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Background: Fibromyalgia syndrome (FMS) is a prevalent central chronic pain condition of unknown pathophysiology. White matter
(WM) plays a crucial role in brain signal transmission, and WM structural abnormalities have been reported in FMS. However,
functional WM changes in FMS patients have not been investigated. This study aimed to investigate whether functional neural changes
in WM accompany structural changes observed in FMS.

Methods: The study included 43 FMS patients and 43 healthy controls. Structural and functional analyses of WM were assessed
using fractional anisotropy (FA) and amplitude of low-frequency fluctuation (ALFF), respectively, to explore WM alterations in FMS
patients.

Results: Structural analysis revealed altered FA values in the left corticospinal tract (CST), right cingulate/hippocampus, right fornix/
stria terminalis (FX/ST), superior occipitofrontal fasciculus (SOFF), right superior corona radiata (SCR), right posterior corona radiata
(PCR), sagittal stratum, and left medial lemniscus (ML) in FMS patients. Some regions showing structural changes also showed
changes in resting-state functional activation. Functional analysis showed that FMS patients have reduced ALFF values in the left
CST, left ML, right PCR, right cingulate/hippocampus, and right FX/ST. Furthermore, the degree of ALFF reduction in the right
cingulate/hippocampus and left ML was positively correlated with anxiety, depression, and pain severity scores.

Conclusion: This study provides a preliminary exploration of the mechanisms underlying FMS in terms of WM functional signals.
The observed reduction in WM functional activation offers novel insights into the pathophysiology of FMS and highlights potential
targets for WM-focused therapeutic strategies.
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Introduction

Fibromyalgia syndrome (FMS) is a central chronic pain disorder characterized by widespread musculoskeletal pain,
fatigue, and sleep disturbances.'” Compared to other chronic pain conditions like migraines and osteoarthritis, FMS has
poorer treatment outcomes and is considered one of the most difficult chronic pain disorders to manage.®> Only 33-40%
of FMS patients achieve relief with medication and approximately 75% of FMS patients worldwide endure lifelong,
difficult-to-relieve pain.* Recent studies have shown that fibromyalgia syndrome (FMS) is not only associated with
chronic pain but also with significant cognitive impairments, including deficits in working memory and processing
speed.’ One factor related to these poor outcomes is poor understanding of the pathophysiological mechanisms under-
lying FMS. Lee et al® proposed FMS is caused by the abnormal amplification of pain signals at the central level (ie,
central sensitization), which is a view currently accepted by most scholars. Prior studies’ ' have reported structural and
functional alterations in gray matter of FMS patients. However, treatments targeting gray matter show limited
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efficacy, * ~ reflecting the complex pathophysiological mechanism of the condition. While previous studies have
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extensively explored gray matter (GM) alterations in FMS, the role of white matter (WM) in the pathogenesis of FMS
remains understudied. Therefore, exploring WM abnormalities in FMS may provide new insights.

The neural fibers that comprise WM connect different regions of the brain, forming complex networks that facilitate
rapid information transmission and processing. Studying WM is thus crucial for understanding brain connectivity'> and
could reveal communication patterns between different brain regions and how these patterns support and regulate
behavior. Notably, a growing body of research'*'® has demonstrated reliable blood-oxygen-level-dependent (BOLD)
signals in WM, indicating neurovascular dynamic responses in WM during resting states.'®'?

Alterations in brain connectivity can reflect the transition from acute to chronic pain.'* Mazerolle et al*® highlighted
the potential value of integrating WM functional activation with structural changes to study brain connectivity in the
pathogenesis of chronic pain. Based on prior findings, we hypothesize that brain connectivity alterations due to WM
abnormalities may contribute to the onset and maintenance of FMS or reflect the primary clinical symptoms of FMS.

