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Altered neural intrinsic oscillations 
in patients with multiple sclerosis: 
effects of cortical thickness
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Objective: To investigate the effects of cortical thickness on the identification 
accuracy of fractional amplitude of low-frequency fluctuation (fALFF) in patients 
with multiple sclerosis (MS).

Methods: Resting-state functional magnetic resonance imaging data were 
collected from 31 remitting MS, 20 acute MS, and 42 healthy controls (HCs). After 
preprocessing, we first calculated two-dimensional fALFF (2d-fALFF) maps using 
the DPABISurf toolkit, and 2d-fALFF per unit thickness was obtained by dividing 
2d-fALFF by cortical thickness. Then, between-group comparison, clinical 
correlation, and classification analyses were performed in 2d-fALFF and 2d-fALFF 
per unit thickness maps. Finally, we also examined whether the effect of cortical 
thickness on 2d-fALFF maps was affected by the subfrequency band.

Results: In contrast with 2d-fALFF, more changed regions in 2d-fALFF per unit 
thickness maps were detected in MS patients, such as increased region of the 
right inferior frontal cortex and faded regions of the right paracentral lobule, 
middle cingulate cortex, and right medial temporal cortex. There was a significant 
positive correlation between the disease duration and the 2d-fALFF values in the 
left early visual cortex in remitting MS patients (r  =  0.517, Bonferroni-corrected, 
p  =  0.008  ×  4  <  0.05). In contrast with 2d-fALFF, we detected a positive correlation 
between the 2d-fALFF per unit thickness of the right ventral stream visual cortex 
and the modified Fatigue Impact Scale (MFIS) scores (r  =  0.555, Bonferroni-
corrected, p  =  0.017  ×  4  >  0.05). For detecting MS patients, 2d-fALFF and 2d- fALFF 
per unit thickness both performed remarkably well in support vector machine 
(SVM) analysis, especially in the remitting phase (AUC  =  86, 83%). Compared with 
2d-fALFF, the SVM model of 2d-fALFF per unit thickness had significantly higher 
classification performance in distinguishing between remitting and acute MS. 
More changed regions and more clinically relevant 2d-fALFF per unit thickness 
maps in the subfrequency band were also detected in MS patients.

Conclusion: By dividing the functional value by the cortical thickness, the 
identification accuracy of fALFF in MS patients was detected to be  potentially 
influenced by cortical thickness. Additionally, 2d-fALFF per unit thickness is a 
potential diagnostic marker that can be utilized to distinguish between acute and 
remitting MS patients. Notably, we observed similar variations in the subfrequency 
band.
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1. Introduction

Multiple sclerosis (MS) is an immune-mediated chronic 
inflammatory demyelinating disease of the central nervous system 
(1), and it is labeled as “highly disabling” and “burdensome” (2). 
The clinical symptoms of MS are complex and varied, commonly 
featuring severe cognitive and motor impairments. Functional 
magnetic resonance imaging (fMRI) technology, which is regarded 
to hold promise for bridging the “imaging and clinical disparity” 
in MS patients, has been developed (3). Various fMRI analysis 
methods, such as graph theory analysis, independent component 
analysis, regional homogeneity, and functional connectivity, have 
provided new evidence for the pathophysiological mechanism of 
MS (4–7). For example, a trend toward possibly beneficial higher 
fMRI activity at early MS stages and maladaptive decreased fMRI 
activity later on in the disease is characterized by a progressive 
collapse of long-range connections and impaired hub integration 
(8, 9), driving motor and cognitive disability through a loss of 
network efficiency (10). However, when MS participants were 
examined, the resting-state fMRI results were only partially 
consistent. Numerous functional connectivity abnormalities were 
observed in MS patients; some studies indicated a notable rise in 
global connectivity levels (11–14), while others reported a decline 
in functional connectivity (15, 16). Although there are indications 
that specific connectivity patterns are peculiar to distinct disease 
stages (17), longitudinal works remain rare. Interestingly, a 
previous finding suggested that when gray matter volume was 
employed as covariate, the sex-related increase in functional 
connectivity faded (18). Therefore, we doubt whether structure 
changes affect the observation of functional changes in 
MS patients.

Although functional connectivity analysis can provide us with 
more holistic information on a set of brain regions within a network, 
it does not reveal blood oxygenation level-dependent (BOLD) signal 
changes in regional spontaneous activity. As the amplitude of 
low-frequency fluctuation (ALFF) is sensitive to physiological noise, 
the fractional ALFF (fALFF) ratio of the low-frequency power 
spectrum (0.01–0.1 Hz) to the entire frequency range can be used to 
effectively suppress the non-specific signal components of resting-
state fMRI, greatly increasing the sensitivity and specificity of 
detecting spontaneous activity in different brain regions (19, 20). 
Additionally, surface-based two-dimensional fALFF (2d-fALFF) uses 
tightly linked regional variables for cortical alignment, such as folding 
patterns, enhancing regional alignment and increasing specificity and 
retest reliability (21). Importantly, 2d-fALFF can serve as a powerful 
biomarker that reflects neuropathological changes in the disease (22). 
Moreover, Sailer and colleagues found a significant overall thinning of 
the cerebral cortex in MS patients compared with healthy controls (23).

In this study, we hypothesized that the identification accuracy of 
fALFF in MS patients may be  potentially influenced by cortical 
thickness. This effect may significantly affect the results of between-
group comparisons, clinical correlations, and classification analyses of 
MS patients. To test these hypotheses, first, as most previous MS 
research has concentrated on the damage that occurs during the 
remitting phase, it is unclear whether the neuronal oscillatory activity 
in the brain differs between the acute phase and remitting phase of 
MS. Therefore, we split MS patients into acute and remitting phases. 
Second, between-group comparison, clinical correlation, and 

classification analyses were performed in 2d-fALFF and 2d-fALFF per 
unit thickness maps.

Furthermore, the human brain’s neural oscillations in various 
frequency bands may be responsive to the activity of various brain 
areas and serve as a useful indicator of various physiological functions 
of brain activity (24–27). The frequency spectrum was decomposed 
into five different frequency bands: slow-6 (0–0.01 Hz), slow-5 (0.01–
0.027 Hz), slow-4 (0.027–0.073 Hz), slow-3 (0.073–0.198 Hz), and 
slow-2 (0.198–0.25 Hz). The slow-6, slow-3, and slow-2 oscillations 
mostly reflect very low-frequency drift, white matter signals, and 
high-frequency physiological noise, respectively. To find links between 
functional processing and illnesses, slow-4 and slow-5 oscillations are 
useful and largely connected with gray matter (25, 28). Therefore, 
we also calculated the between-group comparison, clinical correlation, 
and classification analysis of MS patients in the subfrequency band. 
Studying the neural oscillations performed in 2d-fALFF and 2d-fALFF 
per unit thickness maps could offer new insights into fMRI 
studies of MS.

2. Materials and methods

2.1. Participants

A total of 51 MS patients and 42 healthy controls (HCs) with 
approximately matched sex and age were recruited from the First 
Affiliated Hospital of Nanchang University and the local community 
from 2011 to 2021. The inclusion criteria for patients were as follows: 
(i) age 20–65 years and (ii) clinically confirmed and reviewed by the 
revised diagnostic criteria of McDonald in 2017 (29). The exclusion 
criteria for patients were as follows: (i) a history of head injury or other 
neuropsychiatric diseases; (ii) other autoimmune diseases; (iii) 
contraindications to MRI scanning; (iv) poor image quality; (v) 
excessive head motion >2.5 mm and rotation >2.5°; and (vi) 
incomplete clinical-scale assessment information. The inclusion 
criteria for HCs were as follows: (i) age 20–65 years; (ii) no previous 
or current mental illness and definite physical illness; (iii) no family 
history of mental illness. The HC exclusion criteria for HCs were as 
follows: (i) contraindications to MRI scanning; (ii) poor image quality; 
(iii) excessive head motion >2.5 mm and rotation >2.5°.

Subsequently, we divided the MS patient group into the acute 
phase and remitting phase. The acute phase mainly met several 
criteria: active attack or functional impairment lasting at least 24 h 
and/or gadolinium-enhancing lesion. The remitting phase met the 
following criterion: had not experienced a relapse in the 3 months 
preceding the MRI measurement.

