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Carles Gaig2,9, Claustre Pont-Sunyer10, Juan Fortea3,11,12, Alex Iranzo2,9,11 , Carme Junqué1,2,11 &
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Cortical mean diffusivity (cMD), a marker of cortical microstructural changes in neurodegenerative
disorders, remains unexplored in isolated REM sleep behavior disorder (iRBD), a prodromal stage of
Lewy body (LB) diseases. Its relationship with cortical thickness (CTh), clinical features, and
neuropsychological performance is also unknown. We assessed cMD and CTh in thirty-six patients
with iRBD at high risk of conversion and 29 healthy controls (HC), examining associations with clinical
and cognitive measures. Effect sizes were calculated using Cohen’s d. Patients with iRBD showed
increased cMD in rostral and caudal cortical regions compared to HC (d > 0.5). Cortical thinning was
restricted to caudal areas. Higher cMDcorrelatedwith longer iRBDduration, later onset,MDS-UPDRS
III, apathy, and poorer performance on Grooved Pegboard and Symbol-Digit Modality Tests. These
findings suggest that cMDmay bemore sensitive thanCTh and serve as a valuable imaging biomarker
for detecting early cortical changes in prodromal LB diseases.

Isolated rapid eye movement (REM) sleep behavior disorder (iRBD) is a
parasomnia characterized by a dysfunction of the neurophysiology under-
lying REM sleep that results in enacting dreams and vigorousmotor activity
due to the loss of muscle atonia1,2. This condition is a widely recognized
prodromal stage of alpha-synucleinopathies3–5. The risk of conversion has
been estimated to be over 90% in studies with long-term follow-up6, with
conversion rates around 44–57% to Parkinson’s disease (PD), 25–45% to
dementia with Lewy bodies (DLB), and 5–6% to multiple system atrophy
(MSA)6–12.

Understanding the prodromal phases of neurodegenerative diseases3,13

and identifying progression markers is crucial for clinical practice, clinical
trials, patient selection, and surrogate markers of efficacy14–16. iRBD is a

prodromal condition of overt alpha-synucleinopathies17 that offers unique
opportunities for identifying prognostic biomarkers for Lewy body (LB)
diseases18. The interest is especially focused on identifying patients at higher
risk of phenoconversion, considering the long latency of this condition19.
The Movement Disorders Society (MDS) has developed a validated algo-
rithm to predict phenoconversion16,20, with a sensitivity of 81.3% and a
specificity of 67.9% for PD or DLB at a 4-year follow-up16. Cognition and
neuroimaging have been proposed as interesting biomarkers due to their
sensitivity, specificity, reproducibility, cost-effectiveness, and availability18.

Different approaches have used structural MRI in iRBD to predict
phenoconversion toLBdisorders.Degenerationof brain regions beyond the
brainstem nuclei is expected as this disorder progresses, affecting the
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striatum, substantia nigra (SN), limbic system, and cortex, which suggests a
widespread neurodegenerative process21,22. The current gold-standard
techniques to study cortical neurodegeneration are cortical thickness
(CTh) measurements and voxel-based morphometry (VBM), which have
shown rostral and caudal neurodegeneration in iRBD23, involving the
frontal24–27, occipital24,27–30, temporal24,27,28, parietal28,29,31, and cingulate24,25

cortices.
Furthermore, longer iRBD duration and younger age at onset have

been associated with gray matter atrophy in rostral regions23,25. In contrast,
older age at onset has been related to cortical thinning in caudal regions31.
Concerning neuropsychological performance, several studies have found
associations between cortical thinning and impaired attention and executive
functions26, verbal learning26,29, visuospatial abilities26,29,31, motor skills25, and
hyposmia29 in patientswith iRBDcompared toHC.AlthoughCThhas been
considered sensitive to detecting cortico-structural brain changes23 and
distinguishing between clinical iRBD subtypes18, findings to date are
insufficient to identify consistent patterns of degeneration across studies.
This could be due to the difficulty in detecting cortical atrophy at the
individual level at diagnosis, the different disease stages among patients, and
the high inter-individual variability in cortical atrophy patterns in alpha-
synucleinopathies32. Since diffusion-weighted imaging (DWI) detects
microscopic changes, andmicrostructural alterations suggest early cognitive
decline more than macrostructural atrophy, DWI techniques could offer
supplementary insights to the commonly used macrostructural
techniques33. This is especially relevant in the investigation of prodromal
stages of neurodegenerative diseases.

Cortical mean diffusivity (cMD) is a useful surface-based diffusion
approach previously used to study the corticalmicrostructure of the brain in
different neurodegenerative diseases33–44. Neurodegenerative diseases
involve microstructural disorganization, cellular death, demyelination, and
neuronal damage, inevitably leading to the collapse of water diffusion brain
barriers33–36,43,45.We have previously shown that cMD is capable of detecting
cortical abnormalities better than CTh approaches in several neurodegen-
erative diseases, focusing on specific regions41 or the entire brain33,35,44.
Recently, this technique has been used in PD45–48 with and without RBD49.
Furthermore, several studies on Alzheimer’s disease (AD) have pioneered
the investigation of its prodromal stages using cMD34,37,41,50.

