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Abstract: Background: One of the most useful tools for identifying sleep disturbances is neuroimaging, especially
magnetic resonance imaging (MRI). This review research was to look at the role of MRI findings in movement
disorders and sleep disturbances. Methods: This review collects all MRI data on movement disorders and sleep
disruptions. Between 2000 and 2022, PubMed and Google Scholar were utilized to find original English publica-
tions and reviews. According to the inclusion and exclusion criteria, around 100 publications were included. We only
looked at research that explored MRI modality together with movement problems, sleep disorders, and brain area
involvement. Most of the information focuses on movement irregularities and sleep interruptions. Results: Move-
ment disorders such as Parkinson’s disease (PD), Huntington’s disease (HD), neuromuscular diseases, rapid eye
movement (REM) sleep behavior movement disorder (RBD), cerebellar movement disorders, and brainstem move-
ment disorders are assessed using MRI-based neuroimaging techniques. Some of the brain areas were associated
with disorders in movement abnormalities and related sleep disturbances. This review found that many people with
mobility disorders also have sleep problems. Some brain areas’ malfunctions may cause motor and sleep issues.
Conclusion: Neuroimaging helps us understand the sleep difficulties associated with movement disorders by exam-
ining the structural and functional implications of movement disorders and sleep disturbances.
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Introduction (REM) sleep behavior disorder (RBD), periodic
limb movements during sleep (PLMS), and cir-

Movement disorders are a group of neurologi- cadian rhythm disorders [3, 7, 8]. Sleep distur-

cal conditions that affect the speed, fluency,
quality of life [1, 2]. They include Parkinson’s
disease (PD), Huntington’s disease (HD), amyo-
trophic lateral sclerosis (ALS), and restless legs
syndrome (RLS), among others [3-6]. Movement
disorders are often accompanied by sleep dis-
turbances, such as insomnia, excessive day-
time sleepiness (EDS), rapid eye movement

bances can have a significant impact on the
quality of life, cognitive function, mood, and dis-
ease progression of patients with movement
disorders [9-14].

Magnetic resonance imaging (MRI) is a non-
invasive imaging technology that creates high-
resolution three-dimensional (3D) pictures of
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Figure 1. The contribution of each movement disorder from the total re-

viewed studies.

organs throughout the body (< 1 mm) [15, 186].
MRI has a basic advantage because it offers
excellent soft-tissue contrast and deep pene-
tration, allowing for cross-sectional anatomical
information to be obtained from the organs [17-
19]. This data may then be utilized to perform
diagnostics. It's possible that an MRI scan may
provide details about tissue function, such as
how well it functions and how much oxygen and
other chemicals it contains [20]. MR neuroim-
aging has been widely used to investigate the
structural and functional changes that occur in
the brains of patients with movement disorders
and associated sleep disturbances [21-23].
MRI can reveal abnormalities in brain regions
that are involved in motor control, such as the
basal ganglia, thalamus, cerebellum, and motor
cortex, as well as in brain regions that are
involved in sleep regulation, such as the hypo-
thalamus, brainstem, amygdala, and hippo-
campus [24-29]. MRI can also assess the con-
nectivity and network dynamics between these
regions using techniques such as volumetric
analyses, diffusion tensor imaging (DTI), quanti-
tative susceptibility mapping (QSM), perfusion-
weighted imaging (PWI), and resting-state fMRI
(rs-fMRI) [23].

Many patients with movement disorders also
have abnormal sleep and circadian rhythm dis-
orders. The frequency and nature of sleep dis-
ruptions vary amongst movement disorders.
For instance, the prevalence of sleep problems
in Parkinson’s disease (PD) has been reported
to be as high as 98 percent, with rapid eye
movement (REM) sleep behavior disorder being
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33]. The quality of life is direct-
ly linked to the quality of one’s
sleep, which means that sleep
disorders are likely to result in
severe morbidity. Early detec-
tion and treatment of sleep
disorders are of significant
therapeutic interest in order
to improve quality of life,
postpone institutionalization,
and reduce healthcare costs
@ Huntington's [23]. Neuroimaging, particu-
_________ dissase larly MRI, is a useful tool for

detecting sleep abnormalities
in a variety of movement dis-
orders. The aim of this review
study was to investigate the
role of MRI findings in movement disorders and
associated sleep disturbances.

disorders

Materials and methods

To conduct this review article, we searched
PubMed and Google Scholar for original articles
and reviews in English between 2000 and
2022 using the following keywords: structural
and functional MRI; metabolic MRI; movement
disorders; and sleep disorders. According to
the inclusion and exclusion criteria, we select-
ed approximately 100 publications that met our
criterion of investigating MRI modality in con-
junction with movement disorders, sleep disor-
ders, and brain region involvement concurrent-
ly. The majority of the publications focused on
abnormalities of movement and the resulting
sleep disruptions they might cause. Finally, we
classified the publications according to move-
ment disorders, which included PD, HD, neuro-
muscular diseases, movement disorders linked
with RBD, cerebellar movement disorders, and
brainstem movement disorders.

