

Moore, S. T., MacDougall, H. G., and Paloski, W. H. (2010). Effects of head-down 
bed rest and artificial gravity on spatial orientation. Exp. Brain Res. 204, 617–622. 
doi:10.1007/s00221-010-2317-0

Moore, S. T., Dilda, V., Morris, T. R., Yungher, D. A., MacDougall, H. G., and Wood, S. 
J. (2019). Long-duration spaceflight adversely affects post-landing operator proficiency. 
Sci. Rep. 9, 2677. doi:10.1038/s41598-019-39058-9

Natali, A. L., Reddy, V., and Bordoni, B. (2025). “Neuroanatomy, Corticospinal cord 
tract,” in StatPearls (Treasure Island (FL): StatPearls Publishing).

Opie, G. M., Evans, A., Ridding, M. C., and Semmler, J. G. (2016). Short-
term immobilization influences use-dependent cortical plasticity and fine motor 
performance. Neuroscience 330, 247–256. doi:10.1016/j.neuroscience.2016.06.002

Ozdemir, R. A., Goel, R., Reschke, M. F., Wood, S. J., and Paloski, W. H. (2018). 
Critical role of somatosensation in postural control following spaceflight: vestibularly 
deficient astronauts are not able to maintain upright stance during compromised 
somatosensation. Front. Physiol. 9, 1680. doi:10.3389/fphys.2018.01680

Porte, Y., and Morel, J.-L. (2012). Learning on Jupiter, learning on the moon: the dark 
side of the G-force. Effects of gravity changes on neurovascular unit and modulation 
of learning and memory. Front. Behav. Neurosci. 6, 64. doi:10.3389/fnbeh.2012.
00064

Riascos, R. F., Kamali, A., Hakimelahi, R., Mwangi, B., Rabiei, P., Seidler, R. D., 
et al. (2019). Longitudinal analysis of quantitative brain MRI in astronauts following 
microgravity exposure. J. Neuroimaging 29, 323–330. doi:10.1111/jon.12609

Roberts, D. R., Ramsey, D., Johnson, K., Kola, J., Ricci, R., Hicks, C., et al. (2010). 
Cerebral cortex plasticity after 90 days of bed rest: data from TMS and fMRI. Aviat. 
Space Environ. Med. 81, 30–40. doi:10.3357/asem.2532.2009

Roberts, D. R., Albrecht, M. H., Collins, H. R., Asemani, D., Chatterjee, A. R., 
Spampinato, M. V., et al. (2017). Effects of spaceflight on astronaut brain structure as 
indicated on MRI. N. Engl. J. Med. 377, 1746–1753. doi:10.1056/NEJMoa1705129

Roberts, D. R., Asemani, D., Nietert, P. J., Eckert, M. A., Inglesby, D. C., Bloomberg, 
J. J., et al. (2019). Prolonged microgravity affects human brain structure and function. 
AJNR Am. J. Neuroradiol. 40, 1878–1885. doi:10.3174/ajnr.A6249

Roberts, D. R., Collins, H. R., Lee, J. K., Taylor, J. A., Turner, M., Zaharchuk, G., 
et al. (2021). Altered cerebral perfusion in response to chronic mild hypercapnia and 
head-down tilt bed rest as an analog for spaceflight. Neuroradiology 63, 1271–1281. 
doi:10.1007/s00234-021-02660-8

Rohlfing, T., Kroenke, C. D., Sullivan, E. V., Dubach, M. F., Bowden, D. M., 
Grant, K. A., et al. (2012). The INIA19 template and NeuroMaps atlas for primate 
brain image parcellation and spatial normalization. Front. Neuroinform 6, 27. 
doi:10.3389/fninf.2012.00027