To test this hypothesis, we used fractional anisotropy (FA), which reflects brain microstructure, to investigate WM
structural changes, and amplitude of low-frequency fluctuation (ALFF), which reflects brain activity intensity, to explore
changes in WM functional activation in FMS patients. As a marker of resting-state functional activity, ALFF quantifies
the intensity of spontaneous neural oscillations in local brain regions and has been widely applied in pain and
neuropsychiatric research.”?' 2* Although traditionally dominated by GM analyses, recent studies have demonstrated
that ALFF is equally valid for WM, effectively capturing its functional signatures.”>*® Such WM abnormalities may
enhance our understanding of the pathophysiological mechanisms of FMS and provide insights for developing targeted
therapeutic strategies.

Methods

Participants

A total of 43 FMS patients were recruited from the Affiliated Hospital of Nanjing University of Chinese Medicine and
43 healthy controls (HCs) were recruited from the community through advertisements. All FMS patients met the 2016
classification criteria established by the American College of Rheumatology (ACR).? For FMS patients, the exclusion
criteria were: (1) presence of other inflammatory rheumatic or autoimmune diseases; (2) history of psychiatric disorder,
such as major depression or severe personality disorders; (3) history of seizures; and (4) presence of ferromagnetic
elements or metal implants in the cranium or pacemaker implants at the time of enrollment. The criteria for HCs were (1)
not meeting the criteria for any chronic pain condition and (2) no history of a class I psychiatric disorders (ie, major
depression, schizophrenia) or substance abuse. The two groups were matched for age, gender, years of education, and
handedness. All participants were provided with information about the study’s procedures and objectives and provided
written informed consent. This study complies with the Declaration of Helsinki and was approved by the Research Ethics
Committee of the Affiliated Hospital of Nanjing University of Chinese Medicine (2021NL-193-02).

Clinical Assessment

FMS patients and HCs completed separate sets of assessments. To analyze pain levels and cognitive ability in FMS
patients, the evaluations included the Fibromyalgia Impact Questionnaire (FIQ), Visual Analogue Scale (VAS) for pain,
Hospital Anxiety and Depression Scale (HADS), Pittsburgh Sleep Quality Index (PSQI), and Montreal Cognitive
Assessment (MoCA). The FIQ was administered by a rheumatologist and the other assessments were administered by
a neurologist. For the HAMA and HAMD, total scores < 7 were considered normal.?” For the MoCA, total scores > 26
were considered normal.?®

Imaging

We used a Verio 3.0 T (Siemens, Munich, Germany) superconducting magnetic resonance imaging (MRI) scanner with
an eight-channel phased-array head coil to acquire T1, resting-state functional MRI (rs-fMRI), and diffusion tensor
imaging (DTI) data. To reduce artifacts caused by head movement, foam padding was placed around the head coil.
During the scanning process, participants were instructed to close their eyes, relax without falling asleep, and keep their
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head still. Resting-state fMRI data were acquired using an echo-planar imaging sequence with the following parameters:
repetition time (TR) = 2310 ms, echo time (TE) =221 ms, acquisition matrix = 64x64 mm, flip angle = 90°, field of view
(FOV) = 124x100 mm, slice thickness = 3.5 mm, resolution = 3.43%x3.43 x 5 mm, and scan duration = 8 min 10s.
Diffusion weighted imaging was performed with pulse gradient spin-echo planar echo (EPI) with the following
parameters: pulse TR =10,500 ms, TE =95 ms, voxel size =2x2x2mm, scanning field of view =256x100 mm, slice
thickness =2.0 mm, and scanning time =5 min 59s. Sagittal three-dimensional T1-weighted imaging was performed using
the following parameters: TR = 2,300 ms, TE = 2.19 ms, flip angle = 9°, matrix = 245%256 mm, slice thickness = 1 mm,
sagittal slices = 176, slice gap = 0.5 mm, and scanning time = 7 min 16s.