Nevertheless, cMD has not yet been tested in patients with iRBD. We
hypothesize that cMDwould better characterize structural cortical changes
than CTh and would be associated with clinical manifestations and cogni-
tive outcomes of patients with iRBD at a high risk of conversion to alpha-
synucleinopathies.

The main purpose of this study was to (1) characterize cortical
microstructural and macrostructural changes in patients with iRBD at a
high risk of conversion to LB diseases, and (2) establish a relationship with
their clinical features and neuropsychological performance.

Results
Sample composition and demographics
The final sample was composed of 36 patients with iRBD at high risk of
conversion toLBpathology and29 age- and sex-matchedHC.Eightpatients
with iRBD were excluded due to MMSE score below 25 (n = 4), MRI
movement (n = 1), and missing data (n = 3).

Table 1 summarizes the sociodemographic and clinical characteristics
of the participants. There were no statistically significant differences
between groups in age, sex, years of education, or premorbid intelligence.
Patients with iRBD showed lower scores in global cognition, higher scores
for non-motor symptoms, depression, apathy, and neuropsychiatric
comorbidities, and poorer performance in olfactory function.

Neuropsychological performance
Table 2 describes neuropsychological differences between groups. Patients
with iRBD showed poorer performance thanHC in theDigits forward span
subtest of the Wechsler’s Adult Intelligence Scale-IV (WAIS-IV), Simila-
rities subtest (WAIS-IV), Symbol Digit Modalities Test (SDMT), Stroop

Word and Color subtests, semantic fluency (animals), Rey’s Auditory
Verbal Learning Test (RAVLT) false recognition, Clock copying test,
dominant and non-dominant Grooved Pegboard test (GPT), and Reading
the Mind in the Eyes Test (RMET). Patients with iRBD also showed worse
performance in the Boston Naming Test (BNT), phonetic fluency (letter
“P”), and the total score of the RAVLT, which did not remain statistically
significant after FDR correction.

Cortical mean diffusivity group comparisons
Patientswith iRBD showed three clusters of increased cMD, two in the right
and one in the left hemisphere, compared to HC (Fig. 1).

In the right hemisphere, patients showed increased cMD in a rostral
cluster with its peak in the rostral middle frontal gyrus (1797.38 mm2,
x = 27.3, y = 44.5, z = 11.7, p < 0.001). A caudal cluster was also identified,
with its peak in the lateral occipital cortex (10,045.26 mm2, x = 10.4,
y =−95.1, z = 12.6, p < 0.001), including the inferior, and middle temporal
gyri, superior parietal lobule, precuneus, cuneus, pericalcarine cortex, lin-
gual, and fusiform gyri.

In the left hemisphere, patients showed increased cMD in a caudal
cluster, with its peak in the pericalcarine cortex (5581.79 mm2, x =−14.7,
y =−72.2, z = 14.3, p < 0.001), including the fusiform and lingual gyri,
cuneus, superior parietal lobule, lateral occipital cortex, middle and inferior
temporal gyri.

Cortical thickness group comparisons
Patientswith iRBD showed one caudal-medial cluster of cortical thinning in
the whole brain compared to HC, in the right hemisphere (Fig. 2).

This cluster had its peak in the parahippocampal gyrus (884.67 mm2,
x = 32.1, y =−36.3, z =−8.6, p = 0.001), including the fusiform and lin-
gual gyri.

For additional information, the overlap of both surface-based
approach maps showing moderate to high effect sizes (d > 0.5) without
the significant cluster restriction is represented in Supplementary Fig. 1.
Moreover, age- and sex-controlled cMD and CTh results are presented in
SupplementaryTable 3,with a cluster-defining threshold set at 2.0 (p < 0.01)
in both directions (abs).

Correlations between neuroimaging outcomes and clinical
features
Changes in cMD in patients with iRBD positively correlated with age at
iRBD onset, iRBD duration, MDS-UPDRS part III, and apathy. Also,
changes in cMD in patients with iRBD positively correlated with dominant
and non-dominant GPT, and negatively correlated with SDMT (Fig. 3A).
Changes in CTh negatively correlated with disease duration (Fig. 3B).
Correlational results involving dominant and non-dominant GPT
remained statistically significant after removing participants with scores
2 standard deviations above or below themean. Correlations between iRBD
duration and MDS-UPDRS part III with cMD in the right rostral middle
frontal survived FDR correction. Additionally, correlations between iRBD
duration and CTh in the right parahippocampal cortex also survived FDR
correction.

Although other neuropsychological variables showed statistically sig-
nificant differences betweengroups, no additional correlationswith cMDor
CTh were found (Supplementary Table 4).