2.2. Clinical and neuropsychological 
assessments

All MS patients were evaluated by the following scales: (i) Paced 
Auditory Serial Addition Test (PASAT) to detect the degree of 
impaired cognitive information processing speed; (ii) Expanded 
Disability Status Scale (EDSS) to assess the cumulative disability status 
of the current disease, where higher scores indicate a more serious 
degree of neurological deficit (EDSS score ≤ 2.5 is low disability, 
between 3 and 6 is moderate disability, and EDSS score ≥ 6.5 is severe 
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disability); (iii) Modified Fatigue Impact Scale (MFIS) scale, which 
mainly measures the effects of fatigue on the cognitive, physical, and 
psychosocial functions of MS patients.

2.3. MR imaging acquisition

MRI data were acquired using a Trio 3.0 T MRI scanner and an 
8-channel phase-controlled head coil (Siemens, Munich, Germany). 
During the scan, each subject was kept in a supine position with foam 
pads used to reduce head movement, wore earplugs, and was asked to 
close their eyes, relax, and remain awake with minimal specific 
thinking. Resting-state fMRI (rs-fMRI) images, high-resolution 3D 
T1-weighted and CE T1-weighted images were obtained for each 
participant using the following sequences:

 (i) rs-fMRI image acquisition was performed using an echo planar 
imaging sequence with gradient echo: repetition time (TR)/
echo time (TE) = 2000/30 ms, matrix = 64 × 64, field of view 
(FOV) = 210 × 210 mm, slice thickness = 4.00 mm, and 240 
time points.

 (ii) High-resolution 3D T1-weighted image acquisition was 
performed with TR/TE = 1900/2.26 ms, matrix = 240 × 256, 
FOV = 215 × 230 mm, slice thickness = 1.00 mm, and 176 
sagittal slices. After scanning, the scanning was enhanced by 
0.1 mmol/kg gadopentetate dimeglumine (Gd-DTPA).

2.4. Data preprocessing

The following preprocessing was performed on the MATLAB 
R2018b (Math Works, Inc.) platform using the DPABISurf_V1.6 
toolbox1 for the structural and functional data of each subject (30).

The processing steps for structural images included (i) spatially 
adaptive non-local mean filtering used to remove MRI space noise 
(31); (ii) intensity correction; (iii) skull stripping; (iv) brain tissue 
segmentation: cerebrospinal fluid (CSF), white matter (WM), and gray 
matter (GM); (v) brain surface reconstruction by the “recon-all” 
command in FreeSurfer 6.0.1 (32); and (vi) spatial normalization in 
“fsaverage5” space (FreeSurfer reconstruction nomenclature). Based 
on cortical atlas labels, DPABISurf provided the cortical 
thickness maps.

The functional image processing steps included (i) removal of the 
first 10 time points; (ii) skull stripping; (iii) slice-timing correction; 
(iv) head motion correction; (v) nuisance correction by regressing out 
the WM and CSF mean time series according to the WM and CSF 
masks segmented by FreeSurfer and the Friston-24 motion time series, 
except for the global signal; (vi) a boundary-based registration (BBR) 
algorithm used to register individual structural and functional images 
(33); (vii) projection of the individual preprocessed volume-based 
function image onto a standard cortical surface (fsaverage5); and (viii) 
finally, smoothing with a 6-mm full-width at half-maximum Gaussian 
kernel. We determined the midpoints of each pair of vertices on the 

1 http://rfmri.org/DPABISurf

FREESURFER-created pia meningeal and white matter surfaces. 
We were able to obtain the registration matrix between each subject’s 
native fMRI volume and structural volume using the BBR technique. 
We  then selected fsaverage5 surface space as the projection and 
interpolation target surface. The corresponding coordinates in the 
native structure space and the corresponding coordinates in the fMRI 
space for each subject’s vertex in the fsaverage5 space were determined 
first. The trilinear interpolation method was then used to interpolate 
the fMRI data based on these provided coordinates.

2.5. 2d-fALFF calculation

The 2d-fALFF values were calculated using the DPABISurf_V1.6 
toolbox and were obtained as the ratio of each frequency in the 
low-frequency range to the power in the entire frequency range 
(0–0.25 Hz). For standardization purposes, the vertex-wise fALFF data 
for each participant were converted into a z score by subtracting the 
global mean value and then dividing by the standard deviation (SD) 
of the whole-brain 2d-fALFF. Subsequently, the 2d-fALFF maps were 
divided by the cortical thickness maps to obtain the 2d-fALFF per unit 
thickness maps.

In addition to the typical band of 0.01–0.1 Hz, we calculated the 
2d-fALFF maps and 2d-fALFF per unit thickness maps in the slow-2 
band (0.198–0.25 Hz), slow-3 band (0.073–0.198 Hz), slow-4 band 
(0.027–0.073 Hz), slow-5 band (0.01–0.027 Hz), and slow-6 band 
(0–0.01 Hz).

2.6. Statistical analysis

To determine the differences between paired subgroups (remitting 
versus acute MS, acute MS versus HC groups, and remitting MS versus 
HC groups), the 2d-fALFF values and 2d-fALFF per unit thickness 
values were analyzed by analysis of variance (ANOVA) using spm12-
based DPABISurf statistical analysis with a Tukey–Kramer post hoc 
test (age and sex as covariates, family-wise error (FWE) corrected, 
vertex p-value = 0.001, two-tailed, cluster p-value = 0.025).

To examine the clinical correlation, we  conducted a partial 
correlation analysis (age and sex as covariates) between the 2d-fALFF 
and 2d-fALFF per unit thickness values with the PASAT scale scores, 
EDSS scale scores, MFIS scale scores, and disease duration in MS 
patients (P × n < 0.05, Bonferroni correction).

2.7. SVM classification analysis

The 2d-fALFF and 2d-fALFF per unit thickness value of all 
different brain regions between each subgroup in the typical band and 
subfrequency band were used as ROIs, and an SVM model was 
constructed to predict the classification of the three groups (remitting 
versus acute MS, acute MS versus HC groups, and remitting MS 
versus HC groups). To improve the interpretability of the model, 
linear kernel functions were considered in this study. The optimal 
hyperplane was found using the regularization parameter C in the 
linear kernel support vector machine model. The hyperparameter C 
retains the default settings and is verified by a 5-fold crossover, with a 
parameter search range of 2−10 to 210 and a step size of 20.2. The optimal 
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model parameters were determined by linear kernel function and 
hyperparameter search, and the optimal SVM model was selected by 
cross-validation using the leave-one-out method. Model accuracy, 
sensitivity, and specificity were calculated, and the performance of the 
model was evaluated using the receiver operating characteristic 
(ROC) curve and area under the curve (AUC). The linear SVM model 
was constructed in MATLAB R2014b using libsvm v3.24.2 To 
investigate the significance of SVM model performance in different 
frequency bands, the differences between various AUCs of the typical, 
slow-4, and slow-5 bands were compared using the Delong test (34).

3. Results

3.1. Demographic and clinical data profiling

A total of 4 remitting MS patients were excluded due to incomplete 
clinical-scale assessment information. Moreover, 27 remitting MS 
patients, 20 acute MS patients, and 42 HCs were entered into the final 
analysis. The demographic and clinical information are shown in 
Table  1. There were no significant differences between the three 
groups in terms of age or sex. The median EDSS scores of patients in 
the remitting and acute MS groups were 1 and 2.5, respectively.

3.2. Between-group comparison

Figure 1 and Table 2 show the alteration of the 2d-fALFF of the 
typical frequency band based on the voxel-based analyses of the acute 
and remitting MS patients and HCs. In contrast with 2d-fALFF, we can 
see some changes in 2d-fALFF per unit thickness maps, where fALFF 
increased from no signal to a positive signal in the right inferior frontal 
cortex for remitting MS vs. acute MS, where fALFF increased from a 
negative signal to no signal in the right paracentral lobule and middle 
cingulate cortex for remitting MS vs. HC, and where fALFF increased 
from a negative signal to no signal in the right medial temporal cortex 
in remitting MS vs. acute MS. We  also detected between-group 
differences of brain regions in the cortical thickness maps, as shown in 
Supplementary Figure S1 and Supplementary Table S1.