Data Preprocessing
rsfMRI data were preprocessed using the Data Processing Assistant for Resting-State Function (DPARSF) MRI toolkit
(https://rfmri.org/DPARSF). The preprocessing steps included the following: (1) correction for head motion (participants

with head motion > 2.0 mm maximum displacement in 3 directions or 2.0 degrees of angular motion were excluded); (2)
co-registration of T1 to functional images and reorientation; (3) for spatial normalization, T1-weighted anatomic images
were segmented into WM, gray matter, and cerebrospinal fluid (CSF) and then normalized to Montreal Neurological
Institute (MNI) space using transformation parameters estimated with a unified segmentation algorithm. These transfor-
mation parameters were applied to the functional images and then resampled with isotropic voxels of 3 mm; (4)
detrending; (5) regressing out nuisance signals (CSF signals, head-motion parameters calculated by rigid body 6
correction) and spike regressors; and (6) temporal band-pass filtering (0.01-0.1Hz) to minimize low-frequency drift
and filter high-frequency noise. ROIs were defined based on the JHU-ICBM WM Tractography Atlas.*’

The FA values used for statistical analysis were acquired using PANDA software (http://www.nitrc. org/proj ects/panda/),>®
a MATLAB toolbox implemented using FSL (FEAT; Oxford, UK; v6. 0 http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSL). Data were
skull-stripped and corrected for eddy-current and head motion artifacts. The FA images were calculated on a voxel-by-voxel

basis. Individual FA images were non-linearly registered to the MNI space template using the FNIRT command in FSL. Then,
the TBSS was conducted to create a mean FA skeleton (thresholded at 0.2) from the mean FA image generated by all aligned
FA images. Subsequently, each individual FA image was projected onto this skeleton for voxel-wise statistical analysis,
aiming to investigate white matter microstructural differences. An atlas-based segmentation approach was used to investigate
diffusion changes in major WM tracts. Specifically, FA values were extracted for the whole brain values using the JHU-ICBM
WM Tractography Atlas?® based on the mean FA skeleton.

Statistical Analysis

Statistical analysis was performed using IBM SPSS Statistics for Mac, version 22.0 (IBM Corp., Armonk, NY, United
States). The Kolmogorov—Smirnov test was used to assess the normality of all continuous variables. Independent two-
sample t-tests were used to compare demographic variables (age, education level), clinical symptom severity (pain
duration, HAMD, HAMA, PSQI, MoCA, VAS), and whole-brain measurements between groups. Mean FA and ALFF
values were extracted for each brain region and their relationships with clinical variables were then assessed using
Pearson correlation analysis. Results with a p-value (two-tailed) < 0.05 were considered statistically significant. All
results were corrected for multiple comparisons using the false discovery rate (FDR) with a threshold of p-value < 0.05.

Results

Participant Characteristics

The general characteristics of the FMS patients and HCs included in this study are presented in Table 1. All participants
were women and the groups did not differ significantly in terms of age or education level (both p=0.19). FMS patients
who experienced severe pain in the week before scanning had a mean VAS score(mm) of 67.78+24.85. FMS patients had
significantly higher HAMD, HAMA, MoCA, PSQI, and VAS scores than HCs (all p < 0.001). The average duration of
widespread pain was 45.68 months (range 3—240 months).
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Table | Clinical Characteristics of All Subjects

Fibromyalgia Healthy Controls t statistic P
Patients (n=43)
(n=43)
MeantSD MeantSD
Demographic
Age, years 45.95+12.69 42.29+11.43 1.299 0.198
Education, years 10.95+5.417 14.91+3.53 1.297 0.197
Clinical features
Age at onset, years 40.50+12.27 NA NA NA
Duration of pain, months 45.68+46.53 NA NA NA
Hamilton Depression Scale score 10.92+7.50 2.74+3.23 8.44 <0.00
Hamilton Anxiety Scale score 14.45+5.37 1.98+2.21 8.25 <0.00
Montreal Cognitive Assessment score 25.55+4.559 28.86+0.899 4617 <0.00
Pittsburgh Sleep Quality Index score 9.07+3.71 2.20+1.28 11.44 <0.00
Pain symptom severity
Past week pain, by VAS, mm 67.78+24.85 NA NA NA
FIQ score 62.5%13.2 NA NA NA

Abbreviations: SD, standard deviation; HAMD, Hamilton Depression Rating Scale; HAMA, Hamilton Anxiety Rating Scale;
MoCA, Montreal Cognitive Assessment; PSQI, Pittsburgh Sleep Quality Index Scale; VAS, visual analog scale.