Discussion
This is the first study to demonstrate the usefulness of cMD in detecting
subtle cortical microstructural changes throughout the entire brain in the
early stages of LB diseases, with an extensive pattern of rostral and caudal
alterations. These changes are associated with clinical features and neu-
ropsychological performance of the patients with iRBD at high risk of
phenoconversion to alpha-synucleinopathies. Microstructural changes are
more pronounced than CTh measures.

cMD provides insights into cortical microstructural integrity and
potentially reflects damage to dendrites or cellular membranes, leading to
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less restricted water diffusion within the graymatter32. As far as we know, it
has not been studied in patients with iRBD. Previous studies revealed
increased cMD in patients with PD compared toHC cross-sectionally48 and
longitudinally46. Additionally, increased cMD has been linked to poorer
global cognition and higher depression and apathy symptoms in PD48, and
has been associated with biological markers of neurodegeneration45,47.
Recently, our group studied CTh and cMD in patients with PD and prob-
able/not probable RBD49. Patients with PD and probable RBD showed a
bilateral caudal pattern with larger effect sizes and higher cMD than HC.
Additionally, these patients showed rostral and caudal increased cMD
bilaterally compared to patients with PD without probable RBD. Notably,
the pattern of cMD alterations between PD patients with and without
probable RBD was similar to that found in iRBD in the current study. This
pattern primarily involved medial and lateral caudal regions, including the
superior parietal cortex, precuneus, cuneus, pericalcarine, and lateral occi-
pital cortices.Additionally, therewere significant similarities in the occipito-
temporal regions, encompassing the lingual, fusiform, andmiddle temporal
gyri. Unfortunately, the current sample could not be compared with the
previously analyzed PD and probable RBD samples due to differences in
acquisition sequences.

Consistent with our findings, previous studies underscore the superior
usefulness of cMD in detecting cortical microstructural alterations during
the prodromal stages and clinical subtypes of various neurodegenerative
diseases. A prior study identified cortico-microstructural alterations in
different preclinical stages of AD compared toHC39. Furthermore, previous
studies showedparticular effectiveness in distinguishing patterns of cerebral
microstructural changes in early and late preclinical stages of familial
autosomal dominant ADmutation carriers41, as well as in presymptomatic
mutation carriers37,50, compared to HC. Some cited studies, conducted in
parallel with CTh, showed fewer cortical macrostructural than

microstructural changes34,41,46. Twoof them reported anoverlap between the
results of cMD and CTh34,41. In our results, the effect size maps of cMD and
CTh showed a subjacent cortical thinning overlapping with increased cMD
in the right lateral occipital cortex, inferior parietal lobule, precuneus, and
rostral middle frontal gyrus, as well as in the left pericalcarine cortex and
cuneus. This could suggest that microstructural changes precede macro-
structural atrophy.

The precise physiopathological mechanisms underlying micro-
structural changes in the cortex associated with iRBD are not yet fully
understood. The pathological role of the presence of Lewy-type alpha-
synucleinopathy51 might lead to a neurodegenerative process character-
ized by intracellular disorganization, neuronal damage, and progressive
neural loss. A recent study using advanced imaging transcriptomics and
spatial mapping indicated that mitochondrial dysfunction and macro-
autophagy are key drivers of cortical alterations in iRBD52. Histopatho-
logical studies identified different patterns of alpha-synuclein burden in
cortical and subcortical regions associated with the symptomatology
heterogeneity of LB diseases53. These changes could collapse water dif-
fusion barriers, increasing extracellular water in the cortex, and conse-
quently, cMD within vulnerable regions33,50. Other studies have
demonstrated the relationship between cMD and neurodegeneration
biomarkers, such as tau deposition in older adults54, and in amyloid-β
positive adults withMCI anddementia55, serumneurofilament light chain
levels45, and homocysteine levels47 in PD, as well as amyloid-β deposition
in patients with MCI56. Considering the significant delay between the
formation of protein aggregates and the onset of clinical symptoms57,58,
along with the presence of co-pathological proteins in the neural tissue of
patients with iRBD22, cMD emerges as a highly sensitive technique for
detecting microstructural brain changes before macrostructural atrophy
becomes evident in neuroimaging.