Figures 2,3 and Tables 3, 4 show the alteration of the 2d-fALFF 
based on voxel-based and cortical-based analysis in the slow-4 and 
slow-5 band among acute MS, remitting MS, and HCs. In contrast 
with 2d-fALFF, we  can see some changes in 2d-fALFF per unit 
thickness maps in slow-4 band, where fALFF increased from no signal 
to a positive signal in the left primary visual cortex and a positive 
signal to no signal in the right lateral temporal cortex for acute MS vs. 
HC, where fALFF increased from a positive signal to no signal in the 
left primary visual cortex and left dorsolateral prefrontal cortex for 
remitting MS vs. HC, and where fALFF increased from a positive 
signal to no signal in the right anterior cingulate and medial prefrontal 
cortex for remitting MS vs. acute MS. In contrast with 2d-fALFF, 
we can see some changes in 2d-fALFF per unit thickness maps in 
slow-5 band, where fALFF increased from a no signal to positive 
signal in the right inferior parietal cortex for acute MS vs. HC. We also 

2 https://www.csie.ntu.edu.tw/~cjlin/libsvm/

found between-group differences between 2d-fALFF maps and 
2d-fALFF per unit thickness maps in the slow-2 band, slow-3 band, 
and slow-6 band, as shown in Supplementary Figures S2–S4 and 
Supplementary Tables S2–S4.

3.3. Correlation analysis

The clinical relevance of 2d-fALFF maps and 2d-fALFF per unit 
thickness maps in the typical band among acute MS, remitting MS, 
and HCs was investigated using partial correlation analysis. There 
were significantly positive correlations between the disease duration 
and the 2d-fALFF from the regions of the left early visual cortex in 
remitting MS patients (r = 0.517, Bonferroni-corrected, 
p = 0.008 × 4 < 0.05) (Figure  4A). In contrast with the 2d-fALFF, 
we  detected positive correlations between the 2d-fALFF per unit 
thickness of the right ventral stream visual cortex and the MFIS scores 
(r = 0.555, Bonferroni-corrected, p = 0.017 × 4 > 0.05) (Figure 4B).

We also observed that the 2d-fALFF per unit thickness value of 
the left early visual cortex in slow-5 band was positively correlated 
with the EDSS and MFIS scores (r = 0.535, Bonferroni-corrected, 
p = 0.022 × 4 > 0.05; r = 0.506, Bonferroni-corrected, p = 0.019 × 4 > 0.05) 
(Figures 4C,D).

3.4. SVM classification results

The SVM classifier was performed to investigate the classification 
performance of the 2d-fALFF and 2d-fALFF per unit thickness of the 
typical frequency band in the acute and remitting MS patients and HCs. 
Based on the ROI of the values of all brain regions, the SVM model of 
2d-fALFF had an area under the curve (AUC) of 0.57, 0.86, and 0.53, as 
shown in Figures 5A–C. In contrast with 2d-fALFF, the AUC of the SVM 

TABLE 1 Demographic and clinical characteristics of HCs and MS 
patients.

MS patients HCs P-value

Remitting 
phase 

(n  =  27)

Acute 
phase 

(n  =  20)

(n  =  42)

Age, years 

(mean ± SD)
39 ± 9 45 ± 10 44 ± 11 0.590a

Sex (M/F) 9/18 7/13 15/27 0.980b

EDSS 

(median)
1.00 2.50 – <0.001c

PASAT 

(mean ± SD)
90.52 ± 15.23 80.70 ± 18.90 – 0.055d

MFIS 

(mean ± SD)
8.19 ± 3.64 11.15 ± 3.25 – 0.006d

Disease 

duration, 

months 

(median)

22.00 13.50 – 0.620c

EDSS, expanded disability status scale; PASAT, paced auditory serial addition test; MFIS, 
modified fatigue impact scale; F, female; M, male; −, no data; SD, standard deviation; 
avariance test; bchi-square test; cMann–Whitney U test; dtwo-sample t-test.
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model of 2d-fALFF per unit thickness maps was 0.69, 0.83, and 0.65 
(Figures 5A–C). The SVM model of the 2d-fALFF per unit thickness 
maps performed better in terms of classification accuracy, sensitivity, and 
specificity when compared with 2d-fALFF (Supplementary Tables S5, S6).

We observed a similar performance of the SVM model of 
2d-fALFF and 2d-fALFF per unit thickness of the slow-4 and slow-5 
frequency bands in the acute and remitting MS patients and HCs, as 
shown in Figures  5D–I. Especially in the slow-4 frequency band, 

FIGURE 1

Brain regions with significant differences in 2d-fALFF maps (A) and 2d-fALFF per unit thickness maps (B) in the typical band among acute MS, remitting 
MS, and HCs. L, left; R, right; MTC, medial temporal cortex; IFC, inferior frontal cortex; EVC, early visual cortex; VSVC, ventral stream visual cortex; 
DLPFC, dorsolateral prefrontal cortex; DSVC, dorsal stream visual cortex; PVC, primary visual cortex; red circle: different regions between 2d-fALFF 
maps and 2d-fALFF per unit thickness maps; blue circle: similar regions between 2d-fALFF maps and 2d-fALFF per unit thickness maps.

https://doi.org/10.3389/fneur.2023.1143646
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Liang et al. 10.3389/fneur.2023.1143646

Frontiers in Neurology 06 frontiersin.org

compared with 2d-fALFF, the SVM model of 2d-fALFF per unit 
thickness had significantly higher classification performance in 
distinguishing between remitting and acute MS using the Delong test 
(p < 0.001) (see Supplementary Table S5).

4. Discussion

This study showed that alterations of the 2d-fALFF values and 
cortical thickness values were detected in some brain regions of MS 
patients. Moreover, cortical thickness was shown to have some effects 
on the between-group comparison, clinical correlation, and 
classification analyses of 2d-fALFF in MS patients. According to the 
additional SVM classification, 2d-fALFF per unit thickness can 
be utilized more as a potential marker to distinguish among remitting 
MS, acute MS, and HCs than 2d-fALFF values. Interestingly, an impact 
on the effect of cortical thickness on 2d-fALFF values also occurred in 
the subfrequency band, particularly in the slow-4 band.

4.1. Between-group comparison of cortical 
thickness maps

In this study, it was found that acute MS patients had reduced 
cortical thickness in some brain regions (L-posterior opercular 

cortex, L-orbital, and polar frontal cortex), increased cortical 
thickness in some brain regions (L-fourth visual areal cortex), and 
remitting MS patients had reduced cortical thickness in some brain 
regions (L-inferior parietal cortex, R-ventral stream visual cortex). 
The mechanism of cortical thinning in MS is still unclear. Studies 
have speculated that the decreased cortical thickness might result 
from the reductions in dendritic arborization or neuronal cell 
atrophy in the grey/white matter (35), which needs to be further 
studied in the future. For the results of some brain regions with 
increased cortical thickness, we speculate that there may be two 
reasons. One is that multiple sclerosis is characterized by 
inflammation and demyelination, with blood–brain barrier 
disruption, focal leukocyte infiltration, microglial activation, 
pro-inflammatory cytokine release, mitochondrial oxidative 
damage, and iron depositions (36). However, studies have shown MS 
patients with the glial–lymphatic system impaired (37), 
cerebrospinal fluid and interstitial fluid return blocked, and 
interstitial clearance reduced, leading to the accumulation of 
inflammatory and neurotoxic elements, such as meningeal T cells 
and toxic cytokines (e.g., the chemokine ligand, the interferon-γ, the 
tumor necrosis factor, and lymphotoxin-α/β), resulting in neuronal 
swelling. Moreover, there is also the activation of brain areas by 
repeated stimulation, a phenomenon that has been interpreted as a 
beneficial functional reorganization for MS to limit 
clinical impairment.

TABLE 2 Brain regions with significant differences in 2d-fALFF maps and 2d-fALFF per unit thickness maps in the typical band among acute MS, 
remitting MS, and HCs.

Brain regions HCP Cluster size 
(mm2)

MNI Peak intensity

X Y Z

2d-fALFF in acute 

MS vs. HCs

L-EVC 5 204.908 −29.45 −93.54 −9.11 4.11

R- VSVC 22 33.925 44.85 −78.84 −10.92 3.68

2d-fALFF per unit 

thickness in acute 

MS vs. HCs

L-PVC 1 209.269 −18.04 −101.63 −4.75 4.11

R- VSVC 22 33.925 44.85 −78.84 −10.92 3.68

2d-fALFF in 

remitting MS vs. 