Integrity of WM Structure in FMS Patients

Figure 1 compares the spatial distribution of WM microstructural changes between FMS patients and HCs. TBSS
analysis identified altered FA in numerous cerebral areas in FMS patients compared to HCs (p < 0.05, corrected).
Specifically, FMS patients showed reduced FA values in the left CST, right cingulate/hippocampus, right FX/ST, and
superior occipitofrontal fasciculus, but higher FA values in the right SCR, right PCR, sagittal stratum (including the
inferior longitudinal fasciculus and inferior occipitofrontal fasciculus), and left ML.

Group difference in FA: FMS>HC

Figure | Differences in white matter microstructure between the two groups. Tract-based spatial statistics (TBSS) findings. Imaging shows that certain white matter regions
in FMS patients exhibit higher fractional anisotropy (FA) values (first row, red-yellow). Imaging shows that certain white matter regions in FMS patients exhibit lower FA
values (second row, yellow-white).

Abbreviations: FMS, Fibromyalgia Syndrome; HC, healthy control; FA, fractional anisotropy.
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WM Activation in FMS Patients

Some regions showing significant structural alterations in FMS patients also exhibited changes in resting-state functional
activation, as shown by altered ALFF values compared to HCs (p < 0.05 corrected, Figure 2). WM regions showing
abnormal activation are shown in Figure 3. Specifically, FMS patients exhibited reduced ALFF values in the left CST,
left ML, right PCR, right cingulate/hippocampus, and right FX/ST. There were no areas where FMS patients showed
significantly increased ALFF values compared to HCs.

Correlation Analyses

Figure 4 presents the relationships between changes in WM functional activation and clinical characteristics in FMS
patients. For this analysis, we focused on brain regions that showed changes in functional activation. The degree of ALFF
reduction in the right cingulate/hippocampus and left ML was positively correlated with anxiety and depression scores.
Anxiety and depression scores were strongly correlated with each other. The degree of ALFF reduction in the right
cingulate/hippocampus and left ML was positively correlated with pain severity. However, no statistically significant
correlations were observed between ALFF values in any WM regions and neurocognitive performance (MoCA scores, all
p > 0.05, corrected).

Discussion
This study investigated WM alterations in FMS patients. Distinct from previous research, we examined structural
changes as well as abnormalities in WM functional activation. Our findings highlight the crucial role of WM alterations
in the pathogenesis of FMS and provide deeper insights into the disorder in terms of whole-brain connectivity. Our
results contribute to the literature on WM abnormalities in FMS, confirming and extending previous findings.''='-*?
While previous studies have reported WM structural abnormalities in FMS patients, our study is among the first to
explore functional alterations. Recent studies report rsfMRI (BOLD signals) can also reflect WM activity, challenging the
traditional view that associates these signals solely with gray matter. Ding et al'® first identified that variations in WM
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Figure 2 Results of analysis of white matter functional activation changes in FMS. All results were threshold at p < 0.05 (FDR corrected). (A) Differences in functional
activation between FMS and HC at the left Corticospinal Tract. (B) Differences in functional activation between FMS and HC at the left Medial Lemniscus. (C) Differences in
functional activation between FMS and HC at the right Posterior Corona Radiata. (D) Differences in functional activation between FMS and HC at the right Cingulate/
Hippocampus. (E) Differences in functional activation between FMS and HC at the Fornix/Stria Terminalis.

