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Background: Formation and aggregation of pathological proteins in the brain constitutes a critical 
hallmark of amyotrophic lateral sclerosis (ALS). However, the role of the glymphatic system in the clearance 
of pathological proteins in ALS remains unclear. The purpose of this cross-sectional study was to evaluate 
glymphatic system disturbance in ALS and its relation to neural function.
Methods: This study included 38 healthy controls (HCs) and 30 patients with ALS who underwent 
diffusion tensor imaging (DTI) and resting-state functional magnetic resonance imaging (rs-fMRI). The 
disease severity, duration, and progression rate of ALS were recorded. Glymphatic system function was 
indirectly evaluated by DTI analysis along the perivascular space (ALPS) surrounding the deep medullary vein. 
Neural activity was examined in sensorimotor-related brain areas by measuring amplitude of low-frequency 
fluctuation (ALFF) based on rs-fMRI. A two-sample t-test or Mann-Whitney test was used to examine 
between-group differences in ALPS, diffusivities measured along the x-, y-, and z-axis in the association 
(Dxx_association, Dyy_association, Dzz_association) and projection (Dxx_projection, Dyy_projection, Dzz_
projection) fiber areas, and ALFF indices. The associations between ALPS, diffusivities, ALFF, and clinical 
assessments were determined via Spearman correlation analysis, and diagnostic performance was evaluated 
with receiver operating characteristic curve analysis.
Results: Patients with ALS exhibited significantly decreased ALPS and increased diffusivities (Dyy_
association and Dyy_projection) as compared to HCs (all P values <0.05). Patients with ALS showed 
decreased ALFF in sensorimotor-related regions, including the bilateral primary motor and somatosensory 
areas (all P values <0.001) and left supplementary motor area (P=0.031). ALPS and diffusivities were 
correlated with ALFF in the sensorimotor-motor regions (all P values <0.05), and ALPS and ALFF 
correlated with disease severity and duration (all P values <0.05). ALPS, diffusivities, and ALFF showed 
moderate ability to diagnose ALS.
Conclusions: The glymphatic system function was impaired in ALS. This may contribute to spontaneous 
neural activity disturbance and could represent a mechanism for the development of sensorimotor deficits 
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Introduction

Amyotrophic lateral sclerosis (ALS), the most common 
motor neuron disease affecting adults, is characterized 
by progressive degeneration of both the upper and lower 
motor neurons (1). Motor neuron degeneration destabilizes 
axonal projections and leads to axonal retraction and 
denervation of the target cell, resulting in motor function 
impairment (1). Spinal-onset ALS presents most commonly 
with unilateral distal muscle weakness and atrophy of the 
upper or lower limb muscles, whereas bulbar-onset ALS 
usually presents with dysarthria or dysphagia (2). ALS 
progresses rapidly, with a median survival time of 3 years 
after the first appearance of symptoms (3), and respiratory 
failure is the most common cause of death for patients with 
ALS (1). Unfortunately, disease-modifying treatments that 
are designed to slow ALS progression, such as riluzole and 
edaravone, have highly limited efficacy (1). Importantly, 
the etiopathogenesis of ALS remains poorly understood, 
which introduces serious challenges for the development of 
effective ALS therapeutics.

It is now recognized that the formation and accumulation 
of pathological  inclusions composed of abnormal 
aggregated proteins in the brain is a key factor in multiple 
neurodegenerative diseases, including ALS (4). Transactive 
response DNA-binding protein 43 (TDP-43) is one such 
pathological protein; the ubiquitination and phosphorylation 
of TDP-43 and cytosolic TDP-43 mis-localization are 
pathological hallmarks of ALS (5,6). Studies have identified 
an increased concentration of TDP-43 in the cerebrospinal 
fluid (CSF) of patients with ALS, which serves as an indirect 
measure of TDP-43 levels in the interstitial and extracellular 
compartments of the central nervous system (7,8). In 
addition, cytosolic TDP-43 may enter the extracellular space 
via exosome-membrane fusion, passive diffusion, or release 
after cell death, all processes which are thought to be part 
of the cell-to-cell propagation mechanisms of TDP-43 (9). 
Given that the abundance of TDP-43 is closely correlated 
with the severity and progression of ALS (10-12), enhancing 

its clearance within the extracellular environment might 
be a potential therapeutic target. Notably, the clearance of 
neurotoxic proteins such as TDP-43 is associated with the 
flow of central glymphatic system (13).