Results

The PD, HD, neuromuscular disorders, move-
ment disorders associated with RBD, and
movement disorders associated with the cere-
bellum and brainstem were revealed in our
study.

Figure 1 is a pie chart depicting the proportion
of each movement disorder in the total number
of studies surveyed by our search.
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MRI-based neuroimaging studies are summa-
rized in Supplementary Table 1. Articles re-
viewed in the area of MR neuroimaging, which
includes all of the publications assessed. The
number of patients, field strength, MR tech-
nique, and findings are all included in this table.

Shaking, stiffness, and problems with balance
and coordination are just some of the side
effects of PD, which is a condition of the brain
[34]. HD is a lethal inherited neurological condi-
tion marked by chorea, psychiatric symptoms,
and cognitive impairment [35]. Patients with
neuromuscular diseases have a wide range of
conditions that affect the motor nuclei of the
neurons in the brain, spinal cord, peripheral
nerves, and/or muscles [36]. Restless legs syn-
drome (RLS) is a prevalent sensorimotor disor-
der defined by a need to move that begins dur-
ing rest or is increased by rest, appears in the
evening or at night, and dissipates or improves
with movement [37]. The sleep condition known
as rapid eye movement sleep behavior disorder
(RBD) falls under the category of parasomnia.
Patients with idiopathic RBD had lower levels of
normal skeletal muscle atonia during REM
sleep, as well as higher levels of motor activity
during the dream phase [38]. A vital element of
the central nervous system (CNS), the cerebel-
lum, or “small brain”, is engaged in a variety of
brain activities, including motor planning, motor
execution, learning, and breathing [39, 40].
Many neurological illnesses, such as pain,
sleep disturbances, autonomic disturbances,
and neurodegenerative diseases, put the brain-
stem at risk [41].

As previously stated, MRI findings were gath-
ered in the context of several disorders, such
as PD and RBD. More significant results were
seen in these findings, particularly in the PD
and RBD parts, as compared to the neuromus-
cular disorders and movement disorders asso-
ciated with the cerebellum and brainstem por-
tions (see all findings in Supplementary Table
1). Tables 1 and 2 illustrate the valued out-
comes of PD and RBD, respectively.

The association between the most prevalent
distinct brain areas involved in movement dis-
orders and accompanying sleep disturbances
is shown in our research. Figure 2 shows that
major parts of the thalamus, corpus callosum,
caudate, putamen, precuneus, hippocampus,
and postcentral gyrus were engaged in PD
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patients [38, 47, 50, 51]. Even though RBD
patients have more involvement in the thala-
mus, putamen, insula, precuneus, parahippo-
campal, and postcentral gyrus, iRBD patients
only have more involvement in the internal cap-
sule, caudate, thalamus, and fornix [58, 62-64].

Discussion

In this review article, we investigated the role of
MRI findings in movement disorders and asso-
ciated sleep disturbances. We focused on three
main aspects: 1) the structural and functional
MRI findings in different movement disorders
and their relation to sleep disturbances; 2) the
quantitative imaging findings in movement dis-
orders and associated sleep disturbances; and
3) the clinical implications and future directions
of MRI research in this field.

Based on previous knowledge, We found that
different MRI techniques can reveal different
aspects of brain structure and function in
patients with movement disorders and associ-
ated sleep disturbances [21-23]. For example,
T1-weighted imaging can measure the volume
of various brain regions and detect atrophy or
hypertrophy of GM or WM [42, 43, 46-49, 58,
60]. T2-weighted imaging can identify patho-
logical changes in brain tissues such as inflam-
mation or edema [27, 77]. DTl can assess the
microstructural integrity of WM tracts and their
connectivity [83, 84]. SWI can measure the
magnetic susceptibility of tissues and reflect
their iron content [85, 86]. DWI can measure
the diffusion of water molecules in brain tis-
sues and detect ischemia or necrosis [87, 88].
QSM can quantify the magnetic susceptibility
of tissues and provide information on iron
deposition patterns [89-91]. MRS can measure
the concentration of metabolites in brain tis-
sues and reflect their biochemical status [92,
93]. fMRI can measure the blood oxygen level-
dependent (BOLD) signal changes in brain
regions during tasks or at rest and reflect their
functional activity [94, 95].

Many movement disorders, including PD and
RBD, have been shown to cause sleep disor-
ders. Because sleep disorders reduce quality of
life and cause complications such as short-
term memory loss, increased blood pressure,
and an increased risk of diabetes, it is critical to
investigate movement disorders and the sleep
disorders that result from them [96-99].
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Table 1. Most important MRI findings in Parkinson’s Disease (PD)