Frontiers in Physiology 14 frontiersin.org

https://doi.org/10.3389/fphys.2025.1634366
https://doi.org/10.3389/fneur.2019.00158
https://doi.org/10.1016/j.nurt.2007.05.011
https://doi.org/10.3389/fnhum.2023.1147352
https://doi.org/10.1016/j.neuron.2014.04.046
https://doi.org/10.1016/S0006-3495(94)80775-1
https://doi.org/10.3390/life13020500
https://doi.org/10.1006/nimg.2002.1136
https://doi.org/10.1111/cns.13283
https://doi.org/10.1073/pnas.2113778119
https://doi.org/10.3760/cma.j.cn113694-20240104-00012
https://doi.org/10.1016/s0094-5765(98)00122-2
https://doi.org/10.1093/cercor/12.8.883
https://doi.org/10.1016/j.jad.2020.05.008
https://doi.org/10.1016/j.cortex.2018.10.015
https://doi.org/10.1016/j.neuron.2024.04.013
https://doi.org/10.1093/cercor/1.1.1
https://doi.org/10.3980/j.issn.1672-5123.2020.3.21
https://doi.org/10.1152/japplphysiol.00935.2015
https://doi.org/10.1111/jon.12501
https://doi.org/10.1007/s10548-017-0574-y
https://doi.org/10.1093/cercor/bhab239
https://doi.org/10.1016/j.pneurobio.2008.09.004
https://doi.org/10.1002/brb3.1778
https://doi.org/10.3389/fnagi.2014.00316
https://doi.org/10.1038/s41526-016-0001-9
https://doi.org/10.1212/WNL.0b013e31823fcd9c
https://doi.org/10.1016/j.brainres.2017.09.005
https://doi.org/10.1016/j.mri.2020.10.011
https://doi.org/10.3389/fnbeh.2015.00124
https://doi.org/10.1371/journal.pone.0052558
https://doi.org/10.1155/2020/7348745
https://doi.org/10.1097/ALN.0000000000002637
https://doi.org/10.1038/s41598-018-37905-9
https://doi.org/10.1016/j.lssr.2024.08.001
https://doi.org/10.1016/j.lssr.2024.08.001
https://doi.org/10.1007/s00221-010-2317-0
https://doi.org/10.1038/s41598-019-39058-9
https://doi.org/10.1016/j.neuroscience.2016.06.002
https://doi.org/10.3389/fphys.2018.01680
https://doi.org/10.3389/fnbeh.2012.00064
https://doi.org/10.3389/fnbeh.2012.00064
https://doi.org/10.1111/jon.12609
https://doi.org/10.3357/asem.2532.2009
https://doi.org/10.1056/NEJMoa1705129
https://doi.org/10.3174/ajnr.A6249
https://doi.org/10.1007/s00234-021-02660-8
https://doi.org/10.3389/fninf.2012.00027
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org


Wang et al. 10.3389/fphys.2025.1634366

Salazar, A. P., McGregor, H. R., Hupfeld, K. E., Beltran, N. E., Kofman, I. S., 
De Dios, Y. E., et al. (2023). Changes in working memory brain activity and task-
based connectivity after long-duration spaceflight. Cereb. Cortex 33, 2641–2654. 
doi:10.1093/cercor/bhac232

Saleem, K. S., Avram, A. V., Glen, D., Yen, C. C. C., Ye, F. Q., Komlosh, M., 
et al. (2021). High-resolution mapping and digital atlas of subcortical regions in the 
macaque monkey based on matched MAP-MRI and histology. NeuroImage 245, 118759. 
doi:10.1016/j.neuroimage.2021.118759

Seidler, R. D., Mao, X. W., Tays, G. D., Wang, T., and Zu Eulenburg, P. (2024). 
Effects of spaceflight on the brain. Lancet Neurol. 23, 826–835. doi:10.1016/S1474-
4422(24)00224-2

Shekari, E., and Nozari, N. (2023). A narrative review of the anatomy and function 
of the white matter tracts in language production and comprehension. Front. Hum. 
Neurosci. 17, 1139292. doi:10.3389/fnhum.2023.1139292

Smith, S. M., and Nichols, T. E. (2009). Threshold-free cluster enhancement: 
addressing problems of smoothing, threshold dependence and localisation in cluster 
inference. Neuroimage 44, 83–98. doi:10.1016/j.neuroimage.2008.03.061

Smith, S. M., Jenkinson, M., Woolrich, M. W., Beckmann, C. F., Behrens, T. 
E. J., Johansen-Berg, H., et al. (2004). Advances in functional and structural MR 
image analysis and implementation as FSL. Neuroimage 23 (Suppl. 1), S208–S219. 
doi:10.1016/j.neuroimage.2004.07.051

Sun, B., Zhang, X., Liu, L., Chen, Z. H., Dai, Z. Q., and Huang, X. S. (2017). Effects 
of head-down tilt on nerve conduction in rhesus monkeys. Chin. Med. J. 130, 323–327. 
doi:10.4103/0366-6999.198925

Tang, Z., Dong, E., Liu, J., Liu, Z., Wei, W., Wang, B., et al. (2016). Longitudinal 
assessment of fractional anisotropy alterations caused by simian immunodeficiency 
virus infection: a preliminary diffusion tensor imaging study. J. Neurovirol 22, 231–239. 
doi:10.1007/s13365-015-0388-1

Tays, G. D., Hupfeld, K. E., McGregor, H. R., Salazar, A. P., De Dios, Y. E., Beltran, 
N. E., et al. (2021). The effects of long duration spaceflight on sensorimotor control and 
cognition. Front. Neural Circuits 15, 723504. doi:10.3389/fncir.2021.723504

Urbanski, M., Thiebaut de Schotten, M., Rodrigo, S., Catani, M., Oppenheim, 
C., Touzé, E., et al. (2008). Brain networks of spatial awareness: evidence from 
diffusion tensor imaging tractography. J. Neurol. Neurosurg. Psychiatry 79, 598–601. 
doi:10.1136/jnnp.2007.126276

Voets, N. L., Bartsch, A., and Plaha, P. (2017). Brain white matter fibre tracts: a 
review of functional neuro-oncological relevance. J. Neurol. Neurosurg. Psychiatry 88, 
1017–1025. doi:10.1136/jnnp-2017-316170