Table 1 | Sociodemographic and clinical characteristics of the participants

N iRBD HC Statistics pFDR Effect size

Age, years 36/29 71.81 (6.63) 69.86 (6.28) −1.203St 0.253

Sex, male (%) 36/29 30 (83.33%) 18 (62.07%) 2.740×2 0.127

Education, years 36/29 12.39 (5.43) 15.00 (4.31) 2.108 St 0.063

Education level 35/28 - - 5.625×2 0.155

Literary skills - 4 (11.43%) 0 (0.00%) - -

Primary - 6 (17.14%) 3 (10.71%) - -

Secondary - 12 (34.29%) 8 (28.57%) - -

Post-secondary - 13 (37.14%) 17 (60.71%) - -

Age at RBD onset (years) 36/- 68.71 (6.42) - - -

RBD duration (years) 36/- 3.74 (4.40) - - -

Abnormal DaTSCANa (%) 34/- 25 (73.53) - - -

MDS-UPDRS part III 33/- 1.36 (1.89) - - -

MCI (%) 36/29 13 (36.11) 6 (20.69) 1.176×2 0.278

MMSE 36/29 29.00 (1.00)* 30.00 (1.00)* −2.976BM 0.008 0.849

Vocabulary (WAIS-IV) 36/29 34.50 (10.25)* 39.00 (7.00)* 650.500U 0.127

NMS 34/29 7.50 (5.00)* 3.00 (2.00)* 5.201BM <0.001 1.478

AS 34/29 12.50 (6.44) 7.10 (4.37) −3.940Wt 0.001 0.967

BDI-II 34/29 7.00 (7.25)* 2.00 (5.00)* 3.085BM 0.007 0.901

NPI 35/29 6.00 (14.00)* 0.00 (4.00)* 5.024BM <0.001 1.347

UPSIT 36/27 18.39 (6.28) 27.93 (5.80) 6.162 St <0.001 1.569

Values denote mean (SD), median (IQR)*, or numbers (frequencies). Bold values denote statistically significant differences between groups (p < 0.05, FDR-corrected). Statistical tests used: Chi-Squared
testx2, Student’s t-testSt, Welch’s t-testWt, Mann–Whitney’s Uu, Brunner-Munzel testBM. Effect size: Cohen’s d (continuous variables).
AS Starkstein Apathy Scale, BDI-II Beck’s Depression Inventory-II, HC healthy controls, iRBD isolated REM sleep behavior disorder,MCI mild cognitive impairment,MDS-UPDRSMovement Disorder
SocietyUnifiedParkinson’sDiseaseRatingScale,MMSEMini-MentalStateExamination,NMSNon-MotorSymptomsquestionnaire,NPINeuropsychiatric Inventory,RBD-I InnsbruckREMSleepBehavior
Disorder Inventory, UPSIT University of Pennsylvania Smell Identification Test, WAIS-IVWechsler’s Adult Intelligence Scale-IV.
a Abnormal DaTSCAN: <65% normal, 2 SD below mean.
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The absence of cMD studies in iRBD leads us to compare our findings
with structuralMRI studies that used other surface-based approaches. Prior
CTh studies in video-polysomnography-confirmed iRBD patients without
cognitive ormotor comorbidities described primarily rostral brain atrophy,
including the superior24,25,28, inferior27, andmedial24,26 frontal regions, as well
as the orbitofrontal25, cingulate24,25, paracingulate24, precentral25,26,28 and
paracentral26,28 cortices. These findings were aligned with our cMD results
involving the rostral middle frontal gyrus. Surprisingly, CTh analysis in our
sample did not detect rostral macrostructural alterations, likely due to dif-
ferences in sample size25,26, mean age24–27, cognitive status of patients24,25, and
methodological approaches24–28.Aprevious study found that cMDexhibited
particularly high sensitivity in frontal and insular regions in patients with
AD41. The detection of rostral abnormalities using cMD, as opposed toCTh,
might be attributed to each region’s different degeneration time points. The
overlapping map of CTh and cMD effect sizes, without significant cluster
restriction, might back up this statement, showing moderate subjacent
cortical thinning in patients with iRBD in inferior, middle, and superior
lateral and medial, as well as paracingulate regions.

Our results also showed evident increased cMD in patients in the
caudal regions bilaterally. In iRBD, cortical thinning has also been con-
sistently reported in the postcentral28,29, superior28 and inferior parietal29,
supramarginal29, cuneus27, superior27 and lateral occipital28–30, fusiform24,28,
lingual24,28, superior and middle temporal27 cortices compared to HC.
Similarly to our findings, an extensive CTh multicenter study in iRBD,
including patients withMoCA scores below 25, reportedwidespread rostral
and caudal alterations59. Likewise, a prior study by our group, with a slightly
smaller sample size but comparable sociodemographic characteristics,
identified cortical thinning involving rostral and caudal regions, closely
aligningwith our cMD findings28. Probably, the inclusion of elderly patients
increased the probability of including more patients at high risk of
conversion10, bringing their cortico-structural results similar to ours.

The extensive pattern of caudal and rostral microstructural alterations
observed may reflect the high sensitivity of cMD in detecting a more
widespread pattern of neurodegeneration compared to CTh. Our results in
the between-group comparisons, together with the effect size maps (Sup-
plementary Fig. 1), suggest that the subjacent cortical thinning evidenced in

Table 2 | Neuropsychological performance of the participants without covariables

N iRBD HC Statistics pFDR Effect size

Attention

Digits forward span (WAIS-IV) 36/29 5.00 (2.00)* 6.00 (2.00)* 748.000U 0.013 2.054

TMT part A 36/29 44.00 (25.00)* 38.00 (18.00)* 1.382BM 0.198 0.409

Language

Similarities (WAIS-IV) 36/29 19.28 (5.68) 22.41 (4.96) 2.340St 0.047 0.584

BNT 36/29 13.00 (1.00)* 14.00 (2.00)* 667.500U 0.077 1.663

Processing speed

SDMT 36/29 39.72 (11.97) 50.62 (10.57) 3.843St 0.007 0.959

Stroop Word 36/29 85.50 (17.01) 97.86 (18.98) 2.766St 0.024 0.690

Stroop Color 36/29 53.75 (12.99) 61.21 (12.52) 2.338St 0.047 0.583

Executive functions

Semantic fluency (animals) 36/29 18.00 (5.25)* 22.00 (4.00)* −3.344BM 0.011 0.958