HCs

L-EVC 6 131.117 −36.44 −89.76 −8.14 4.22

R-VSVC 22 47.746 44.85 −78.84 −10.92 3.93

R-DLPFC 67 21.747 36.76 24.28 44.91 4.21

R-DLPFC 70 56.278 16.77 42.98 40.47 4.37

R-DSVC 13 22.043 14.62 −87.12 36.81 −3.75

R-PLC/MCC 37 24.829 12.81 −27.45 47.79 −3.90

2d-fALFF per unit 

thickness in 

remitting MS vs. 

HCs

L-EVC 6 144.758 −36.44 −89.76 −8.14 4.26

R-VSVC 22 47.746 44.85 −78.84 −10.92 3.71

R-DLPFC 67 40.540 36.76 24.28 44.91 4.19

R-DLPFC 70 46.598 16.77 42.98 40.47 4.10

R-DSVC 13 22.043 14.62 −87.11 36.81 −4.01

2d-fALFF in 

remitting MS vs. 

acute MS

R-MTC 135 23.835 44.04 −35.09 −20.66 −3.62

2d-fALFF per unit 

thickness in 

remitting MS vs. 

acute MS

R-IFC 82 21.695 47.77 31.21 8.45 3.53

L, left; R, right; MTC, medial temporal cortex; IFC, inferior frontal cortex; EVC, early visual cortex; VSVC, ventral stream visual cortex; DLPFC, dorsolateral prefrontal cortex; DSVC, dorsal 
stream visual cortex; PVC, primary visual cortex; HCP, human connectome project; MNI, Montreal Neurological Institute.
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FIGURE 2

Brain regions with significant differences in 2d-fALFF maps (A) and 2d-fALFF per unit thickness maps (B) in the slow-4 band among acute MS, remitting 
MS, and HCs. L, left; R, right; PLC/MCC, paracentral lobular and mid-cingulate cortex; ACC/MPC, anterior cingulate and medial prefrontal cortex; EVC, 
early visual cortex; AAC, auditory association cortex; DLPFC, dorsolateral prefrontal cortex; VSVC, ventral stream visual cortex; PC, premotor cortex; 
LTC, lateral temporal cortex; IPC, inferior parietal cortex; red circle: different regions between 2d-fALFF maps and 2d-fALFF per unit thickness maps; 
blue circle: similar regions between 2d-fALFF maps and 2d-fALFF per unit thickness maps.
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4.2. Between-group comparison of 
2d-fALFF and 2d-fALFF per unit thickness 
maps

In this study, we  discovered a decreased signal in the medial 
temporal cortex in remitting MS compared with acute MS and 
reduced right paracentral lobular and mid-cingulate cortex and right 
dorsal stream visual cortex signals in remitting MS compared with 
HC. In early stages of lesion or the acute phase, axons and neurons are 
in part preserved; however, with the maturation of the lesions and 
chronicity of the disease, substantial axonal loss is seen, and the 
susceptibility of the target tissue for neurodegeneration increases (38). 
We noticed some similar changes in MS patients’ acute and remitting 
phases compared with HC, such as increased 2d-fALFF values in the 
visual-related cortex. We hypothesize that the findings of this study 
may be due to a compensatory increase in visual information input 

and a compensatory increase in the processing areas of patients with 
acute and remitting MS who call on more resources. Visual 
impairment is a common manifestation of multiple sclerosis with 
inflammatory, demyelinating, and neurodegenerative lesions that 
affect afferent and efferent visual function (39, 40). However, some of 
the visual function areas are very small, likely due to the mild disability 
of the enrolled MS patients. The dorsolateral prefrontal cortex is the 
center of the premotor area and cognitive function, as shown in a 
previous study of fALFF in MS (41), and it has been suggested that 
“increased connectivity between the dorsolateral prefrontal and 
sensory cortices may be associated with MS-related fatigue” (42). The 
increased signal in the dorsolateral prefrontal cortex of remitting MS 
showed that these brain regions were used to compensate for the 
potential cognitive impairment of MS to maintain functional stability.

By dividing functional value by the cortical thickness, the 
influence of cortical thickness on the identification accuracy of 

TABLE 3 Brain regions with significant differences in 2d-fALFF maps and 2d-fALFF per unit thickness maps in the slow-4 band among acute MS, 
remitting MS, and HCs.

Brain regions HCP Cluster size 
(mm2)

MNI Peak intensity

X Y Z

2d-fALFF in acute 

MS vs. HCs

L-PC 96 40.755 −20.22 0.47 51.37 −3.92

L-EVC 4 42.905 −27.28 −95.68 −10.54 3.55

L-IPC 147 18.796 −57.49 −23.02 25.43 3.50

R-VSVC 22 96.452 44.84 −80.89 −9.85 4.40

R-LTC 133 35.219 58.15 −50.00 −18.72 3.45

2d-fALFF per unit 

thickness in acute 

MS vs. HCs

L-PC 96 30.399 −20.06 1.76 53.61 −3.80

L-EVC 4 40.958 −27.28 −95.68 −10.54 3.60

L-IPC 147 18.796 −58.31 −25.28 24.02 3.53

L-PVC 1 36.594 −18.04 −101.63 −4.75 3.79

R-VSVC 22 42.512 44.84 −80.89 −9.85 4.03

2d-fALFF in 

remitting MS vs. 

HCs

L-EVC 6 31.690 −36.44 −89.76 −8.14 3.69

L-AAC 107 31.295 −54.15 6.16 −10.13 −3.62

L-DLPFC 68 30.440 −14.95 39.74 45.44 3.89

L-PVC 1 21.971 −17.39 −99.79 −11.71 3.60

R-DLPFC 70 37.136 16.77 42.98 40.47 3.78

R-VSV 22 22.283 44.84 −80.89 −9.98 3.41

2d-fALFF per unit 

thickness in 

remitting MS vs. 

HCs

L-EVC 6 43.578 −31.44 −89.76 −8.14 3.87

L-AAC 107 30.472 −53.58 8.69 −12.10 −3.81

R-DLPFC 70 37.136 16.77 42.98 40.47 3.78

R-VSVC 22 22.284 44.84 −80.89 −9.98 3.41

2d-fALFF in 

remitting MS vs. 

acute MS

L-PLC/MCC 55 18.754 −11.34 −13.59 −68.32 3.92

R-ACC/MPC 65 26.662 8.02 49.64 −6.23 3.69

2d-fALFF per unit 

thickness in 

remitting MS vs. 

acute MS

L-PLC/MCC 55 18.754 −11.34 −13.59 −68.32 2.73

L, left hemisphere; R, right hemisphere; PLC/MCC, paracentral lobular and mid-cingulate cortex; ACC/MPC, anterior cingulate and medial prefrontal cortex; EVC, early visual cortex; AAC, 
auditory association cortex; DLPFC, dorsolateral prefrontal cortex; VSVC, ventral stream visual cortex; PC, premotor cortex; LTC, lateral temporal cortex; IPC, inferior parietal cortex; HCP, 
human connectome project; MNI, Montreal Neurological Institute.
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2d-fALFF in MS patients can be reduced, which helps us to understand 
the changes of neuronal oscillations of unit cortical thickness in MS 
patients. Compared with 2d-fALFF, we  can see the 2d-fALFF 
increased from no signal to a positive signal in the right inferior 
frontal cortex for remitting MS vs. acute MS in 2d-fALFF per unit 
thickness maps. Evidence suggests that the right inferior frontal cortex 
plays a specialized role in response inhibition and a broader role for 
this region in attentional control (43). Parisi et al. investigated how 
resting state functional connectivity of the anterior cingulate cortex 
(ACC) correlates with cognitive rehabilitation in relapsing remitting 
MS patients and ACC activity correlates with the inferior frontal gyrus 
(44). Interesting, we  also found that 2d-fALFF increased from a 
negative signal to no signal in the right paracentral lobule and middle 
cingulate cortex for remitting MS vs. HC and the right medial 
temporal cortex in remitting MS vs. acute MS. No significant cortical 
thickness changes were found in these brain regions, which may 
be due to the confusion of structural changes, large coefficient of 
variation, and high degree of dispersion in MS patients. However, 
we  can still find that cortical thickness affects our observation of 
functional areas of the brain in MS patients.