It is commonly understood that since the brain lacks 
lymphatic vessels, the mechanisms that drive the clearance 
of neurotoxic proteins such as TDP-43 from the brain are 
predominantly associated with the ubiquitin-proteasome 
system and autophagy (13). In a recent study, the glymphatic 
system was found to also be involved in this process and may 
serve as a novel pathway for waste clearance in the brain (14). 
The glymphatic system is a recently discovered perivascular 
pathway of the brain involved in the exchange of CSF and 
interstitial fluid (ISF), facilitating the efficient clearance of 
solutes and waste from the brain (14). In addition to the 
elimination of waste such as lactate and neurotoxic proteins, 
the glymphatic system is also essential for the distribution 
of nonwaste compounds, including glucose, lipids, amino 
acids, growth factors, and neuromodulators, and is therefore 
critical for maintaining cerebral homeostasis (15).

Preliminary investigations of human brain glymphatic 
drainage employed dynamic contrast-enhanced magnetic 
resonance imaging (MRI) with intrathecal or intravenous 
administration of gadolinium-based contrast agents (16-18). 
However, it is worth noting that both routes are relatively 
invasive, and repeated administration of gadolinium-
based contrast agents is linked with the deposition of 
gadolinium in the brain (19). The use of alternative MRI-
based techniques have been proposed, particularly diffusion 
tensor imaging (DTI) analysis along the perivascular space 
(ALPS) (20), which may be a promising approach to the 
noninvasive evaluation of the central glymphatic system 
in humans. DTI-ALPS enables the indirect assessment 
of perivascular clearance activity in the human brain by 
calculating the diffusivity along the deep medullary vein at 
the level of the lateral ventricle body (20). Furthermore, the 
glymphatic function indirectly evaluated by DTI-ALPS has 
demonstrated a significant correlation with that measured 
by direct intrathecal tracer-based administration in  
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humans (21). The ALPS index has been observed to 
decrease in various neurodegenerative disorders, such 
as multiple sclerosis (22), Alzheimer disease (23), frontal 
lobe epilepsy (24), and Parkinson disease (25). Altered 
glymphatic system function in ALS has been similarly 
demonstrated: one study based on dynamic contrast-
enhanced MRI reported disrupted glymphatic clearance in a 
TDP-43 mouse model of ALS (26), and another study using 
DTI-ALPS reported glymphatic clearance dysfunction in 
early-stage patients with ALS (27).

Neural dysfunction, especially in the primary motor 
function and sensory function areas, is a key feature of 
ALS. For example, a resting-state electroencephalography 
(EEG) study revealed decreased spectral power and β-band 
synchrony in the sensorimotor region among patients with 
ALS, suggesting sensorimotor dysfunction (28). A task-
based functional MRI study found significant hypoactivation 
in the primary sensorimotor cortex of patients with ALS 
when performing a simple handgrip motor task (29). In 
addition, resting-state functional MRI (rs-fMRI) studies 
have revealed abnormal neural function in patients with 
ALS. For example, several studies have used the amplitude 
of low-frequency fluctuations (ALFFs) algorithm to examine 
aberrant neural functional patterns in patients with ALS 
and found ALS to be characterized by reduced intensity of 
spontaneous neural activity in the primary sensorimotor 
cortex (30-32). Although studies in this area have identified 
neural functional abnormalities in ALS, the underlying 
mechanisms of the dysfunction remain unclear.