Technique

MR Imaging Findings

T1-w

Diffusion-based

fMRI

e The brain seed locations in both cortical and subcortical areas exhibited substantial structural pattern alterations [15]

e Patients with sleep disorders exhibited regions of decreased GMV* and WM alterations in the cortex [16]

e PD-RBD patients revealed more nodal property alterations within the neocortex and limbic system [17]

e The pontomesencephalic tegmentum, medullary reticular formation, hypothalamus, putamen, and anterior cingulate cortex reduced volumes
in PD patients [11]

e High GMV was found in the cerebellar vermis, whereas low GMV was seen in the right SOG of patients with PD-RBD [18]

e There was more GM atrophy in the PD with probable RBD group for men than for females [19]

e In PD patients with RBD, the right putamen had a lower volume. The greater volume of the right putamen, left hippocampus, and left thala-
mus shows the more significant the severity of RBD symptoms [20]

e There was a correlation between excessive daytime sleepiness and an increased OSA in individuals with PD and PSP, which indicates exten-
sive degradation of brainstem sleep components [21]

e That patients with troubling nocturia had reduced cortical surface on the left pre-and postcentral regions, and total WM volume decreased
bilaterally as well [22]

e PD Patients with RBD had significantly lower GM volume in the right thalamus [23]

e The PDRBD+ group had lower GM volume in the left posterior cingulate and hippocampus compared to the PDRBD-, as well as additional
lower GM volume in the left precuneus, cuneus, medial frontal gyrus, postcentral gyrus, and both inferior parietal lobules compared to the HC
group [24]

e There was substantial degeneration of GM in the frontal, temporal, and occipital regions of the brain in individuals with EDS compared to
controls [25]

e There was increased regional GM volume in both the hippocampus and the parahippocampal gyri in the PD-EDS group [26]

e PD patients with impaired phonetic-fluency (a frontal lobe function) and those with iRBD or PDND who had lower levels of total-a-synuclein in
their CSFT were shown to have thinner frontal cortices, regardless of the presence of in their CSF [27]

e Pathways (CC, IFOF, CST, and MCP) with decreased anisotropy were found in PD patients with RBD compared to those without RBD [28]

e The PD with sleep disruption group revealed extensive WM degeneration [29]

e ALFF values in the main motor cortex and premotor cortex were significantly lower in individuals with RBD than in those with PD without RBD
[30]

e The right cingulum, left and right fornix, left ILF, right CST, right MCP, and genu of corpus callosum connections were considerably decreased
in PD-RBD subjects with depressive symptoms [31]

e The PD-EDS group was shown to have higher AD values in both the left anterior thalamic radiation and CST, as well as bilaterally in superior
corona radiata and SLF [26]

o PD-RBD patients revealed more nodal property alterations within the neocortex and limbic system [17]

e The ReHo values of the ACC varied considerably across the PD groups patients [18]

e Cortical FC in the default mode, central executive, and dorsal attention networks was less severely reduced in PD patients with sleep distur-
bances [29]

e Both RBD and PD were identified by connectivity measurements of basal ganglia network dysfunction with excellent specificity (74% for RBD
disorder, and 78% for PD), highlighting its potential as an early indication of basal ganglia dysfunction [32]

*Abbreviations: GMV: Gray Matter Volume; WM: White Matter; PD: Parkinson’s Disease; RBD: Rapid Eye Movement (REM) Sleep Behavior Disorder (RBD); SOG: Superior Occipital Gyrus; OSA: Obstructive
Sleep Apnea; PSP: Progressive Supranuclear Palsy; HC: Healthy Control; EDS: Excessive Daytime Sleepiness; iRBD: Idiopathic RBD; PDNP: PD Patients with No Dementia; CSF: Cerebrospinal Fluid; CC: Corpus
Callosum; IFOF: Inferior fronto Occipital Fasciculi; CST: Corticospinal Tract; MCP: Middle Cerebellar Peduncle; ALFF: Amplitude of Low Frequency Fluctuation; ILF: Inferior Longitudinal Fasciculus; AD: Axial Dif-
fusivity; SLF: Superior Longitudinal Fasciculus; ReHo: Regional Homogeneity; ACC: Anterior Cingulate Gyrus; FC: Functional Connectivity.
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Table 2. Most important MRI findings in REM sleep behavior disorder (RBD)

Technique

MR Imaging Findings

T1-w

Diffusion-based

81

e |n patients with iRBD*, increases in GMV in the cerebellum, putamen, and thalamus may indicate a compensatory impact [33]

e Patients with iRBD had considerably greater lateral ventricle sizes than HCs [34]

e Patients with RLS had higher GMVs in the left caudate and the left ventral rostral putamen [35]

e WM volume was considerably decreased in RLS patients compared to HCs, and these changes were linked to iliness duration [36]

e People who suffer from RLS had a 7.5% lower than normal average thickness of the bilateral postcentral gyrus. A significant reduction in the
corpus callosum posterior midbody was shown [37]

e A considerable loss in GM volume was seen in the anterior lobes of the right and left cerebellum and the tegmental area of the pons in
individuals with iRBD compared to controls [38]

e There were substantial differences in the volume of the brains of patients with iRBD and HCs, with higher volumes of the frontal cortex,
thalamus, and caudate nucleus [39]

e Individuals with iRBD had structural connectivity that was considerably different from that of HCs [39]

e There was a large amount of hub reorganization in patients diagnosed with iRBD, as measured by local network metrics [39]

e Patients diagnosed with iRBD exhibited an increase in the betweenness centrality of the caudate nucleus and frontal cortex [39]

e Both hippocampi of iRBD patients were shown to have increased GM density [40]