4.3. Clinical relevance of 2d-fALFF and 
2d-fALFF per unit thickness maps

The 2d-fALFF from the regions of the left early visual cortex from 
remitting MS patients showed a significantly positive correlation with 
disease duration, suggesting that increased neuronal activity is 

correlated with prolonged disease duration. Usually, the brain lesion 
of MS initially causes an increase in connectivity, followed by a 
subsequent decrease before reaching a plateau (45). Unfortunately, 
we were probably not able to detect this phenomenon as we studied 
subjects with heterogeneous disease duration, thus including patients 
at different stages of the disease. Hence, the brain neuronal oscillations 
alteration present in our study should be interpreted with caution. It 
may be  that patients with longer disease histories show greater 
compensatory capacity in these areas. Compared with 2d-fALFF, 
2d-fALFF per unit thickness of the right ventral stream visual cortex 
in the typical band was positively correlated with MFIS scale scores in 
the acute MS group, and the increased left early visual cortical area in 
the slow-5 band was positively correlated with the EDSS scores and 
MFIS scores. The bias in the correlation has also been seen in previous 
studies (46), and the exact cause of this bias is unknown and may 
be  related to complex brain function compensations. It may 
be suggested that the increased synchronization between brain regions 
may not necessarily be beneficial to MS and may be a failed attempt 
to restructure the network in order to overcome structural damage. 
Furthermore, Sbardella et al. have argued that the clinical correlation 
with abnormal voxels of medial visual areas is likely MS specific (47).

4.4. Classification analysis in 2d-fALFF and 
2d-fALFF per unit thickness maps

Surface-based fALFF and surface-based fALFF per unit thickness 
both performed remarkably well in the SVM analysis for detecting 

TABLE 4 Brain regions with significant differences in 2d-fALFF maps and 2d-fALFF per unit thickness maps in the slow-5 band among acute MS, 
remitting MS, and HCs.

Brain regions HCP Cluster size 
(mm2)

MNI Peak intensity

X Y Z

2d-fALFF in acute 

MS vs. HCs

L-EVC 4 246.459 −27.28 −95.68 −10.54 4.98

L-EVC 6 46.349 −25.99 −63.97 −6.83 −3.45

2d-fALFF per unit 

thickness in acute 

MS vs. HCs

L-EVC 46 254.555 −27.28 −95.68 −10.54 5.01

L-EVC 6 35.061 −25.99 −63.97 −6.83 −3.48

R-IPC 149 −26.870 53.23 −46.21 36.35 3.63

2d-fALFF in 

remitting MS vs. 

HCs

L-EVC 4 152.421 −27.28 −95.68 −10.54 4.20

R-DSVC 13 93.254 13.19 −85.90 37.80 −4.15

R-DLPFC 70 27.409 16.31 40.55 42.31 3.91

2d-fALFF per unit 

thickness in 

remitting MS vs. 

HCs

L-EVC 4 113.297 −27.28 −95.68 −10.54 4.13

R-DSVC 13 73.736 13.19 −85.90 37.80 −4.44

R-DLPFC 70 22.198 15.82 38.51 44.92 3.84

2d-fALFF in 

remitting MS vs. 

acute MS

R-LTC 134 23.431 47.09 −6.95 −31.63 3.74

2d-fALFF per unit 

thickness in 

remitting MS vs. 

acute MS

R-LTC 134 47.359 47.60 −3.79 −30.23 3.61

L, left hemisphere; R, right hemisphere; LTC, lateral temporal cortex; EVC, early visual cortex; DSVC, dorsal stream visual cortex; DLPFC, dorsolateral prefrontal cortex; IPC, inferior parietal 
cortex; HCP, human connectome project; MNI, Montreal Neurological Institute.
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MS patients, especially in the remitting phase. Therefore, surface-
based fALFF might be  a novel potential imaging biomarker of 
MS. Despite the fact that volume-based functional metrics are 
frequently used to examine functional changes in a range of disorders, 
they ignore the intersubject diversity in cortical folding patterns. 
However, in the surface-based space, anatomical regions can 
be  precisely matched with identical locations in the reference 
template, reducing intersubject variability and boosting statistical 
power (48–50).

Compared with 2d-fALFF, the SVM model of 2d-fALFF per 
unit thickness could better distinguish acute MS patients. This may 
be due to the high individual variability of cortical folding patterns 
and the many relatively wrinkled boundary regions, especially in 
MS patients with brain atrophy, which, after spatial smoothing, 
greatly weakens the fidelity of regional assignment and hinders our 
observation of functional brain regions. Taken together, 2d-fALFF 
per unit thickness could be  a potential imaging biomarker for 
MS patients.

FIGURE 3

Brain regions with significant differences in 2d-fALFF maps (A) and 2d-fALFF per unit thickness maps (B) in the slow-5 band among acute MS, remitting 
MS, and HCs. L, left; R, right; LTC, lateral temporal cortex; EVC, early visual cortex; DSVC, dorsal stream visual cortex; DLPFC, dorsolateral prefrontal 
cortex; IPC, inferior parietal cortex; red circle: different regions between 2d-fALFF maps and 2d-fALFF per unit thickness maps; blue circle: similar 
regions between 2d-fALFF maps and 2d-fALFF per unit thickness maps.
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4.5. The effect of cortical thickness on 
2d-fALFF values in the subfrequency band

Different oscillation frequencies showed specific peculiarities and 
were involved in different aspects of brain functions. Gray matter-
related oscillations primarily occurred in the slow-4 and slow-5 range. 
In addition, slow-4 fluctuations were more robust in the basal ganglia 
than slow-5, while slow-5 was more dominant within ventromedial 
prefrontal cortices than slow-4. Although robust for both, test–retest 
reliability was greater and more widely distributed for slow-4 than for 
slow-5 (25). Several regions exhibited significant differences in 
2d-fALFF values in all the subfrequency bands. These results indicate 
that the alterations in regional activity in MS patients are frequency 
dependent. In both acute and remitting MS, we continued to detect 
alterations in visually relevant brain regions in the subfrequency band, 
pointing to a complicated process of visual function impairment and 
adaptability in the brains of MS patients. We  observed increased 
2d-fALFF values in the right dorsolateral prefrontal cortex and right 
lateral temporal cortex in the slow-5 band in remitting MS. The lateral 
temporal cortex is closely associated with human cognitive executive 
activity as part of the default mode network (51). The 2d-fALFF values 
of the left paracentral lobule and middle cingulate cortex and right 
anterior cingulate and medial prefrontal cortex were detected in the 
slow-4 band in remitting MS. The middle cingulate cortex serves as a 
key region in the multimodal network that integrates information from 
primary sensory areas (e.g., visual, auditory, and somatosensory) (52). 
Interestingly, an increased signal of the left auditory contact cortex was 
observed only in the slow-4 band in remitting MS, although no 
correlation was found with the PASAT scale scores, still suggesting 
adaptive functional reorganization in response to reduced auditory 

attention in patients with MS in the remitting phase. We only observed 
an increased signal in the inferior parietal cortex in the slow-4 band in 
patients with acute MS. The inferior parietal cortex plays a specific role 
in the performance of fatigue and sustained attention tasks (53), 
suggesting that this change could be specific to acute MS. This finding 
suggests a frequency-specific alternating characterization of intrinsic 
brain activity. Impaired motor function is one of the most common 
clinical symptoms in MS. Our findings suggested damage to motor-
related cortical brain areas in acute MS patients.