Within this context, the aims of this study were follows: 
(I) evaluate the severity of glymphatic system dysfunction 
in patients with ALS using DTI-ALPS analysis; (II) depict 

the pattern of neural dysfunction in sensorimotor-related 
areas in patients with ALS using the ALFF algorithm; 
(III) determine the association between glymphatic system 
dysfunction and neural functional impairment in patients 
with ALS; and (IV) analyze the diagnostic value of the 
ALPS index and ALFF for ALS. We present this article in 
accordance with the STROBE reporting checklist (available 
at https://qims.amegroups.com/article/view/10.21037/
qims-24-1297/rc).

Methods

Participants

This cross-sectional study was conducted in accordance 
with the Declaration of Helsinki (as revised in 2013) and 
was approved by the Ethics Committee of Fujian Medical 
University Union Hospital (No. 2022WSJK022). All 
participants provided written informed consent. A total of 38 
healthy controls (HCs) and 30 patients with sporadic ALS, 
matched by age, sex, and education level, were enrolled. 
ALS was diagnosed using the El Escorial criteria (33), 
and patients were required to have a definite or probable 
diagnosis. Disease severity was evaluated according to the 
revised ALS Functional Rating Scale (ALSFRS-R) (34).  
In addition, the disease duration was recorded, and the 
disease progression rate was calculated as follows: disease 
progression rate = (48 − ALSFRS-R score)/disease duration. 
Participant demographic and clinical characteristics are 
provided in Table 1. The exclusion criteria for this study 
were as follows: (I) codiagnosis of other neuropsychiatric 
disorders (e.g., multiple sclerosis, Parkinson disease, 

Table 1 Participant demographics and clinical characteristics

Clinical and demographic characteristics HC group (n=38) ALS group (n=30) P value

Age (years) 52.4±8.2 51.2±11.4 0.621

Sex (female/male) 10/28 10/20 0.531

Education (years) 8.5±4.2 7.3±4.3 0.191

Diagnostic category (definite/probable) – 7/23 –

ALSFRS-R score – 38.3±7.0 –

Disease duration (months) – 10.2±6.2 –

Disease progression rate – 1.23±1.18 –

The disease progression rate was calculated as follows: disease progression rate = (48 − ALSFRS-R score)/disease duration. “–” denotes 
no data available. Continuous variables are presented as the mean ± standard deviation, and categorical variables are presented as 
counts. ALS, amyotrophic lateral sclerosis; ALSFRS-R, revised ALS Functional Rating Scale; HC, healthy control.

https://qims.amegroups.com/article/view/10.21037/qims-24-1297/rc
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Alzheimer disease, schizophrenia, or bipolar disorder); (II) 
currently receiving treatment with psychoactive drugs (e.g., 
antipsychotics, antidepressants, or sedatives); (III) presence 
of other serious comorbidities (e.g., respiratory failure, 
heart failure, or malignancy); and (IV) any contraindications 
to MRI.

MRI data acquisition

All MR images were acquired using 3-T MRI scanner 
(MAGNETOM Prisma, Siemens Healthineers, Erlangen, 
Germany) with a 64-channel head coil. T1-weighted, rs-
fMRI, and DTI images were acquired as follows: (I) the 
three-dimensional magnetization-prepared rapid gradient 
echo (MPRAGE) sequence was used for sagittal T1-
weighted image acquisition [repetition time (TR) =1,610 ms,  
echo time (TE) =2.25 ms, field of view (FOV) =224 mm × 
224 mm, matrix =224×224, flip angle =8°, slice thickness 
=1.0 mm (no interslice gap), slice number =176]. (II) The 
echo-planar imaging (EPI) sequence was used for axial rs-
fMRI image acquisition [TR =700 ms, TE =30 ms, FOV 
=228 mm × 228 mm, matrix =76×76, flip angle =50°, slice 
thickness =3.0 mm (no interslice gap), slice number =48, 
multiband factor =4, volume number =600]. (III) The spin-
echo echo-planar imaging (SE-EPI) sequence was used for 
axial DTI image acquisition [TR =2,500 ms, TE =81 ms,  
FOV =260 mm × 260 mm, matrix =130×130, flip angle 
=90°, slice thickness =2.0 mm (no interslice gap), slice 
number =72, multiband factor =4], with b values of 1,000, 
2,000, and 3,000 s/mm2 and with 64, 64, and 64 gradient 
directions, respectively. Ten images with a b value of 0 were 
also acquired.