Abbreviations: FMS, Fibromyalgia Syndrome; HC, healthy control; ALFF, amplitude of low frequency fluctuation.
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Figure 3 Differences in white matter functional activation between the two groups. The yellow-white brain region indicates a decrease in ALFF values (A-E). (A) Sagittal
view. Location of the left Corticospinal Tract. (B) Sagittal view. Location of the left Medial Lemniscus. (C) Axial view. Location of the right Posterior Corona Radiata. (D)
Sagittal view. Location of the right Cingulate/Hippocampus. (E) Sagittal view. Location of the Fornix/Stria Terminalis.
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Figure 4 Correlation analysis of ALFF values with anxiety, depression, and pain severity. (A) Correlation Analysis between Left Medial Lemniscus and Anxiety Scores; (B)
Correlation Analysis between Left Medial Lemniscus and Depression Scores; (C) Correlation Analysis between Left Medial Lemniscus and Pain Severity; (D) Correlation
Analysis between Right Cingulate/Hippocampus and Anxiety Scores; (E) Correlation Analysis between Right Cingulate/Hippocampus and Depression Scores; (F) Correlation

Analysis between Right Cingulate/Hippocampus and Pain Severity.
Abbreviations: HAMA, Hamilton Anxiety Rating Scale; HAMD, Hamilton Depression Rating Scale; VAS, Visual Analogue Scale.

BOLD signals are associated with neural activity, while Huang Y et al*® confirmed a strong correlation between WM
BOLD functional connectivity and intracranial electrophysiological connectivity. These findings provide evidence for the

electrophysiological and structural basis of WM BOLD signals, supporting that WM BOLD signals could serve as

biomarkers of neuropsychiatric disorders.
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Research on the functional role of WM in pain mechanisms is currently limited. One study of patients with
orthodontic pain®' found that, during pain stimulation, WM functional networks can mediate emotional and cognitive
networks. Another study revealed that functional alterations in WM may disrupt signal transmission between neural
centers in migraine patients, ultimately leading to impaired functional information integration between migraine-related
brain centers.* Taken together, these findings serve as a foundation for exploring changes in WM functional activation
during pain.

WM Integrity Disruption and Connectivity Alterations
FA values, as a microstructural marker of WM, reflect the degree of organization of nerve fibers within WM.>> Decreased
FA values typically indicate damage or degeneration of nerve fibers within WM tracts, which may lead to reduced
efficiency in neural signal transmission and subsequently affect the communication and network connectivity between
different brain regions.*® Such structural changes in FMS patients could be associated with chronic pain and long-term
motor dysfunction.

Our findings of decreased FA values in WM regions including the CST, cingulum/hippocampus, and FX/ST in FMS
patients are consistent with previous research on chronic pain and neurodegenerative diseases. For example, Ye et al’’
also found that FMS patients exhibited reduced WM FA values, particularly in motor-related areas such as the CST.

Barbas et al®®

noted that WM integrity is fundamental to maintaining brain network connectivity and functional
coordination, and WM damage is often accompanied by a decline in functional connectivity. Thus, impairment of
WM pathways in FMS patients may lead to reduced connectivity between different brain regions, affecting functional
integration.

Decreased FA values in specific regions such as the CST and cingulum/hippocampus may result in reduced effective
connectivity during the execution of functions such as motor control, emotional regulation, and pain perception.***° This
mechanism offers a neurobiological basis for the multidimensional symptoms of FMS, including motor dysfunction,
cognitive impairment, and emotional disturbances.

Moreover, changes in WM FA values are often associated with remodeling or damage of brain functional networks.
Increased FA values in certain brain regions in FMS patients, such as the SCR and PCR, may suggest compensatory
neural remodeling.*'*** While this compensatory enhancement may temporarily sustain brain network function, in the
long term, structural compensation may not restore normal functioning of brain networks. Especially in highly integrated
and coordinated neural networks, compensatory changes may exacerbate functional dysregulation.

WM Functional Alterations and Brain Functional Connectivity

ALFF values reflect low-frequency fluctuations within a region and are commonly used to assess the level of functional
activity in different brain regions during resting-state conditions.*> Although ALFF has been traditionally used in studies
of gray matter, recent research suggests that ALFF in WM areas also reflects functional activity states.'” Although ALFF
values primarily reflect the intensity of local brain region activity, they can, to some extent, indirectly indicate
connectivity between brain networks. For example, restriction or enhancement of functional activity in a local region
often affects information exchange and functional coordination of that region with other brain areas.** Therefore,
although ALFF values directly measure the functional activity of a specific region, changes in ALFF values can provide
important information about the role of that region within the global brain network and its connectivity status.