Compared with 2d-fALFF, acute MS patients also had more 
increased regions in 2d-fALFF per unit thickness maps both in the 
slow-4 and slow-5 bands, such as 2d-fALFF, which increased from no 
signal to positive signals in the left primary visual cortex in the slow-4 
band and right inferior parietal cortex in the slow-5 band. We have 
described previously that acute MS called in a large number of 
compensatory behaviors of the visual cortex. This discovery might 
be explained by a phenomenon known as brain compensation, in 
which extra resources are used by the brain to maintain performance 
at the same level as before. The widespread white matter and gray 
matter damage associated with MS is related to the inflammatory 
demyelination and axonal degeneration in the central nervous system 
(54). This finding’s greater neuronal effort to counteract the harmful 
effects on the structure and function of the human brain is another 
possible explanation. Some brain regions saw an apparent increase in 
signal, which, once we account for the local thickness, disappear, such 
as the positive 2d-fALFF signals to no signal in the right lateral 
temporal cortex, left primary visual cortex, left dorsolateral prefrontal 
cortex, and right anterior cingulate and medial prefrontal cortex. 
Therefore, the 2d-fALFF values per unit cortical thickness in these 
brain regions did not increase. Although no changes in cortical 

FIGURE 4

Clinical relevance of 2d-fALFF maps and 2d-fALFF per unit thickness maps in the typical band and slow-5 band among acute MS, remitting MS, and HCs. 
(A) The 2d-fALFF in the left early visual cortex (L-EVC) in the typical band is positively correlated with disease duration in the remitting MS group; (B) The 
2d-fALFF per unit thickness in the right ventral stream visual cortex (R-VSVC) in the typical band is positively correlated with MFIS scale scores in the acute 
MS group; (C,D) The 2d-fALFF per unit thickness in the L-EVC in the slow-5 band is positively correlated with EDSS scores and MFIS scores.
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thickness were found in these brain regions, it still suggests that the 
effect of cortical thickness should be  considered when observing 
changes of neuronal oscillations in MS patients.

In both the slow-4 and slow-5 bands, MS and HC could 
be distinguished well by 2d-fALFF and 2d-fALFF per unit thickness. 
Intriguingly, the 2d-fALFF per unit thickness in the slow-4 band could 
more effectively separate MS patients in the acute phase from those in 
remitting. This may be due to the following reasons. The slow-5 band, 
which has more power, is associated with the integration of large-scale 
neural networks and long-distance connectivity, whereas the slow-4 
band, which has less power, is linked with more local neural activity 
and short connections (25). However, there is currently insufficient 

evidence that relapses in MS are associated to an increase in neural 
activity. Therefore, further studies are needed to further elucidate the 
sensitivity and specificity of slow-4 in MS patients.

There are some limitations in this study. First, this study only 
explored the effect of cortical thickness on patients with acute and 
remitting MS based on the cortex, focusing only on the cortex and not 
on the deep gray matter region; the latter is also a key region in MS 
that regulates cognitive function. Second, in addition to cortical 
thickness, cortical lesions are also known to affect connectivity (across 
all frequency band) (55). Finally, most of the patients included in this 
study had only mild disability and relatively low EDSS scores, which 
was due to scanning safety and patient tolerability considerations.

FIGURE 5

Examination of the receiver operating characteristic (ROC) curve of the classification model between subgroups in the typical band and subfrequency 
band. (A) Remitting multiple sclerosis (MS) vs. acute MS in a typical band; (B) Remitting MS vs. healthy controls (HC) in a typical band; (C) Acute MS vs. 
HC in a typical band. (D) Remitting MS vs. acute MS in the slow-4 band; (E) Remitting MS vs. HC in the slow-4 band; (F) Acute MS vs. HC in the slow-4 
band. (G) Remitting MS vs. acute MS in the slow-5 band; (H) Remitting MS vs. HC in the slow-5 band; (I) Acute MS vs. HC in the slow-5 band.
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5. Conclusion

In the present study, we found 2d-fALFF and cortical thickness 
alterations in many brain regions of MS patients. The between-group 
comparison, clinical correlation, and classification analysis showed 
that 2d-fALFF in MS patients can be potentially influenced by cortical 
thickness, which should be considered in future works. In addition, 
2d-fALFF per unit thickness can be utilized as a potential marker to 
distinguish among remitting MS, acute MS, and HCs.

Data availability statement

The datasets presented in this article are not readily available 
because of ethical and privacy restrictions. Requests to access the 
datasets should be directed to XL, 2273322450@qq.com.

Author contributions

XL: conceptualization, data curation, software, writing – original 
draft, visualization, and writing – review and editing. LeW: 
conceptualization, resources, investigation, and data curation. YZ, 
YW, and TH: methodology and data curation. LiW: methodology. 
MH: data curation. FZ: project administration, supervision, and 
writing – review and editing. All authors contributed to the article and 
approved the submitted version.

Funding

This work was supported by the program for National Natural 
Science Foundation of China (82160331 and 81771808).

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.

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.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fneur.2023.1143646/
full#supplementary-material

References
 1. Dobson R, Giovannoni G. Multiple sclerosis – a review. Eur J Neurol. (2019) 

26:27–40. doi: 10.1111/ene.13819

 2. Filippi M, Preziosa P, Rocca MA. Multiple sclerosis. Handb Clin Neurol. (2016) 
135:399–423. doi: 10.1016/B978-0-444-53485-9.00020-9

 3. Rocca MA, Schoonheim MM, Valsasina P, Geurts JJG, Filippi M. Task- and resting-
state fMRI studies in multiple sclerosis: from regions to systems and time-varying 
analysis. Current status and future perspective. NeuroImage Clin. (2022) 35:103076. doi: 
10.1016/j.nicl.2022.103076

 4. Ye C, Huang J, Liang L, Yan Z, Qi Z, Kang X, et al. Coupling of brain activity and 
structural network in multiple sclerosis: a graph frequency analysis study. J Neurosci Res. 
(2022) 100:1226–38. doi: 10.1002/jnr.25028

 5. Jandric D, Lipp I, Paling D, Rog D, Castellazzi G, Haroon H, et al. Mechanisms of 
network changes in cognitive impairment in multiple sclerosis. Neurology. (2021) 
97:e1886–97. doi: 10.1212/WNL.0000000000012834

 6. Zhu Y, Huang M, Zhao Y, Pei Y, Wang Y, Wang L, et al. Local functional connectivity 
of patients with acute and remitting multiple sclerosis: a Kendall's coefficient of 
concordance- and coherence-regional homogeneity study. Medicine. (2020) 99:e22860. 
doi: 10.1097/MD.0000000000022860

 7. Tommasin S, Iakovleva V, Rocca MA, Giannì C, Tedeschi G, de Stefano N, et al. 
Relation of sensorimotor and cognitive cerebellum functional connectivity with brain 
structural damage in patients with multiple sclerosis and no disability. Eur J Neurol. 
(2022) 29:2036–46. doi: 10.1111/ene.15329

 8. Schoonheim MM, Geurts JJ, Barkhof F. The limits of functional reorganization in 
multiple sclerosis. Neurology. (2010) 74:1246–7. doi: 10.1212/WNL.0b013e3181db9957

 9. Rocca MA, Valsasina P, Meani A, Falini A, Comi G, Filippi M. Impaired functional 
integration in multiple sclerosis: a graph theory study. Brain Struct Funct. (2016) 
221:115–31. doi: 10.1007/s00429-014-0896-4

 10. Schoonheim MM, Meijer KA, Geurts JJ. Network collapse and cognitive 
impairment in multiple sclerosis. Front Neurol. (2015) 6:82. doi: 10.3389/
fneur.2015.00082

 11. Roosendaal SD, Schoonheim MM, Hulst HE, Sanz-Arigita EJ, Smith SM, Geurts 
JJG, et al. Resting state networks change in clinically isolated syndrome. Brain. (2010) 
133:1612–21. doi: 10.1093/brain/awq058

 12. Faivre A, Rico A, Zaaraoui W, Crespy L, Reuter F, Wybrecht D, et al. Assessing 
brain connectivity at rest is clinically relevant in early multiple sclerosis. Mult Scler. 
(2012) 18:1251–8. doi: 10.1177/1352458511435930

 13. Dogonowski AM, Siebner HR, Soelberg Sørensen P, Paulson OB, Dyrby TB, 
Blinkenberg M, et al. Resting-state connectivity of pre-motor cortex reflects disability 
in multiple sclerosis. Acta Neurol Scand. (2013) 128:328–35. doi: 10.1111/ane.12121

 14. Liu Y, Liang P, Duan Y, Jia X, Yu C, Zhang M, et al. Brain plasticity in relapsing-
remitting multiple sclerosis: evidence from resting-state fMRI. J Neurol Sci. (2011) 
304:127–31. doi: 10.1016/j.jns.2011.01.023

 15. Rocca MA, Valsasina P, Martinelli V, Misci P, Falini A, Comi G, et al. Large-scale 
neuronal network dysfunction in relapsing-remitting multiple sclerosis. Neurology. 
(2012) 79:1449–57. doi: 10.1212/WNL.0b013e31826d5f10