Processing of rs-fMRI data

Preprocessing of the rs-fMRI data was performed using 
Statistical Parametric Mapping software package version 
12 (SPM12; https://www.fil.ion.ucl.ac.uk/spm/) and the 
Data Processing & Analysis of Brain Imaging toolbox 
(DPABI; https://rfmri.org/DPABI). Data were processed 
as follows: (I) removal of the first 30 volumes of rs-fMRI 
data from each participant; (II) head-motion correction 
[participants whose head motion exceeded 2° of rotation or 
2 mm of displacement in any direction were excluded (35)]; 
(III) spatial normalization for motion-corrected functional 
images to the Montreal Neurological Institute (MNI) space 
via the diffeomorphic anatomical registration through 
exponentiated lie algebra (DARTEL) algorithm (36); (IV) 

spatial smoothing using a Gaussian filter with full-width at 
half-maximum (FWHM) kernel size of 4 mm; (V) linear 
detrending and regression of nuisance covariance (including 
white matter, CSF, global signals, and head motion 
parameters calculated using the Friston 24 model); and (VI) 
band-pass filtering (0.01–0.08 Hz).

After rs-fMRI data preprocessing, the ALFF values of 
each participant were calculated according to the method 
established by a previous study (37). For a given voxel, 
the filtered time course was converted to a frequency 
domain using a fast Fourier transform to acquire the power 
spectrum. Subsequently, each frequency of the power 
spectrum was square root-transformed at each voxel. The 
average square root of the frequency range of 0.01–0.08 Hz 
was taken as the ALFF value. Finally, all ALFF values were 
standardized by mean division.

According to a previous study (38), we defined the 
sensorimotor-related brain areas using the Human 
Brainnetome Atlas (39), including the left primary motor 
area (L_M1) and right primary motor area (R_M1), the 
left premotor cortex (L_PMC) and right premotor cortex 
(R_PMC), the left primary somatosensory area (L_S1) 
and right primary somatosensory area (R_S1), and the 
left supplementary motor area (L_SMA) and the right 
supplementary motor area (R_SMA). The averaged ALFF 
value within each sensorimotor-related area was computed 
and used in the subsequent statistical analysis.

Processing of diffusion MRI data and ALPS analysis

The DTI data were preprocessed with the FMRIB’s Software 
Library (FSL) (www.jiscmail.ac.uk/lists/fsl.html) (40).  
The head motion and distortion caused by eddy currents 
were corrected first. Subsequently, an open-source library 
diffusion in Python (DIPY) (41) was used for DTI image 
reconstruction. The diffusivity along the direction of the x- 
(Dxx), y- (Dyy), and z-axis (Dzz) was calculated. Additionally, 
fractional anisotropy color (FA-color) maps were derived.

The method for DTI-ALPS calculation, which was 
obtained from a previous study (20), is summarized in 
Figure 1. On the FA-color maps, the spherical regions of 
interest (ROIs) with a 6-mm diameter were manually drawn 
in the areas of the projection fibers and association fibers at 
the level of the lateral ventricle body in the left hemisphere, 
respectively. This process was conducted with blinding in 
respect to the clinical data and other images to maintain 
objectivity and prevent potential bias. Since the perivascular 
space direction is perpendicular to both the projection and 
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association fibers, we could indirectly quantify the activity of 
the glymphatic system through the function of perivascular 
interstitial flows. The diffusivity within the projection fibers 
(Dxx_projection and Dyy_projection) and association fibers 
(Dxx_association and Dzz_association) were automatically 
derived for each individual to calculate the ALPS index 
according to the following equation (20):

( )
( )

_ , _
_ , _

mean Dxx projection Dxx association
ALPS index

mean Dyy projection Dzz association
= 	 [1]