We observed a significant reduction in ALFF values in several WM regions in FMS patients during resting-
state conditions, including the CST and cingulum/hippocampus. We hypothesize that this decline in functional
activity is related to WM structural damage, where the functional activity of these WM regions may be affected by
disruptions in signal transmission, subsequently influencing their functional interactions with other brain areas.*’
In the context of FMS, this could manifest as impairments in pain perception, motor control, and emotional
regulation. For example, decreased ALFF values in the CST could relate to motor dysfunction, while reduced
ALFF values in the cingulum/hippocampus could link to difficulties in emotional regulation and pain perception.
Such reduction in functional activity may contribute to widespread pain and heightened sensory sensitivity in FMS
because normal sensory signals are misinterpreted as pain signals—a concept that supports the theory of central
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sensitization.®*® We did not find significant associations between WM functional alterations and neurocognitive
performance. This may reflect limitations of the cognitive assessment tools (eg, the MoCA provides a global
screening of cognitive function but may lack sensitivity to detect domain-specific deficits such as complex
working memory”). Alternatively, WM functional changes in FMS may primarily mediate pain processing rather
than direct cognitive control, as suggested by prior studies linking cingulate dysfunction to emotional
regulation, "¢

The relationship between changes in ALFF and FA values reflects the profound impact of WM damage on overall
brain network connectivity.*’ Despite increased FA values in certain WM regions, such as the PCR and ML, the changes
in ALFF values could still indicate suppression of functional activity. These findings suggest that even if the brain
attempts to maintain function through neural network remodeling, efficiency of signal transmission and functional
connectivity may still be compromised due to long-term damage.

Most studies on brain function in FMS continue to focus on gray matter, with WM function receiving comparatively
limited attention. However, as the primary pathway for information transmission in the brain, changes in WM can have
a profound impact on the overall brain network.*® Damage to WM and alterations in its functional activity not only affect
the functional state of localized brain regions, but may also disrupt long-range connections and global coordination. Our
findings underscore the importance of considering WM functional changes in FMS, supporting that their role in the
pathophysiology of the disorder should not be overlooked.

Limitations

This study has several limitations. First, FMS is a gender-related condition with a significantly higher prevalence
in women than men.** Women FMS patients often exhibit distinct pathological features from men FMS patients,
including more severe sleep disturbances, frequent fatigue, and widespread pain.’® However, since all participants
in this study were women, our findings cannot be generalized to men FMS patients. Second, functional changes in
WM typically occur in conjunction with gray matter interactions. Thus, examining WM in isolation may not fully
capture its role in neural processes. Future research should investigate changes in pathways between gray and WM
to provide a more comprehensive understanding. Additionally, the spatial resolution of fMRI may limit the precise
separation of WM and GM signals, which could influence the interpretation of our results. Future studies using
ultra-high-field MRI could better delineate WM-specific functional changes. Future studies could also explore the
use of deep transcranial magnetic stimulation (dTMS) targeting WM as a potential treatment for FMS. By
evaluating whether regular stimulation of targeted brain regions can improve functional activation deficits and
reduce pain and mood symptoms, this approach could offer valuable insights for therapeutic strategies.

Conclusion

This study demonstrates that FMS is associated with both structural and functional alterations in key WM tracts,
including the corticospinal tract and cingulate/hippocampus. These dual abnormalities likely disrupt signal transmission
efficiency within pain-modulation networks, providing a mechanistic explanation for the persistence of chronic pain in
FMS. By integrating WM-focused BOLD signal analysis (ALFF) with microstructural metrics (FA), our findings propose
a novel framework for understanding FMS pathophysiology. Future research should examine the specific roles of these
WM pathways and their associations with clinical symptoms, offering new insights into the comprehensive management
of FMS.
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