e Participants with iRBD had lower NM-sensitive volume and signal intensity compared to controls [41]

e GMV in the middle temporal gyrus and cerebellar posterior lobe was higher in iRBD patients than in controls, while it was lower in the Rolan-
dic operculum, postcentral gyrus, insular lobe, gyrus of the cingulate, precuneus, and superior frontal gyrus [42]

e The WM of the brainstem, the right substantia nigra, the olfactory area, the left temporal lobe, the fornix, the internal capsule, the corona
radiata, and the right visual stream were all reported to have considerable microstructural alteration in individuals with iRBD [43]

o RLS/WED patients, had reduced AD in the leftposterior thalamic radiation. The intensity of RLS/WED symptoms was adversely linked with
a decrease in AD in the left posterior corona radiata in those who had the symptoms. RLS/WED sufferers have higher RD in the superior
cerebellar peduncles [44]

e FA was considerably decreased in RLS patients compared to HCs, and these changes were linked to illness duration [36]

e RLS patients had lower FA values in the CST and cingulum on the left side of the brain, and in the ATR and the IFOF on the right side of the
brain. Patients’ attention/executive function and visual memory scores were linked positively with FA values in the right ATR, whereas anxiety
levels correlated adversely with FA values in the right IFOF. FA levels in the left CST were also adversely associated with the frequency of peri-
odic leg movements and the movement arousal score [10]

e In comparison to controls, RLS patients had lower FA in the corpus callosum’s genu and frontal WM near the inferior frontal gyrus. Both the
AD and RD were greater in regions with lower FA than in the control participants [45]

e There were areas of changed FA in the subcortical WM on both sides, mostly in the temporal region but also the internal capsule on the
right, the pons and the right cerebellum [46]

e |n iRBD patients, FA reduced in the tegmentum of the midbrain and rostral pons, whereas MD increased in the pontine reticular formation,
which overlapped with the cluster of decreased FA in the midbrain [40]

e Participants with iRBD had lower FA compared to controls [41]

Am J Nucl Med Mol Imaging 2023;13(3):77-94
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e |n patients with iRBD, changed ALFF values in the parahippocampal gyrus and occipital cortices may contribute to the underlying neurode-
generative process in this condition [33]

e In RLS patients, higher levels of ReHo were found in the striatum, thalamus, and limbic system, suggesting that emotional processing and
motion regulation in the CSTC loop may be the source of dysfunction [47]

e Drug-treated RLS demonstrated considerably stronger thalamic connectivity for the left uvula, right tuber, left anterior insula, and right
declive compared to drug-naive RLS [48]

® Right precuneus, right precentral gyrus, right precentral gyrus, and bilateral lingual gyri all exhibited decreased connection with the thala-
mus in RLS patients; conversely, right superior temporal gyrus, bilateral middle temporal gyrus, and right medial frontal gyrus all showed
improved connectivity with the thalamus [49]

e Severity of RLS was adversely linked with thalamic-right parahippocampal-gyrus connection [49]

e The rsFC patterns of putamen were found to be altered in RLS patients compared to those without the condition [35]

e Right pyramids in the RLS group had reduced SN FC, but bilateral orbitofrontal gyri and the right postcentral gyrus had increased SN FC [50]
e |diopathic drug-naive RLS patients showed lower FCS in the cuneus and fusiform gyrus, as well as an increase in FCS in the superior frontal
gyrus and thalamus, according to a hub analysis. Following FC investigations, it was shown that sensorimotor and visual processing networks
had reduced functional connection, whereas the emotional cognitive network and cerebellar-thalamic circuit had enhanced FC [51]

e RLS patients had reduced ALFF in the sensorimotor and visual processing regions and greater ALFF in the insula, parahippocampal and hip-
pocampal gyri, the left posterior parietal areas, and the brainstem compared to HC subjects [52]

e RLS patients had greater levels of activation in the dorsolateral prefrontal cortex [53]

e Enhanced iron content was seen in the caudate and putamen of RLS patients compared to controls, indicating an increased R2* signal in
these locations [54]

e The relationship between neuronal origin-enriched extracellular vesicles (nEV) total ferritin and MRI measures of iron deposition in the sub-
stantia nigra was distinct between the two groups of participants with RLS and control participants [55]

e |n patients with late-onset restless legs syndrome, the iron index in the substantia nigra was considerably lower than in controls [56]

e An incresed Glx/Cr value was found in patients with RLS when compared to controls [57]

o Magnetic sensitivity in the thalamus and dentate nucleus of individuals with restless leg syndrome was substantially lower than that of HCs
[58]

e Comparing the RLS cohort to the control group revealed that the putamen, as well as the temporal and occipital compartments, had lower
iron concentration when examined with R2* [36]

e |n the substantia nigra pars compacta, RLS patients’ T2 relaxation times were longer than those of control subjects [53]