Phonetic fluency (letter P) 36/29 13.06 (4.72) 15.48 (4.65) 2.075St 0.075 0.518

Stroop Word-color 36/29 29.36 (10.49) 34.14 (10.70) 1.808St 0.102 0.451

Digits backward span (WAIS-IV) 36/29 4.00 (2.00)* 4.00 (1.00)* 630.500U 0.167 1.515

TMT part B 29/28 107.00 (49.00)* 81.00 (58.75)* 1.627BM 0.140 0.508

Memory

RAVLT total 36/29 38.58 (10.14) 43.83 (8.62) 2.214St 0.058 0.553

RAVLT delayed recall 36/29 7.53 (3.33) 9.07 (3.04) 1.928St 0.090 0.481

RAVLT false recognition 36/29 1.00 (1.00)* 0.00 (1.00)* 2.731BM 0.024 0.742

RMT-F 36/28 40.50 (6.69) 40.36 (5.57) −0.091St 0.928 0.023

Visuospatial/visuoperceptual abilities

Clock copying test 36/29 14.00 (1.00)* 15.00 (1.00)* −2.388BM 0.047 0.622

JLO 36/29 23.00 (5.25)* 25.00 (7.00)* −1.810BM 0.102 0.529

BFRT-short 36/29 22.00 (2.08) 22.48 (2.31) 0.866Yt 0.430 0.431

FM-100 Error score 34/24 166.00 (124.00)* 164.00 (67.00)* 0.805BM 0.444 0.250

Manual dexterity

Dominant GPT, seconds 36/25 95.00 (22.00)* 78.00 (29.00)* 3.506BM 0.011 1.165

Non-dominant GPT, seconds 35/25 115.00 (36.50)* 90.00 (22.00)* 3.107BM 0.014 0.952

Social cognition

RMET 35/29 19.66 (4.92) 22.76 (3.18) 3.039Wt 0.014 0.734

Values denote mean (SD), median (IQR)*, or numbers (frequencies). Bold values denote statistically significant differences between groups (p < 0.05, FDR-corrected). Statistical tests used: Student’s t-
testSt, Welch’s t-testWt, Yuen's t-testYt, Mann–Whitney’s Uu, Brunner-Munzel testBM. Effect size: Cohen’s d.
BFRTBenton Facial Recognition Test,BNTBostonNaming Test,GPTGrooved Pegboard Test,HC healthy controls, iRBD isolatedREMsleep behavior disorder, JLO Judgment of LineOrientation,RAVLT
Rey-Auditory Verbal Learning Test,RMETReading theMind in the Eyes Test,RMT-FWarrington RecognitionMemory Test for Faces, SDMTSymbol Digit Modalities Test, TMT Trail Making Test,WAIS-IV
Wechsler’s Adult Intelligence Scale-IV.
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some regions showing microstructural alterations may reflect the temporal
sequence of neurodegeneration leading up to phenoconversion in our
sample. The present results may indicate a possible trajectory of neurode-
generation towards a more severe phenotype of LB diseases, characterized
by more prominent cortical caudal involvement31. However, further clus-
tering studies with longitudinal follow-ups are needed to determine the
phenotypic conversion.

Previous iRBD studies have shown an early asymmetric vulnerability
to cerebral changes of the left hemisphere over the right hemisphere60,61. In
our analyses, the between-group comparisonsmight suggest an asymmetric
pattern with greater alterations in the right hemisphere, although the effect
size maps indicate bilateral involvement.

Furthermore, this is the first study describing associations between
cMD and clinical features in patients with iRBD at high risk of pheno-
conversion. In the current study, longer disease duration and older age at

onset have been associated with increased cMD. Bringing our findings in
line with other surface-based approaches, one previous study with a mod-
erately large sample described correlations between longer disease duration
and cortical thinning in frontal and occipital regions among patients with
iRBD25. Also, late iRBDonset was associatedwith thinning in the precuneus
and lateral occipital cortices in a longitudinal study31. Overall, these results
suggest more pronounced cortical atrophy patterns in patients with later
onset and longer disease duration. Remarkably, the probability of patients
with iRBD developing a synucleinopathy increases over time9,25,62.

Bearing inmind the correlations between cortico-structural alterations
and neuropsychological performance, our study showed associations
between increased cMD and protracted time performing GPT, in both
hands, in the rostral middle frontal, lateral occipital and pericalcarine
regions, along with increased cMD and low performance in SDMT in the
lateral occipital cortex cluster. Our findings may extend previous evidence

Fig. 1 | Cortical mean diffusivity comparisons
between iRBD andHC. Patients with iRBD showed
increased cMD in comparison with HC. Only clus-
ters that survived cluster-extend Monte Carlo cor-
rections for multiple comparisons (p < 0.01, FWE-
corrected) are represented, with effect sizes (Cohen’s
d > 0.5) restricted to the significant clusters.