Wang, P., Meng, C., Yuan, R., Wang, J., Yang, H., Zhang, T., et al. (2020). 
The organization of the Human corpus callosum estimated by intrinsic functional 
connectivity with white-matter functional networks. Cereb. Cortex 30, 3313–3324. 
doi:10.1093/cercor/bhz311

Warrington, S., Bryant, K. L., Khrapitchev, A. A., Sallet, J., Charquero-Ballester, 
M., Douaud, G., et al. (2020). XTRACT - standardised protocols for automated 
tractography in the human and macaque brain. Neuroimage 217, 116923. 
doi:10.1016/j.neuroimage.2020.116923

Willey, J. S., Britten, R. A., Blaber, E., Tahimic, C. G. T., Chancellor, J., Mortreux, 
M., et al. (2021). The individual and combined effects of spaceflight radiation and 
microgravity on biologic systems and functional outcomes. J. Environ. Sci. Health C 
Toxicol. Carcinog. 39, 129–179. doi:10.1080/26896583.2021.1885283

Winkler, A. M., Ridgway, G. R., Webster, M. A., Smith, S. M., and Nichols, T. E. 
(2014). Permutation inference for the general linear model. NeuroImage 92, 381–397. 
doi:10.1016/j.neuroimage.2014.01.060

Yan, C., and Zang, Y. (2010). DPARSF: a MATLAB toolbox for “Pipeline” data analysis 
of resting-state fMRI. Front. Syst. Neurosci. 4, 13. doi:10.3389/fnsys.2010.00013

Yang, J., and Shen, Z. (2003). Effects of microgravity on human cognitive function 
in space flight. Space Med. & Med. Eng. 6, 463–467. doi:10.16289/j.cnki.1002-
0837.2003.06.018

Zatorre, R. J., Fields, R. D., and Johansen-Berg, H. (2012). Plasticity in gray and white: 
neuroimaging changes in brain structure during learning. Nat. Neurosci. 15, 528–536. 
doi:10.1038/nn.3045

Zeng, L., Liao, Y., Zhou, Z., Shen, H., Liu, Y., Liu, X., et al. (2016). Default network 
connectivity decodes brain states with simulated microgravity. Cogn. Neurodyn 10, 
113–120. doi:10.1007/s11571-015-9359-8

Zhang, X., Chu, X., Chen, L., Fu, J., Wang, S., Song, J., et al. (2019). Simulated 
weightlessness procedure, head-down bed rest impairs adult neurogenesis in the 
hippocampus of rhesus macaque. Mol. Brain 12, 46. doi:10.1186/s13041-019-0459-y

Zhu, Z., Ma, Q., Miao, L., Yang, H., Pan, L., Li, K., et al. (2021). A substantia 
innominata-midbrain circuit controls a general aggressive response. Neuron 109, 
1540–1553.e9. doi:10.1016/j.neuron.2021.03.002

Frontiers in Physiology 15 frontiersin.org

https://doi.org/10.3389/fphys.2025.1634366
https://doi.org/10.1093/cercor/bhac232
https://doi.org/10.1016/j.neuroimage.2021.118759
https://doi.org/10.1016/S1474-4422(24)00224-2
https://doi.org/10.1016/S1474-4422(24)00224-2
https://doi.org/10.3389/fnhum.2023.1139292
https://doi.org/10.1016/j.neuroimage.2008.03.061
https://doi.org/10.1016/j.neuroimage.2004.07.051
https://doi.org/10.4103/0366-6999.198925
https://doi.org/10.1007/s13365-015-0388-1
https://doi.org/10.3389/fncir.2021.723504
https://doi.org/10.1136/jnnp.2007.126276
https://doi.org/10.1136/jnnp-2017-316170
https://doi.org/10.1093/cercor/bhz311
https://doi.org/10.1016/j.neuroimage.2020.116923
https://doi.org/10.1080/26896583.2021.1885283
https://doi.org/10.1016/j.neuroimage.2014.01.060
https://doi.org/10.3389/fnsys.2010.00013
https://doi.org/10.16289/j.cnki.1002-0837.2003.06.018
https://doi.org/10.16289/j.cnki.1002-0837.2003.06.018
https://doi.org/10.1038/nn.3045
https://doi.org/10.1007/s11571-015-9359-8
https://doi.org/10.1186/s13041-019-0459-y
https://doi.org/10.1016/j.neuron.2021.03.002
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org

	1 Introduction
	2 Materials and methods
	2.1 Animals
	2.2 MRI scanning
	2.3 VBM
	2.4 DTI data analysis
	2.5 fMRI analysis
	2.6 Statistical analysis

	3 Results
	3.1 General description
	3.2 Changes in gray matter volume after HDBR
	3.3 Changes in the white matter fiber after HDBR
	3.4 Changes in the functional activity after HDBR

	4 Discussion
	4.1 Gray matter changes
	4.2 Fiber tract changes
	4.3 Resting-state functional activity change
	4.4 Dynamic changes
	4.5 Limitations

	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References