*Abbreviations: iRBD: Idiopathic rapid eye movement sleep behavior disorder; GMV: Gray matter volume; HC: Health control; RLS: Restless legs syndrome; WM: White matter; GM:
Gray matter; NM: Neuromelanin; RLS/WED: Restless legs syndrome/Willis-Ekbom disease; AD: Axial diffusivity; RD: Radial diffusivity; MD: Mean diffusivity; FA: Fractional anisotropy;
CST: Cortico-spinal tract; ATR: Anterior thalamic radiation; IFOF: Inferior fronto-occipital fasciculus; ALFF: Amplitude of low frequency fluctuation; ReHo: Regional homogeneity; CSTC:
Cortico-striatal-thalamic-cortical; SN: Salience network; FC: Functional connectivity; rsFC: Resting-state functional connectivity; FCS: Functional connectivity strength; Gix: glutamate
and glutamine; Cr: creatine.
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PD

Thalamus ~ Corpus callosum

Precuneus Hippocampus  Postcentral gyrus
Thalamus

RBD

Thalamus Putamen Insula Internal Capsule Caudate

Precuneus Parahippocampal Postcentral gyrus
Thalamus

Figure 2. The T1-weighted brain image of a healthy 29-year-old individual displays the possible brain regions impli-
cated in movement disorders and associated sleep disturbances (PD, HD, RBD, and iRBD).
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PD, RBD, HD, and other movement disorders
related to different brain areas were reviewed
in a total of 61 studies. There have been numer-
ous studies in which MRI scanners of 1, 1.5, 3,
and 7 tesla have been used. With 3 Tesla, there
are nearly twice as many studies compared to
1.5 Tesla devices. Numerous studies have
been conducted since 2014, which may be due
to advances in MRI techniques and protocols,
as well as newer devices with more consistent
field characteristics. Field intensities above 1.5
tesla are recommended because of their supe-
rior accuracy and precision.

If you want the most accurate diagnosis, you
need high-quality images, and both MRIs have
that capability. The 3T MRI is the most powerful
equipment available today, yet the 1.5T MRI
remains the standard and most widely used
technology for Mri machines, and for good rea-
son. Studies have employed a varied set of
cases, which might be attributed to differences
in researchers’ access to individuals.

The use of 3D T1 weighting and VBM or SBM
analysis is one of the most common ways to
analyze and measure the volume of various
parts of the brain. Different T1-weighted imag-
ing methods, such as 3D SPGR, 3D MPRAGE,
and T1 3D MPRAGE images, have been utilized
to assess brain structural changes [22, 27, 28,
37, 38, 42, 43, 45-53, 55, 56, 58, 59, 61-67,
70-72, 75-78, 80, 100-107].

Cortical and subcortical alterations of white
matter and gray matter were seen in the major-
ity of the studies that were analyzed [42, 48,
53, 55, 60, 70, 71, 103]. Patients with
Parkinson’s disease and restless legs syn-
drome were shown to have a reduced amount
of gray matter in deep GM locations such as the
thalamus, putamen, and caudate. In regards to
Parkinson’s disease, males have higher sub-
cortical atrophy, and the volume of deep GM
regions has decreased more in men than in
women [100]. The cortex and gyrus areas of the
frontal, parietal, and temporal lobes of
Parkinson’s patients showed degeneration
alterations. A higher rate of thalamic atrophy
was seen in Huntington’s patients with sleep
problems had more problems than those with
only Huntington’s symptoms [101]. Atrophic
alterations in WM and GM have been found in
the setting of OSAS neuromyopathy using SBM
analysis in the neuromuscular investigation
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[102]. The cerebellum, frontal cortex, putamen,
thalamus, hippocampus, and caudate showed
an increase in GM volume in iRBD patients
[58]. The cerebellum, amygdala, hippocampus,
and temporoparietal areas of the brain of these
individuals and Parkinson’s patients were also
shown to have GM volume loss and atrophy
[106]. Patients with iRBD had higher GMV in
the middle temporal gyrus and cerebellar pos-
terior lobe than controls, but lower GMV in the
Rolandic operculum, postcentral gyrus, insular
lobe, cingulate gyrus, precuneus, and superior
frontal gyrus [67].

T2-weighted images are used with various
methods such as T2W GRE, T2W 3D GRE, and
T2W FSE to investigate the structural patholo-
gies of various brain regions. Only one study
employed T2W images for pathological investi-
gation of the cerebellum and brain stem
regions; the findings of this study indicated that
as the illness duration increased, so did atro-
phy and hyperintensity in the cerebellar pedun-
cles and brain stem [27].

Advanced structural neuroimaging methods
using MR, including DTI, SWI, and DWI, were
frequently employed in the research we evalu-
ated. SWI is an MRI sequence that is very
sensitive to molecules that modify the local
magnetic field, making it effective in identifying
blood products, calcium, and other substances
[86]. SWI is a 3D high-resolution gradient-echo
MRI sequence. Unlike most other standard
sequences, SWI takes use of the influence on
both phase and magnitude [108]. DWI is based
on measuring the thermal Brownian motion of
water molecules. Water molecules in cerebral
white matter tend to diffuse more easily along
axonal fascicles rather than across them.
Anisotropy is the word used to describe this
directional dependence of diffusivity. The final
image shows the white-matter fibers’ highest
diffusivity in the direction of this maximum
[88].