 16. Tona F, Petsas N, Sbardella E, Prosperini L, Carmellini M, Pozzilli C, et al. Multiple 
sclerosis: altered thalamic resting-state functional connectivity and its effect on cognitive 
function. Radiology. (2014) 271:814–21. doi: 10.1148/radiol.14131688

 17. Meijer KA, Eijlers AJC, Geurts JJG, Schoonheim MM. Staging of cortical and deep 
grey matter functional connectivity changes in multiple sclerosis. J Neurol Neurosurg 
Psychiatry. (2018) 89:205–10. doi: 10.1136/jnnp-2017-316329

 18. Sanchis-Segura C, Cruz-Gómez AJ, Belenguer A, Fittipaldi Márquez MS, Ávila C, 
Forn C. Increased regional gray matter atrophy and enhanced functional connectivity 
in male multiple sclerosis patients. Neurosci Lett. (2016) 630:154–7. doi: 10.1016/j.
neulet.2016.07.028

 19. Zou QH, Zhu CZ, Yang Y, Zuo XN, Long XY, Cao QJ, et al. An improved approach 
to detection of amplitude of low-frequency fluctuation (ALFF) for resting-state fMRI: 
fractional ALFF. J Neurosci Methods. (2008) 172:137–41. doi: 10.1016/j.
jneumeth.2008.04.012

 20. Liu F, Guo W, Liu L, Long Z, Ma C, Xue Z, et al. Abnormal amplitude low-
frequency oscillations in medication-naive, first-episode patients with major depressive 
disorder: a resting-state fMRI study. J Affect Disord. (2013) 146:401–6. doi: 10.1016/j.
jad.2012.10.001

 21. Coalson TS, Van Essen DC, Glasser MF. The impact of traditional neuroimaging 
methods on the spatial localization of cortical areas. Proc Natl Acad Sci U S A. (2018) 
115:E6356–e6365. doi: 10.1073/pnas.1801582115

 22. Zhang YM, Kang YF, Zeng JJ, Li L, Gao JM, Liu LZ, et al. Surface-based Falff: a 
potential novel biomarker for prediction of radiation encephalopathy in patients with 
nasopharyngeal carcinoma. Front Neurosci. (2021) 15:692575. doi: 10.3389/
fnins.2021.692575

 23. Sailer M, Fischl B, Salat D, Tempelmann C, Schönfeld MA, Busa E, et al. Focal 
thinning of the cerebral cortex in multiple sclerosis. Brain. (2003) 126:1734–44. doi: 
10.1093/brain/awg175

https://doi.org/10.3389/fneur.2023.1143646
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
mailto:2273322450@qq.com
https://www.frontiersin.org/articles/10.3389/fneur.2023.1143646/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fneur.2023.1143646/full#supplementary-material
https://doi.org/10.1111/ene.13819
https://doi.org/10.1016/B978-0-444-53485-9.00020-9
https://doi.org/10.1016/j.nicl.2022.103076
https://doi.org/10.1002/jnr.25028
https://doi.org/10.1212/WNL.0000000000012834
https://doi.org/10.1097/MD.0000000000022860
https://doi.org/10.1111/ene.15329
https://doi.org/10.1212/WNL.0b013e3181db9957
https://doi.org/10.1007/s00429-014-0896-4
https://doi.org/10.3389/fneur.2015.00082
https://doi.org/10.3389/fneur.2015.00082
https://doi.org/10.1093/brain/awq058
https://doi.org/10.1177/1352458511435930
https://doi.org/10.1111/ane.12121
https://doi.org/10.1016/j.jns.2011.01.023
https://doi.org/10.1212/WNL.0b013e31826d5f10
https://doi.org/10.1148/radiol.14131688
https://doi.org/10.1136/jnnp-2017-316329
https://doi.org/10.1016/j.neulet.2016.07.028
https://doi.org/10.1016/j.neulet.2016.07.028
https://doi.org/10.1016/j.jneumeth.2008.04.012
https://doi.org/10.1016/j.jneumeth.2008.04.012
https://doi.org/10.1016/j.jad.2012.10.001
https://doi.org/10.1016/j.jad.2012.10.001
https://doi.org/10.1073/pnas.1801582115
https://doi.org/10.3389/fnins.2021.692575
https://doi.org/10.3389/fnins.2021.692575
https://doi.org/10.1093/brain/awg175


Liang et al. 10.3389/fneur.2023.1143646

Frontiers in Neurology 14 frontiersin.org

 24. Buzsáki G, Draguhn A. Neuronal oscillations in cortical networks. Science (New 
York, NY). (2004) 304:1926–9. doi: 10.1126/science.1099745

 25. Zuo XN, di Martino A, Kelly C, Shehzad ZE, Gee DG, Klein DF, et al. The 
oscillating brain: complex and reliable. NeuroImage. (2010) 49:1432–45. doi: 10.1016/j.
neuroimage.2009.09.037

 26. Demir S, Nawroth PP, Herzig S, Ekim ÜB. Emerging targets in type 2 diabetes and 
diabetic complications. Advanced Sci. (2021) 8:e2100275. doi: 10.1002/advs.202100275

 27. Ma J, Liu F, Wang Y, Ma L, Niu Y, Wang J, et al. Frequency-dependent white-matter 
functional network changes associated with cognitive deficits in subcortical vascular 
cognitive impairment. NeuroImage Clin. (2022) 36:103245. doi: 10.1016/j.
nicl.2022.103245

 28. Salvador R, Martínez A, Pomarol-Clotet E, Gomar J, Vila F, Sarró S, et al. A simple 
view of the brain through a frequency-specific functional connectivity measure. 
NeuroImage. (2008) 39:279–89. doi: 10.1016/j.neuroimage.2007.08.018

 29. Thompson AJ, Banwell BL, Barkhof F, Carroll WM, Coetzee T, Comi G, et al. 
Diagnosis of multiple sclerosis: 2017 revisions of the McDonald criteria. Lancet Neurol. 
(2018) 17:162–73. doi: 10.1016/S1474-4422(17)30470-2

 30. Cao X, Huang H, Zhang B, Jiang Y, He H, Duan M, et al. Surface-based 
spontaneous oscillation in schizophrenia: a resting-state functional magnetic resonance 
imaging study. Front Hum Neurosci. (2021) 15:750879. doi: 10.3389/fnhum.2021.750879

 31. Xing XX, Zhou YL, Adelstein JS, Zuo XN. PDE-based spatial smoothing: a 
practical demonstration of impacts on MRI brain extraction, tissue segmentation and 
registration. Magn Reson Imaging. (2011) 29:731–8. doi: 10.1016/j.mri.2011.02.007

 32. Dale AM, Fischl B, Sereno MI. Cortical surface-based analysis I. Segmentation and 
surface reconstruction. NeuroImage. (1999) 9:179–94. doi: 10.1006/nimg.1998.0395

 33. Greve DN, Fischl B. Accurate and robust brain image alignment using boundary-
based registration. NeuroImage. (2009) 48:63–72. doi: 10.1016/j.neuroimage.2009.06.060

 34. DeLong ER, DeLong DM, Clarke-Pearson DL. Comparing the areas under two or 
more correlated receiver operating characteristic curves: a nonparametric approach. 
Biometrics. (1988) 44:837–45. doi: 10.2307/2531595

 35. Sowell ER, Thompson PM, Leonard CM, Welcome SE, Kan E, Toga AW. 
Longitudinal mapping of cortical thickness and brain growth in normal children. J 
Neurosci. (2004) 24:8223–31. doi: 10.1523/JNEUROSCI.1798-04.2004

 36. Filippi M, Bar-Or A, Piehl F, Preziosa P, Solari A, Vukusic S, et al. Multiple 
sclerosis. Nat Rev Dis Primers. (2018) 4:43. doi: 10.1038/s41572-018-0041-4

 37. Carotenuto A, Cacciaguerra L, Pagani E, Preziosa P, Filippi M, Rocca MA. 
Glymphatic system impairment in multiple sclerosis: relation with brain damage and 
disability. Brain. (2022) 145:2785–95. doi: 10.1093/brain/awab454

 38. Lassmann H. Pathology and disease mechanisms in different stages of multiple 
sclerosis. J Neurol Sci. (2013) 333:1–4. doi: 10.1016/j.jns.2013.05.010