Statistical analysis

A two-sample t test and the Mann-Whitney test were used 
to compare data with normal and skewed distributions, 
respectively. The statistical significance of the between-
group difference in ALPS, diffusivities, and ALFF was 
set as P<0.05 after false discovery rate (FDR) correction. 
Spearman correlation analysis was used to determine the 
association between ALPS, diffusivities, ALFF, and clinical 
assessments; results with a P value <0.05 were considered 
statistically significant. According to a standardized  
pipeline (42), the diagnostic performance of ALPS, 
diffusivities, and ALFF was evaluated via receiver operating 
characteristic (ROC) curve analysis using R software version 
3.5.3 (The R Foundation for Statistical Computing), and the 
area under the curve (AUC) was calculated. Furthermore, 

the sensitivity and specificity determined according to the 
optimal cutoff values were calculated.

Results

The between-group differences in the ALPS and 
diffusivities indices are displayed in Figure 2 and Table 2. 
The ALPS index was lower in the patients with ALS than in 
HCs. Patients with ALS showed increased Dyy_association 
and Dyy_projection in comparison with HCs. There was 
no significant between-group difference for the other 
diffusivities, including Dxx_association, Dxx_projection, 
Dzz_association, and Dzz_projection.

The between-group differences in the ALFF of 
sensorimotor-related brain areas are shown in Figure 3 and 
Table 3. Compared with HCs, patients with ALS showed 
decreased ALFF in the L_M1, R_M1, L_S1, R_S1, and L_
SMA. No significant between-group difference was detected 
in the ALFF of the L_PMC, R_PMC, and R_SMA regions.

The results of the correlation analysis are displayed in 
Figure 4. The ALPS index was positively correlated with 
ALFF in the L_M1 (r=0.402; P=0.028) and L_S1 (r=0.468; 
P=0.009). Dyy_association was negatively correlated with 
ALFF in the L_S1 (r=−0.397; P=0.030) and R_S1 (r=−0.406; 
P=0.026), and Dyy_projection was negatively correlated 
with ALFF in the L_M1 (r=−0.592; P=0.001), R_M1 
(r=−0.392; P=0.032), and L_S1 (r=−0.398; P=0.029). In 

A B C

FA-color

ROI

Dyy

Dxx

Projection fiber          Association fiber

Projection fiber

Perivascular space

Association fiber

Dzz

Figure 1 Process for DTI-ALPS calculation. (A) Two spherical ROIs, each with a 6-mm diameter, are drawn over the projection (red) and 
association (yellow) fibers in the left hemisphere on the FA-color map. (B) The diffusivity along the direction of the x- (Dxx), y- (Dyy), and 
z-axis (Dzz) within the projection fibers and association fibers of ROI is automatically derived. (C) The direction of the perivascular space (red 
arrow) is perpendicular to both the projection fibers (blue arrow) and association fibers (green arrow). DTI-ALPS, diffusion tensor imaging 
analysis along the perivascular space; FA, fractional anisotropy; ROIs, regions of interest.
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Figure 2 Between-group differences in the ALPS and diffusivity indices. Diffusivities are presented as apparent diffusion coefficients  
(×10−3 mm2/s). ALPS, along the perivascular space; ALS, amyotrophic lateral sclerosis; A.U., arbitrary unit; Dxx_association, the diffusivity 
along the direction of the x-axis (Dxx) within the association fibers; Dxx_projection, the diffusivity along the direction of the x-axis (Dxx) 
within the projection fibers; Dyy_association, the diffusivity along the direction of the y-axis (Dyy) within the association fibers; Dyy_
projection, the diffusivity along the direction of the y-axis (Dyy) within the projection fibers; Dzz_association, the diffusivity along the 
direction of the z-axis (Dzz) within the association fibers; Dzz_projection, the diffusivity along the direction of the z-axis (Dxx) within the 
projection fibers; HC, healthy control; sec, second. 