Fig. 2 | Cortical thickness comparisons between
iRBD and HC. Patients with iRBD showed cortical
thinning in comparison with HC. Only clusters that
survived cluster-extendMonte Carlo corrections for
multiple comparisons (p < 0.01, FWE-corrected) are
represented, with effect sizes (Cohen’s d > 0.5)
restricted to the significant clusters.
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on the usefulness of SDMT as a sensitive neuropsychological measure
associated with caudal cortical abnormalities in iRBD60, and caudal cortical
atrophy in overt alpha-synucleinopathies63. No previous studies have
explored the relationship between cMD and cognitive performance in
iRBD. However, evidence in PD showed associations between global cog-
nition through the Parkinson’s disease Cognitive Rating Scale and cMD in
parahippocampal, entorhinal, superior frontal, rostral, and caudal middle
frontal, superior temporal, inferior parietal, and supramarginal gyri, along
with the banks of superior temporal sulcus48. These findings may indicate
that, to some extent, the cortical microstructural alterations in the rostral
middle frontal gyrus may be relevant for cognitive impairment in alpha-
synucleopathies progression, although further research is needed to confirm
these associations.

The heterogeneous symptomatology and prolonged latency of iRBD
make identifying reliable biomarkers difficult. The challenges of long-term

studies confer a higher interest in focusing on the nearest phenoconversion
time points12,14, where concomitant symptoms are more prevalent64 and
phenoconversion rates per year are more elevated. The risk of pheno-
conversion to an overt neurodegenerative syndrome increases drastically in
the later stages of iRBD6,9, which could help identify potential predictors of
phenoconversion. Patients with iRBD at high risk of conversion to fully
developed neurodegenerative diseases could be ideal targets for neuropro-
tective clinical trials aimed at slowing or preventing the onset of LB
diseases12,14.

Considering the limitations and strengths of this study is crucial for
understanding the results. The HC group did not undergo video-
polysomnography to rule out iRBD, although a sleep interview revealed
that RBDwas not suspected based on the clinical history. This study did not
include biomarkers to exclude other preclinical neurodegenerative dis-
orders. Accounting for the strengths of this study, to our knowledge, this is

Fig. 3 | Correlations between cMD and CTh and clinical/neuropsychological
features in patients with iRBD. A Correlations between cMD and clinical/neu-
ropsychological features in patients with iRBD. B Correlation between CTh and

disease duration in patients with iRBD. *Correlations that survived FDR correction.
CTh cortical thickness, cMD cortical mean diffusivity, GPT Grooved pegboard test,
iRBD isolated REM sleep behavior disorder, SDMT symbol-digit modalities test.
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the first study to assess cortical microstructural alterations using cMD in
patients with video-polysomnography-proven iRBD at high risk of con-
version to LB diseases, compared towell-matchedHC. The study includes a
thorough multiple-domain neuropsychological assessment, including the
evaluation of non-motor symptoms and olfactory function. Other strengths
include the implementation of a multimodal neuroimaging approach of
validated surface-based techniques and the computation of Cohen’s d effect
sizes. Moreover, the computation of cMD was made through an improved
method that overcomes previous methodological concerns34. Further stu-
dies should replicate these findings with larger, well-matched samples to
validate our results. Future longitudinal multimodal studies including
patients with iRBD at low risk are needed to compare cortical macro- and
microstructural changes over time and to evaluate the suitability of cMD as
an imaging biomarker for progression in alpha-synucleopathies. Moreover,
studies with larger cohorts and advanced clustering techniques could allow
to further explore inter-individual variability in cMD alterations in iRBD.

To summarize, ourfindings revealed an extensive patternof rostral and
caudal cortical microstructural involvement in patients with iRBD at high
risk of phenoconversion, associated with clinical features, subtle motor
dysfunctions, and processing speed. This study highlights the usefulness of
cMD over CTh in detecting subtle cortico-structural alterations during the
prodromal stages of LBdiseases.Consequently, cMDcouldhavepotential as
a promising neuroimaging biomarker to identify at-risk populations to
phenoconvert.

Methods
Participants
Participants were recruited from the Sleep Unit of the Neurology Service at
theHospitalClínic, located inBarcelona (Catalonia, Spain). The total sample
comprised 73 participants, 44 patients with iRBD confirmed by video-
polysomnography and 29 age- and sex-matched healthy controls (HC).

The inclusion criteria for patients included: (1) video-
polysomnographic demonstration of dream-enacting behaviors and
absence of atonia during REM sleep, (2) high risk of conversion to alpha-
synucleinopathies according to theMDS criteria for prodromal PD13, (3) no
motor complaints at the recruitment time, (4) unremarkable neurological
examination, and (5) no temporal association between the introduction/
withdrawal of medication and the estimated iRBD onset21.