 39. Fernández Blanco L, Marzin M, Leistra A, van der Valk P, Nutma E, Amor S. 
Immunopathology of the optic nerve in multiple sclerosis. Clin Exp Immunol. (2022) 
209:236–46. doi: 10.1093/cei/uxac063

 40. Kolappan M, Henderson AP, Jenkins TM, Wheeler-Kingshott CAM, Plant GT, 
Thompson AJ, et al. Assessing structure and function of the afferent visual pathway in 
multiple sclerosis and associated optic neuritis. J Neurol. (2009) 256:305–19. doi: 
10.1007/s00415-009-0123-z

 41. Du XF, Liu J, Hua QF, Wu YJ. Relapsing-remitting multiple sclerosis is associated 
with regional brain activity deficits in motor- and cognitive-related brain areas. Front 
Neurol. (2019) 10:1136. doi: 10.3389/fneur.2019.01136

 42. Jaeger S, Paul F, Scheel M, Brandt A, Heine J, Pach D, et al. Multiple sclerosis-related 
fatigue: altered resting-state functional connectivity of the ventral striatum and dorsolateral 
prefrontal cortex. Mult Scler. (2019) 25:554–64. doi: 10.1177/1352458518758911

 43. Dodds CM, Morein-Zamir S, Robbins TW. Dissociating inhibition, attention, and 
response control in the frontoparietal network using functional magnetic resonance 
imaging. Cerebral Cortex. (1991) 21:1155–65. doi: 10.1093/cercor/bhq187

 44. Parisi L, Rocca MA, Valsasina P, Panicari L, Mattioli F, Filippi M. Cognitive 
rehabilitation correlates with the functional connectivity of the anterior cingulate cortex 
in patients with multiple sclerosis. Brain Imaging Behav. (2014) 8:387–93. doi: 10.1007/
s11682-012-9160-9

 45. Tewarie P, Steenwijk MD, Brookes MJ, Uitdehaag BMJ, Geurts JJG, Stam CJ, et al. 
Explaining the heterogeneity of functional connectivity findings in multiple sclerosis: 
an empirically informed modeling study. Hum Brain Mapp. (2018) 39:2541–8. doi: 
10.1002/hbm.24020

 46. Zhong J, Chen DQ, Nantes JC, Holmes SA, Hodaie M, Koski L. Combined 
structural and functional patterns discriminating upper limb motor disability in 
multiple sclerosis using multivariate approaches. Brain Imaging Behav. (2017) 11:754–68. 
doi: 10.1007/s11682-016-9551-4

 47. Sbardella E, Tona F, Petsas N, Upadhyay N, Piattella MC, Filippini N, et al. 
Functional connectivity changes and their relationship with clinical disability and white 
matter integrity in patients with relapsing-remitting multiple sclerosis. Mult Scler. (2015) 
21:1681–92. doi: 10.1177/1352458514568826

 48. Zhang Y, Yi X, Gao J, Li L, Liu L, Qiu T, et al. Chemotherapy potentially facilitates 
the occurrence of radiation encephalopathy in patients with nasopharyngeal carcinoma 
following radiotherapy: a multiparametric magnetic resonance imaging study. Front 
Oncol. (2019) 9:567. doi: 10.3389/fonc.2019.00567

 49. Argall BD, Saad ZS, Beauchamp MS. Simplified intersubject averaging on the cortical 
surface using SUMA. Hum Brain Mapp. (2006) 27:14–27. doi: 10.1002/hbm.20158

 50. Fischl B, Sereno MI, Tootell RB, Dale AM. High-resolution intersubject averaging 
and a coordinate system for the cortical surface. Hum Brain Mapp. (1999) 8:272–84. doi: 
10.1002/(SICI)1097-0193(1999)8:4<272::AID-HBM10>3.0.CO;2-4

 51. de Zubicaray G, McMahon K, Eastburn M, Pringle A, Lorenz L. Classic identity 
negative priming involves accessing semantic representations in the left anterior 
temporal cortex. NeuroImage. (2006) 33:383–90. doi: 10.1016/j.neuroimage.2006.06.024

 52. Sepulcre J, Sabuncu MR, Yeo TB, Liu H, Johnson KA. Stepwise connectivity of the 
modal cortex reveals the multimodal organization of the human brain. J Neurosci. (2012) 
32:10649–61. doi: 10.1523/JNEUROSCI.0759-12.2012

 53. Hanken K, Eling P, Hildebrandt H. Is there a cognitive signature for MS-related 
fatigue? Mult Scler. (2015) 21:376–81. doi: 10.1177/1352458514549567

 54. Prinster A, Quarantelli M, Orefice G, Lanzillo R, Brunetti A, Mollica C, et al. Grey 
matter loss in relapsing-remitting multiple sclerosis: a voxel-based morphometry study. 
NeuroImage. (2006) 29:859–67. doi: 10.1016/j.neuroimage.2005.08.034

 55. Petracca M, Saiote C, Bender HA, Arias F, Farrell C, Magioncalda P, et al. 
Synchronization and variability imbalance underlie cognitive impairment in primary-
progressive multiple sclerosis. Sci Rep. (2017) 7:46411. doi: 10.1038/srep46411

https://doi.org/10.3389/fneur.2023.1143646
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1126/science.1099745
https://doi.org/10.1016/j.neuroimage.2009.09.037
https://doi.org/10.1016/j.neuroimage.2009.09.037
https://doi.org/10.1002/advs.202100275
https://doi.org/10.1016/j.nicl.2022.103245
https://doi.org/10.1016/j.nicl.2022.103245
https://doi.org/10.1016/j.neuroimage.2007.08.018
https://doi.org/10.1016/S1474-4422(17)30470-2
https://doi.org/10.3389/fnhum.2021.750879
https://doi.org/10.1016/j.mri.2011.02.007
https://doi.org/10.1006/nimg.1998.0395
https://doi.org/10.1016/j.neuroimage.2009.06.060
https://doi.org/10.2307/2531595
https://doi.org/10.1523/JNEUROSCI.1798-04.2004
https://doi.org/10.1038/s41572-018-0041-4
https://doi.org/10.1093/brain/awab454
https://doi.org/10.1016/j.jns.2013.05.010
https://doi.org/10.1093/cei/uxac063
https://doi.org/10.1007/s00415-009-0123-z
https://doi.org/10.3389/fneur.2019.01136
https://doi.org/10.1177/1352458518758911
https://doi.org/10.1093/cercor/bhq187
https://doi.org/10.1007/s11682-012-9160-9
https://doi.org/10.1007/s11682-012-9160-9
https://doi.org/10.1002/hbm.24020
https://doi.org/10.1007/s11682-016-9551-4
https://doi.org/10.1177/1352458514568826
https://doi.org/10.3389/fonc.2019.00567
https://doi.org/10.1002/hbm.20158
https://doi.org/10.1002/(SICI)1097-0193(1999)8:4<272::AID-HBM10>3.0.CO;2-4
https://doi.org/10.1016/j.neuroimage.2006.06.024
https://doi.org/10.1523/JNEUROSCI.0759-12.2012
https://doi.org/10.1177/1352458514549567
https://doi.org/10.1016/j.neuroimage.2005.08.034
https://doi.org/10.1038/srep46411

	Altered neural intrinsic oscillations in patients with multiple sclerosis: effects of cortical thickness
	1. Introduction
	2. Materials and methods
	2.1. Participants
	2.2. Clinical and neuropsychological assessments
	2.3. MR imaging acquisition
	2.4. Data preprocessing
	2.5. 2d-fALFF calculation
	2.6. Statistical analysis
	2.7. SVM classification analysis

	3. Results
	3.1. Demographic and clinical data profiling
	3.2. Between-group comparison
	3.3. Correlation analysis
	3.4. SVM classification results

	4. Discussion
	4.1. Between-group comparison of cortical thickness maps
	4.2. Between-group comparison of 2d-fALFF and 2d-fALFF per unit thickness maps
	4.3. Clinical relevance of 2d-fALFF and 2d-fALFF per unit thickness maps
	4.4. Classification analysis in 2d-fALFF and 2d-fALFF per unit thickness maps
	4.5. The effect of cortical thickness on 2d-fALFF values in the subfrequency band

	5. Conclusion
	Data availability statement
	Author contributions

	References