DTl is an MRI technique that assesses the axo-
nal (white matter) architecture of the brain
using anisotropic diffusion. An imaging method
called fiber tractography (FT) uses diffusion
tensor imaging data to create a 3D reconstruc-
tion of neural tracts [109]. It has been shown
that RLS patients have microstructural or func-
tional alterations in the CNS that can't be
detected by standard MRI, such as DTl and
fMRI, according to research [61, 68-70, 73, 76,

Am J Nucl Med Mol Imaging 2023;13(3):77-94
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77, 110]. It is possible to detect degenerative
parkinsonism in iRBD by looking for a lack of
DNH on high-field SWI [111]. Although these
alterations were broad, the mean diffusivity
and fractional anisotropy of both PD groups
increased in comparison to the HC [50].

Fornix, internal capsule, corona radiata, right
visual stream and white matter of brain stem
were all shown to have significant microstruc-
tural modification in persons with iRBD [29].
Reduced AD was found in the left posterior tha-
lamic radiation by TBSS analysis in RLS/WED
patients with RLS. RLS/WED patients show
greater RD in the superior cerebellar peduncles
[68]. White matter volume and FA were found to
be significantly lower in RLS patients compared
to healthy controls, and these alterations were
connected to disease duration. For patients
with RLS, the right FA signal from the fronto-
pontine tract was shown to be inversely related
to increases in the right primary motor cortex’s
gray matter volume [61]. Patients with RLS
reported reduced FA values in the CST and cin-
gulum on the left side of the brain, as well as
the ATR and IFO fasciculus on the right side.
Patients’ attention/executive function and visu-
al memory ratings were favorably connected to
FA values in the right ATR, whereas anxiety lev-
els were negatively related to FA values in the
right IFO. FA levels in the left CST were also
shown to be negatively related to the frequency
of periodic leg movements as well as the move-
ment arousal score [37].

A comparison of FA brainstem maps voxel by
voxel showed significant microstructural abnor-
malities on both sides. According to Lindemann
(2016) [110], a slice-wise study of FA maps of
the cervical spinal cord revealed a trend for
lower FA values in the second and third verte-
bral regions of the patient sample. This was
seen in the cervical spinal cord.

RLS patients reported reduced FA in the corpus
callosum’s genu and frontal WM near the infe-
rior frontal gyrus compared to controls. AD and
RD were also higher in regions with lower FA
than in control subjects [69]. Subcortical white
matter on both sides of the brain showed
altered FA, primarily in the temporal region but
also in the right internal capsule, pons, and
right cerebellum. These modifications were
made concurrently with the RD changes. AVBM
assessment indicated no alterations in the gray
matter of the brain [70].
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FA was reduced in the tegmentum of the mid-
brain and rostral pons using the SPM method,
whereas MD increased in the pontine reticular
formation, which correlated with the cluster of
decreased FA in the midbrain [65]. Participants
with iRBD had reduced NM-sensitive volume
and signal intensity, as well as lower FA when
compared to controls [66].

The white matter of iRBD patients was shown
to have severe microstructural abnormalities in
the brainstem, right substantia nigra, olfactory
area, left temporal lobe, fornix, and internal
capsule [29]. The phase measurement of MRI
data and the calculation of QSM in the thala-
mus and dentate nucleus (DN) show a link
between the magnetic behavior of these areas
and the frequency of limb movement when the
person is sleeping [82].

The QSM technique is used to compute mag-
netic susceptibility. There was a significant dif-
ference between the two groups of people with
RLS and control participants in the correlation
between neuronal origin-enriched extracellular
vesicles (nEV) total ferritin and MRI assess-
ments of iron deposition in the substantia nigra
[79]. RLS patients had higher iron concentra-
tions in the caudate and putamen compared to
controls, indicating an elevated R2* signal in
these areas [78]. The RLS cohort showed sub-
stantially decreased iron levels in the putamen,
as well as the temporal and occipital compart-
ments, when compared to the control group
[61]. According to Astrakas (2008) [77], pa-
tients in the substantia nigra pars compacta
had considerably longer T2 relaxation times
than control individuals.

Recently, there has been significant advance-
ment in the field of neurocimaging known as
MRS, which allows for noninvasive in vivo inves-
tigation of metabolites. According to our study,
only a few studies have been undertaken in the
field of MRS to investigate brain metabolites. In
just one study, patients with RLS had a higher
GIx/Cr ratio when compared to controls, and
this value was directly related to the amount of
time patients were awake during the sleep
phase [81].

More research with field strengths higher
than 1.5 Tesla is suggested to investigate and
better distinguish brain metabolites such as
N-acetylaspartate, creatine (Cr), choline (Cho),
glutamate, glutamine, and myo-inositol (with
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different TEs) [81, 112-114]. The fMRI, which
is based on blood-oxygen level dependent
(BOLD) techniques, has been widely used to
study the functional activities and cognitive
behaviors of the brain based on the induced
stimulus by tasks, also known as task fMRI
(tfMRI), or during task-free resting-state, also
known as rsfMRI [115-118]. Multiple studies
have indicated that combining multiple kinds
of rs-fMRI features (such as ALFF, ReHo, and
rsFC) improves classification ability. The combi-
nation of these qualities revealed this benefit
[119-121].