Table 2 Between-group differences in the ALPS and diffusivities indices

ALPS and diffusivities indices HC group, mean ± SD ALS group, mean ± SD P value (FDR-corrected)

ALPS (A.U.) 1.579±0.113 1.483±0.156 0.016

Dxx_association (×10−3 mm2/s) 0.650±0.059 0.636±0.058 0.531

Dxx_projection (×10−3 mm2/s) 0.637±0.041 0.647±0.055 0.531

Dyy_association (×10−3 mm2/s) 1.143±0.086 1.200±0.103 0.035

Dyy_projection (×10−3 mm2/s) 0.438±0.058 0.489±0.068 0.011

Dzz_association (×10−3 mm2/s) 0.381±0.068 0.383±0.061 0.907

Dzz_projection (×10−3 mm2/s) 1.093±0.069 1.088±0.085 0.907

Dxx_association, Dyy_association, and Dzz_association represent the diffusivities of the x-axis, y-axis, and z-axis, respectively, within the 
ROI of association fiber bundles. Dxx_projection, Dyy_projection, and Dzz_projection represent the diffusivities of the x-axis, y-axis, and 
z-axis, respectively, within the ROI of projection fiber bundles. Diffusivities are presented as the apparent diffusion coefficients. ALPS, 
along the perivascular space; ALS, amyotrophic lateral sclerosis; A.U., arbitrary unit;  FDR, false discovery rate; HC, healthy control; ROI, 
region of interest; SD, standard deviation; sec, second.
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Figure 3 Between-group differences in the ALFF of sensorimotor-related brain regions. ALFF, amplitude of low-frequency fluctuation; 
ALS, amyotrophic lateral sclerosis; A.U., arbitrary unit; HC; healthy control; L_M1, left primary motor area; L_PMC, left premotor cortex; 
L_S1, left primary somatosensory area; L_SMA, left supplementary motor area; R_M1, right primary motor area; R_PMC, right premotor 
cortex; R_S1, right primary somatosensory area; R_SMA, right supplementary motor area.

Table 3 Between-group differences in the ALFF of sensorimotor regions

ALFF HC group, mean ± SD ALS group, mean ± SD P value (FDR-corrected)

L_M1 (A.U.) 0.903±0.141 0.777±0.097 <0.001

R_M1 (A.U.) 0.899±0.140 0.776±0.097 <0.001

L_PMC (A.U.) 0.792±0.098 0.756±0.112 0.167

R_PMC (A.U.) 0.752±0.096 0.704±0.092 0.057

L_S1 (A.U.) 0.933±0.150 0.791±0.116 <0.001

R_S1 (A.U.) 0.911±0.158 0.777±0.100 <0.001

L_SMA (A.U.) 0.850±0.109 0.787±0.106 0.031

R_SMA (A.U.) 0.849±0.103 0.800±0.104 0.067

ALFF, amplitude of low-frequency fluctuation; ALS, amyotrophic lateral sclerosis; A.U., arbitrary unit; FDR, false discovery rate; HC, healthy 
control; L_M1, left primary motor area; L_PMC, left premotor cortex; L_S1, left primary somatosensory area; L_SMA, left supplementary 
motor area; R_M1, right primary motor area; R_PMC, right premotor cortex; R_S1, right primary somatosensory area; R_SMA, right 
supplementary motor area; SD, standard deviation.
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Figure 4 Scatterplot results from the Spearman correlation analysis. (A) The correlation between ALPS and ALFF in sensorimotor-related 
brain regions. (B,C) The correlation between diffusivities (including Dyy_association and Dyy_projection) and ALFF in sensorimotor-
related brain regions. Diffusivities are presented as apparent diffusion coefficients (×10−3 mm2/s). (D) The correlation between ALPS 
and ALSFRS-R score. (E,F) The correlation between ALFF in sensorimotor-related brain regions and clinical assessments (including 
ALSFRS-R and disease duration). ALFF, amplitude of low-frequency fluctuation; ALPS, along the perivascular space; ALSFRS-R, revised 
Amyotrophic Lateral Sclerosis Functional Rating Scale; A.U., arbitrary unit; Dyy_association, the diffusivity along the direction of the y-axis 
(Dyy) within the association fibers; Dyy_projection, the diffusivity along the direction of the y-axis (Dyy) within the projection fibers; L_
M1, left primary motor area; L_S1, left primary somatosensory area; L_SMA, left supplementary motor area; R_M1, right primary motor 
area; R_S1, right primary somatosensory area; sec, second.