The exclusion criteria for patients were: (1) the presence of dementia
according to theMDScriteria65, (2) scores below25 in theMini-Mental State
Examination (MMSE)66, (3) severe psychiatric or neurological comorbid-
ities, (4) claustrophobia, (5) remarkable pathological MRI findings, and (6)
MRI artifacts. The exclusion criteria for HC included: (1) scores below 25 in
the MMSE, and (2) self-reported RBD symptomatology. History of nasal
bone fracture, polyps, rhinitis, andupper respiratory tract infections 2weeks
before testing were specific exclusion criteria for the olfactory function
assessment for all the participants.

Thefinal sample, after applying the exclusion criteria, is reported in the
“Results” section.

The present study was approved by the Bioethics Committee of the
University of Barcelona (IRB00003099). All participants signed written
informed consent.

Clinical and neuropsychological assessment
Relevant sociodemographic information was registered for all participants,
and clinical features for the patients. These data included the date of diag-
nosis and duration of iRBD, current medication intake (Supplementary
Table 1), and severity of motor symptoms through part III of the Unified
Parkinson’sDisease Rating Scale (UPDRS-III)67. Also, neuropsychiatric and
pathological-related non-motor symptoms were assessed using the Cum-
mingsNeuropsychiatric Inventory (NPI)68, BeckDepression Inventory 2nd
edition (BDI-II)69, Starkstein Apathy Scale (AS)70, Non-Motor Symptoms
(NMS) questionnaire for Parkinson’s disease71.

Furthermore, all participants underwent a comprehensive neu-
ropsychological assessment. The MMSE was used to evaluate global

cognition, and the Vocabulary subtest of the WAIS-IV to estimate pre-
morbid intelligence. The specific neuropsychological assessment included:
(1)Digits forward subtest (WAIS-IV), andTrailMaking Test (TMT) part A
to evaluate attention, (2) Similarities subtest (WAIS-IV), and Boston
Naming Test (BNT) to assess language, (3) Symbol Digit Modalities Test
(SDMT) oral version, and Stroop word and the Stroop color subtests to
assess processing speed, (4) semantic (animals) and phonetic (letter “P”)
fluency tests, Stroop word-color subtest, Digits backward subtest (WAIS-
IV), and TMT part B to evaluate executive functions, (5) Reading theMind
in the Eyes Test (RMET) to assess social cognition, (6) Rey’s Auditory
Verbal Learning Test (RAVLT),Warrington RecognitionMemory Test for
Faces (RMT-F) to evaluate memory, (7) clock copying test, Benton’s
Judgment of Line Orientation (JLO), short version of Benton’s Facial
Recognition Test, Farnsworth-Munsell 100-Hue test (FM-100) to assess
visuospatial/visuoperceptual abilities, (8) Grooved Pegboard test (GPT) to
evaluate manual dexterity, and (9) University of Pennsylvania Smell Iden-
tification Test with 40 items (UPSIT-40) to assess olfactory function.

To assess mild cognitive impairment (MCI) based on psychometric
measures, Z-scores and expected Z-scores adjusted for age, sex, and years of
education were calculated on each neuropsychological test through a
multiple regression analysis performed in the HC group. Participants with
two or more impaired neuropsychological tests (<1.5 SD) within a single
domain were classified as having MCI72.

The high-risk characterization was conducted using the MDS criteria
for prodromal PD13. The percentagewas calculatedusing an evidence-based
and validated Bayesian classifier that integrates the following risk markers:
male sex, pesticide and solvent exposure, non-use of caffeine, smoking,
family history of PD, type-II diabetes mellitus, physical inactivity,
polysomnography-proven RBD, abnormal dopaminergic imaging,
UPDRS-III > 3, olfactory loss, constipation, excessive daytime somnolence,
neurogenic or symptomatic orthostatic hypotension, urinary and erectile
dysfunction, depression and global cognitive deficit. Each marker’s like-
lihood ratio was used to compute the overall probability of prodromal PD.
Only patientswithRBDwith aprobability higher than 80%were considered
at high risk of conversion to alpha-synucleinopathies.

MRI acquisition and preprocessing
MRI was performed on a 3 T scanner (Siemens Magnetom Prisma) at the
Centre de Diagnostic per la Imatge of the Hospital Clínic de Barcelona
(Catalonia, Spain). The scanning protocol included high-resolution 3-
dimensional T1-weighted images (TR = 2400ms, TE = 2.22ms,
TI = 1000ms, voxel size = 0.8 mm isotropic voxel) and two sets of multi-
band spin-echo DWI with opposite phase encoding directions. Also, T2-
weighted images and FLAIR sequences were acquired to evaluate the effects
of aging and microvascular lesions visually. For detailed information about
the MRI acquisition parameters, see Supplementary Table 2.

T1-weighted MRI processing
The automated FreeSurfer stream version 6.0, available at https://surfer.
nmr.mgh.harvard.edu/, was used to estimate cortical thickness (CTh). The
procedures inFreeSurfer included removal of non-braindata, registration to
Talairach space, intensity normalization, and tessellation of the gray matter
and white matter boundaries, automated topology correction, and accurate
surface deformation following intensity gradients to identify tissue borders.
Cortical thickness was calculated as the distance between thewhite and gray
matter surfaces at each vertex of the reconstructed cortical mantle (https://
freesurfer.net/fswiki/FreeSurferMethodsCitation). Results for each subject
were visually inspected, and the befitting manual corrections were also
performed to ensure the accuracy of registration, skull stripping, segmen-
tation, and cortical surface reconstruction (https://surfer.nmr.mgh.harvard.
edu/fswiki/FsTutorial/TroubleshootingData).