The term “regional homogeneity”, or “ReHo”,
refers to the sum of a node’s local FC with its
closest neighbors. It may be thought of as a
network centrality index that can be used to
quantify the relevance of a node in the human
functional connectome [122, 123]. ACC ReHo
levels are greater in TDPD-SD compared to HC
and TDPD-SD compared to TDPD-NSD. ACC
ReHo levels in TDPD-NSD were observed to be
lower than in HC [45]. Higher levels of ReHo
were found in the striatum, thalamus, and lim-
bic system of people suffering from restless
legs syndrome (RLS), suggesting that emotion-
al processing and motion control in the cortico-
striatal-thalamic-cortical (CSTC) loop may be
the source of the problem [71].

It was revealed throughout the examination
that the ReHo indices differed from one group
to the next. In comparison to the PD group with-
out RBD, the PD group with RBD had higher
ReHo in the left cerebellar, right middle occipi-
tal, and left temporal areas, as well as lower
ReHo in the occipital and frontal regions. The
left cerebellum demonstrated a greater degree
of functional connectivity with the bilateral
occipital regions, the bilateral temporal region,
and the bilateral supplementary motor area
(SMA) in people with Parkinson’s disease who
also had RBD than in those with Parkinson’s
disease who did not have RBD. The areas of the
right middle and occipital lobe on the right side
of the skull of the PD group with RBD revealed
an enhanced FC with the bilateral cerebellum
when compared to the PD group that did not
have RBD. The PD group with bilateral caudate
exhibited lower functional activity in the left
middle frontal areas than the PD group without
RBD [107].

Using functional MRI, researchers were able to
map functional-anatomical networks in the live
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human brain, characterize brain changes and
differences in clinical populations, and explore
comparative anatomy across species. This
form of MRI is known as rsFC MRI [124].

Putamen rsFC patterns were shown to be dif-
ferent in people who had RLS compared to
those who did not have the disease. As a result,
correlation studies found that RLS patients
had elevated GMVs in the left caudate as well
as the left ventral rostral Putamen [60].

However, the values of the FC between L-OC
and R-OC with ACC in TDPD-SD were signifi-
cantly lower than in HC [45].

When compared to individuals with PD-nRBD,
those with PD-RBD showed a lower FC be-
tween the right SOG and the posterior regions
(left fusiform gyrus, left calcarine sulcus, and
left superior parietal gyrus). This is about the
FC. FC values in the right SOG-left superior
parietal gyrus were shown to have positive
associations with MoCA and visuospatial skills/
executive function scores, as well as FC values
in the right SOG-left calcarine sulcus and
delayed memory scores [46].

The right pyramids in the RLS group exhibited
decreased salience network (SN) FC, whereas
the bilateral orbitofrontal gyri and right post-
central gyrus had greater SN FC. According to
the findings of this study, SN FC in patients
with RLS may be altered even when they are
not experiencing symptoms. This finding is the
result of research that indicates this possibility.
It is probable that this will have an influence on
sensory information processing as well as
inhibitory systems [74].

In RLS patients, the right precuneus, right pre-
central gyrus, right precentral gyrus, and bilat-
eral lingual gyri all had decreased connectivity
with the thalamus; however, the right superior
temporal gyrus, bilateral middle temporal
gyrus, and right medial frontal gyrus all had
improved connectivity with the thalamus [73].

When compared to non-treated (DN-RLS) mice,
drug-treated (DT-RLS) animals had substantial-
ly larger thalamic connections for the left uvula,
right tuber, left anterior insula, and right declive
[72].

Chung (2017) [55] found that individuals with
Parkinson’s disease who had sleep difficulties
had a lower decrease in the severity of the loss
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of cortical functional connectivity in the default
mode, central executive, and dorsal attention
networks than those who did not.

Individuals with idiopathic RLS who were not
taking any drugs exhibited lower functional con-
nectivity strength (FCS) in the cuneus and fusi-
form gyrus, according to the results of a hub
analysis. On the other hand, FCS increased in
the superior frontal gyrus and thalamus. The
networks responsible for visual processing and
sensorimotor activity exhibited fewer functional
connections, while the networks responsible
for emotional cognition and the cerebellar-tha-
lamic circuit had greater functional connec-
tions [75].

The ALFF is one approach for measuring the
degree of regional spontaneous brain activity
during an fMRI scan. This technique investi-
gates low-frequency changes in blood oxygen
levels that occur within a certain frequency
band (0.01-0.08 Hz) [125].

ALFF values in the main motor cortex and pre-
motor cortex of RBD patients were significantly
lower than ALFF values in the main motor cor-
tex and premotor cortex of PD patients who did
not have RBD. Individuals with PD reported
lower ALFF values in the putamen and caudate,
but higher ALFF values in the prefrontal cortex
[56].