addition, ALPS was positively correlated with ALSFRS-R 
(r=0.367; P=0.046). ALFF in the L_M1 (r=0.365; P=0.048), 
R_M1 (r=0.435; P=0.016), L_S1 (r=0.431; P=0.017), and 
R_S1 (r=0.490; P=0.006) was positively correlated with 
ALSFRS-R. Moreover, ALFF in the L_SMA (r=0.496; 
P=0.005) was positively correlated with ALS disease 
duration.

The results of ROC curve analysis are presented in 
Figure 5. The factors that demonstrated a moderate 
diagnostic value for ALS were the ALPS index (AUC 
=0.721; sensitivity =0.895; specificity =0.567; P=0.002) and 
Dyy_projection (AUC =0.710, sensitivity =0.553; specificity 
=0.800; P=0.003). Meanwhile, factors that demonstrated 
moderate diagnostic value for ALS included ALFF in the 

L_M1 (AUC =0.773; sensitivity =0.816; specificity =0.767; 
P<0.001), R_M1 (AUC =0.773, sensitivity =0.763, specificity 
=0.800; P<0.001), L_S1 (AUC =0.796, sensitivity =0.816, 
specificity =0.767; P<0.001), and R_S1 (AUC =0.747, 
sensitivity =0.711, specificity =0.833; P<0.001).

Discussion

This study investigated glymphatic system function in ALS 
and its association with neural dysfunction in sensorimotor-
related brain areas. The principal findings are as follows: (I) 
the ALPS index of patients with ALS was lower, indirectly 
suggesting glymphatic system dysfunction. (II) Patients 
with ALS exhibited reduced ALFF in the bilateral M1 
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and S1 and L_SMA, indicating disease-related neural 
function impairment in sensorimotor-related areas. (III) 
ALPS and diffusivity indices were associated with ALFF 
in sensorimotor-motor regions, suggesting glymphatic 
system dysfunction and white matter integrity impairment 
are related to sensorimotor deficit. Moreover, ALPS and 
ALFF correlated with clinical assessments (i.e., ALSFRS-R 
and disease duration), which indicates that glymphatic 
system dysfunction and impairment of neural function are 
associated with disease severity and development. (IV) ROC 
analysis demonstrated that ALPS, diffusivities, and ALFF 
had a moderate ability to diagnose ALS, suggesting these 
indices could be used as potential biomarkers for ALS.

Additionally, we found glymphatic system dysfunction 
in patients with ALS as demonstrated by their reduced 
ALPS indices, which agrees with the findings of previous 
studies (26,27). A reduced ALPS index reflects decreased 
water diffusivity in the perivenous spaces, which could be an 
indication of altered glymphatic flow in general (including 
inflow) (43). The aquaporin-4 (AQP-4) water channel in 
astrocytic perivascular endfeet is crucial for the glymphatic 
system, aiding CSF-ISF exchange and interstitial solute 

clearance (14). One study reported the presence of AQP-4 
dysfunction in ALS models, with increased expression in the 
brainstem and cortex, along with higher immunoreactivity in 
the facial and trigeminal nuclei and in the motor cortex (44).  
Additionally, in a mouse model, AQP-4 deficiency was 
found to lead to stagnant ISF flow and delayed waste 
clearance, suggesting that AQP-4 dysfunction may impair 
glymphatic function and contribute to ALS pathology (45).