Diffusion-weighted MRI processing
The FMRIB’s Diffusion Toolbox (FDT) software from FSL (https://fsl.
fmrib.ox.ac.uk/fsl/docs/#/) was used to analyze diffusion-weighted MRI
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images through a diffusion tensor imaging (DTI) approach. Only b-
value = 1500 s/mm2 was used to calculate tensor metrics due to the issues
about non-Gaussian diffusion at high b-values and the estimation of tensor
metrics from multi-shell data73. The processing started with the estimation
and correction for susceptibility-induced distortions74 (TOPUP, https://fsl.
fmrib.ox.ac.uk/fsl/docs/#/diffusion/topup/index), the brain extractionusing
the Brain Extraction Tool75 (BET, https://fsl.fmrib.ox.ac.uk/fsl/docs/#/
structural/bet), and distortion correction using EDDY76 (https://fsl.fmrib.
ox.ac.uk/fsl/docs/#/diffusion/eddy/index) that simultaneously corrects for
eddy currents and subject motion. These processing tools face common
challenges of echo-planar imaging (EPI) sequences77. Individual mean dif-
fusivity (MD) maps were obtained using a diffusion model fit (DTIFIT,
https://fsl.fmrib.ox.ac.uk/fsl/docs/#/diffusion/dtifit).

Cortical mean diffusivity processing
The FMRIB’s Diffusion Toolbox (FDT) software from FSL and the Free-
Surfer package, version 6.0, were also implemented to process cortical dif-
fusion MRI data using a surface-based DTI approach34. The MD volumes
were co-registered to the anatomic subject space, projected to the surface,
normalized using a spherical registration to the Freesurfer standard tem-
plate, and smoothed. The diffusion images were corrected for motion
effects, skull-stripped, DTI tensor fitted, and projected to the brain surface.
Before further analyses, a Gaussian kernel of 15mmFWHMwas applied to
the subjects’MD surface maps. Finally, the surfaceMDmaps were used for
the statistical analyses.

Statistical analyses
The statistical analyses of sociodemographic, neuropsychological, and
clinical data were performed using R Statistical Software, version 4.3.1 (R
Core Team2023, https://www.r-project.org/). The sample size, the presence
of outliers, and the normality and equal variances assumptions were con-
sidered to decide the most suitable statistical test for each variable.
Shapiro–Wilk and Levene’s tests assessed normality and variance homo-
geneity, respectively. Depending on the data distribution, the Student’s t-
test, Welch’s t-test, Mann–Whitney’s U test, Yuen’s t-test, or
Brunner–Munzel test was applied for between-group comparisons. The
Student’s t-test was conducted when the data met the normality and equal
variances assumptions without outliers. The Welch’s t-test was performed
when the data had unequal variances. The Mann–Whitney test was used
when the variables violated the normality assumption without outliers.
Yuen’s t-test or Brunner-Munzel’s test was conducted when the variables
presented outliers with or without data normally distributed, respectively.
Categorical variables were analyzed through Pearson’s chi-squared test.

The effect size was calculated for each variable depending on the sta-
tistical test of group comparison implemented, using Cohen’s d, trimmed
mean effect size, Pearson’s r, or probability of superiority when necessary.
Results were converted to Cohen’s d posteriorly, to homogenize this metric.
Pearson’s (r) or Spearman’s (ρ) correlations, depending on the normality of
the data, were performed to assess the associations between statistically
significant neuroimaging and neuropsychological or clinical variables in the
between-group comparisons. The statistical threshold was set at p < 0.05,
two-tailed. All the results were corrected by False Discovery Rate (FDR)
using the Benjamini–Hochberg method.

Between-group cMD and CTh analyses were performed through a
two-class vertex-wise general linearmodel (GLM) using FreeSurfer, version
6.0, with a cluster-defining threshold set at 2.0 (p < 0.01) in both directions
(abs). In both imaging analyses, cluster-extend corrections for multiple
comparisons were tested through the Monte Carlo simulation with 10,000
iterations implemented inFreeSurfer.Only the clusters that survived family-
wise error (FWE) (p < 0.01)were reported. ThemeanCTh and cMDof each
significant cluster from the between-group comparisons were calculated for
each participant, and these values were used to perform correlational ana-
lyses. Furthermore, vertex-wise Cohen’s d effect sizes were computed for
cMD and CTh, limiting effect size results to the statistically significant
regions obtained in the intergroup comparison analyses to represent the

effect size of the topographical differences between HC and iRBD. Only
moderate to high effect sizes were considered (d > 0.5).

Data availability
The datasets generated and/or analyzed during the current study are not
publicly available due to privacy or ethical restrictions, but the de-identified
data that support the findings of this study are available from the corre-
sponding author upon reasonable request.
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