Idiopathic RBD patients have much less gray
matter in their brains than healthy controls.
Although changes in ALFF values in the para-
hippocampal gyrus and occipital cortices may
contribute to the disease’s underlying neurode-
generative process, increases in gray matter
volume in the cerebellum, putamen, and thala-
mus may indicate a compensatory impact [58].

RLS patients showed lower ALFF in the senso-
rimotor and visual processing regions, while
healthy controls had higher ALFF in the insula,
parahippocampal and hippocampal gyri, left
posterior parietal areas, and brainstem [76].

According to the results of a single study that
compared PD-RBD patients to NC patients,
individuals with PD-RBD had more nodal prop-
erty anomalies across the neocortex and
limbic system. When compared to PD-nRBD,
PD-RBD dramatically improved nodal efficiency
in the bilateral thalamus and betweenness
centrality in the left insula [44].
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Interpretations, limitations, and recommenda-
tions

Many movement disorders, including PD and
RBD, have been shown to cause sleep disor-
ders. Because sleep disorders reduce quality of
life and cause complications such as short-
term memory loss, increased blood pressure,
and an increased risk of diabetes, it is critical to
investigate movement disorders and the sleep
disorders that result from them [96-99].

This review provides an in-depth analysis of
MRI findings in movement disorders and asso-
ciated sleep disturbances based on 61 studies.
A variety of MRI scanners and sequences have
been utilized to assess structural and function-
al changes in the brains of patients with PD,
RBD, HD and RLS. The use of 3 Tesla scanners
and advanced MRI techniques is recommend-
ed for higher accuracy and precision.

Cortical and subcortical alterations of white
matter and gray matter were commonly report-
ed [42, 48, 53, 55, 60, 70, 71, 103]. Patients
with Parkinson’s disease and restless legs syn-
drome showed reduced gray matter volume in
deep GM structures like the thalamus, puta-
men and caudate. Males with PD exhibited
higher subcortical atrophy and greater deep
GM volume loss [100]. The frontal, parietal and
temporal cortices also showed degenerative
changes in PD. Greater thalamic atrophy was
found in HD patients with sleep problems [101].
These findings indicate that movement disor-
ders may lead to loss of brain volume in both
cortical and subcortical regions, especially in
areas involved in motor control and cognition.

Advanced MRI techniques were frequently used
to detect microstructural changes undetect-
able by standard MRI. DTI revealed altered
white matter integrity in major white matter
tracts connecting the cortex, basal ganglia and
cerebellum [29, 61, 65, 68-70, 73, 74]. SWI
detected reduced NM-sensitive volume and
signal intensity in the brainstem and substantia
nigra of iRBD patients [66]. MRS found higher
Glx/Cr ratios in the brains of RLS patients, sug-
gesting excessive glutamatergic neurotrans-
mission [81].

fMRI studies reported altered spontaneous
brain activity and connectivity patterns in
movement disorders. RLS and PD patients
showed changed ALFF and ReHo in the senso-
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rimotor cortex, visual cortex, insula, caudate,
putamen, thalamus and cerebellum [44, 56,
58, 71, 73-76]. Disrupted resting-state func-
tional connectivity was found within and
between the default mode network, central
executive network, salience network and cere-
bellar-thalamic circuit [45, 46, 55, 72-74].
These findings suggest that movement disor-
ders may lead to aberrant intrinsic brain activity
and connectivity in motor, cognitive and emo-
tion related networks.

Despite the detailed analysis, this review has
some limitations. First, the heterogeneity of
imaging sequences and analytical methods
used in different studies makes it difficult to
compare results and draw definite conclusions.
Second, most studies had small sample sizes,
limiting the generalizability of findings. Finally,
the cross-sectional study design of most
research precludes determining causality.

Future studies should attempt to standardize
imaging protocols and analytical techniques.
Larger sample sizes and longitudinal study
designs are needed to confirm findings. Task-
based fMRI studies are required to provide
more insights into the neuropathological mech-
anisms underlying movement disorders and
associated sleep disturbances. Additional ad-
vanced MRI techniques such as arterial spin
labeling may help detect perfusion changes.
Multimodal neuroimaging integrating structur-
al, functional and metabolic information could
provide a more comprehensive understanding
of these disorders.

In summary, this review provides an overview of
MRI findings in major movement disorders and
related sleep disturbances. Both structural and
functional changes have been detected in corti-
cal and subcortical regions involved in motor
control, cognition, emotion and the sleep-wake
cycle. A better understanding of the neural sub-
strates underlying these disorders may help
guide diagnosis and treatment.

Conclusion

According to the findings of this review, a sig-
nificant number of individuals who have move-
ment disorders also exhibit symptoms associ-
ated with sleep disturbances. Some brain
regions’ dysfunction may provide a similar
underlying mechanism for both motor and
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sleep disorders. Further research is required to
better understand the etiology of sleep disrup-
tions across different movement disorders, in
order to permit more focused and successful
therapy options, and to determine if treating
poor sleep leads to demonstrable changes in
motor outcomes. This is important. Neuro-
imaging is a valuable tool for assessing the
structural and functional correlates of move-
ment disorders and associated sleep disrup-
tions, helping us to shed light on the sleep
issues associated with movement disorders.
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