The glymphatic  system plays  a  crucia l  role  in 
maintaining homeostasis within the central nervous system 
by incorporating vital functions such as waste clearance 
and nutrient delivery (15). A series of studies confirmed 
that after AQP-4 knockout or after inhibition of AQP-4  
with drugs, the clearance of brain amyloid-β and tau 
proteins is significantly impaired due to the destruction of 
glymphatic function (14,46). Impairment in glymphatic flow 
may impede the efflux of neurotoxic proteins, leading to 
misfolded and aggregated TDP-43 inclusions in the brain, 
spinal cord, and motor neurons in patients with ALS (13).  
The aberrant accumulation of neurotoxic proteins results 
in cellular dysfunction, loss of synaptic connections, and 
brain damage (4). In addition, the glymphatic system is 
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involved in the delivery of glucose in the brain, which is 
essential for maintaining the normal physiological function 
of neurons (47). Indeed, lowered cerebral glucose utilization 
in patients with ALS has been well documented (48,49). 
Defects in central nervous system glucose transport and 
metabolism are believed to result in reduced mitochondrial 
energy generation and increased oxidative stress, which 
is associated with the selective death of motor neurons in  
ALS (50). Therefore, it is not surprising that glymphatic 
system dysfunction could result in neural impairment in 
patients with ALS. 

Previous rs-fMRI studies on patients with ALS have 
reported abnormal spontaneous neural function in 
sensorimotor-related brain areas, including decreased ALFF 
in the primary sensorimotor area and postcentral gyrus 
(30,32), in addition to regional homogeneity reduction in 
the precentral gyrus, postcentral gyrus, and supplementary 
motor cortex (51), which is consistent with our findings. 
Other research has found that glymphatic influx correlates 
positively with cortical delta power and negatively with 
cortical beta power in electroencephalogram recordings (52),  
suggesting that glymphatic system activity is related to 
neural activity. Thus, it is reasonable to conclude that 
glymphatic system function (as reflected by ALPS index) 
is associated with neural activity (as reflected by ALFF) in 
sensorimotor-related brain areas.

This study involved several noteworthy limitations 
which should be mentioned. First, we did not measure 
the concentration of TDP-43 in the CSF, restricting our 
examination of the association between central TDP-43 
accumulation and glymphatic system function. Second, 
the sample size of this study was relatively small, which 
not only limited the statistical power, but also prevented 
us from investigating the effect of ALS heterogeneity on 
glymphatic function. In future studies, larger sample sizes 
would help capture the variability in glymphatic function 
between different ALS subgroups (e.g., based on disease 
stage and severity, site of onset, disease progression rate, 
and genotype). Additionally, multivariate analysis could be 
employed to eliminate the influence of these confounding 
factors on the research results. Third, the experimental 
design of this study was cross-sectional. A longitudinal 
design should be implemented in future studies to enable 
observations of the impact of disease progression on the 
glymphatic system. Fourth, sleep is one of the influencing 
factors of the glymphatic system, and sleep disturbance 
is a common event in patients with ALS (15,53), yet 
participants sleep status was not recorded in our study. Sleep 

assessment via the Pittsburgh Sleep Quality Index, Epworth 
Sleepiness Scale, and polysomnography should be carried 
out in future research to account for the effect of sleep as a 
potential confounding factor on glymphatic assessment (27). 
Finally, the ALPS index indirectly measures the glymphatic 
clearance function by calculating the diffusivity along the 
deep medullary vein at the level of the lateral ventricle  
body (20), which can only be achieved through a specific 
ROI and restricts the characterization of glymphatic activity 
on the whole-brain level. In future studies, fractional volume 
of free water in white matter, which calculates the fractional 
volume of free water in the brain parenchyma (i.e., brain 
ISF) from a bitensor DTI model (54), could be used to assess 
glymphatic CSF-ISF flow on the whole-brain level.

Conclusions

This study found impaired glymphatic system function in 
ALS, which may contribute to spontaneous neural activity 
disturbance and could constitute the underlying mechanism 
for the sensorimotor deficits frequently observed in patients 
with ALS. Glymphatic system function, as assessed by 
ALPS index, may serve as a potential diagnostic biomarker 
for ALS.
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