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During the prodromal period of Parkinson’s disease and other a-synucleinopathy-related parkinsonisms, neurode-
generation is thought to progressively affect deep brain nuclei, such as the locus coeruleus, caudal raphe nucleus,
substantia nigra, and the forebrain nucleus basalis of Meynert. Besides their involvement in the regulation of
mood, sleep, behaviour, and memory functions, these nuclei also innervate parenchymal arterioles and capillaries
throughout the cortex, possibly to ensure that oxygen supplies are adjusted according to the needs of neural activ-
ity. The aim of this study was to examine whether patients with isolated REM sleep behaviour disorder, a para-
somnia considered to be a prodromal phenotype of a-synucleinopathies, reveal microvascular flow disturbances
consistent with disrupted central blood flow control.
We applied dynamic susceptibility contrast MRI to characterize the microscopic distribution of cerebral blood flow
in the cortex of 20 polysomnographic-confirmed patients with isolated REM sleep behaviour disorder (17 males,
age range: 54–77 years) and 25 healthy matched controls (25 males, age range: 58–76 years). Patients and controls
were cognitively tested by Montreal Cognitive Assessment and Mini Mental State Examination. Results revealed
profound hypoperfusion and microvascular flow disturbances throughout the cortex in patients compared to con-
trols. In patients, the microvascular flow disturbances were seen in cortical areas associated with language com-
prehension, visual processing and recognition and were associated with impaired cognitive performance.
We conclude that cortical blood flow abnormalities, possibly related to impaired neurogenic control, are present in
patients with isolated REM sleep behaviour disorder and associated with cognitive dysfunction. We hypothesize
that pharmacological restoration of perivascular neurotransmitter levels could help maintain cognitive function in
patients with this prodromal phenotype of parkinsonism.
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d’Investigacions Biomèdiques August Pi i Sunyer (IDIBAPS), University of Barcelona, Barcelona, Centro de
Investigación Biomédica en Red de Enfermedades Neurodegenerativas (CIBERNED), Spain

8 Neuroradiology Research Unit, Department of Radiology, Aarhus University Hospital, Denmark

Received September 15, 2020. Revised November 19, 2020. Accepted December 09, 2020. Advance access publication April 20, 2021
VC The Author(s) (2021). Published by Oxford University Press on behalf of the Guarantors of Brain. All rights reserved.
For permissions, please email: journals.permissions@oup.com

doi:10.1093/brain/awab054 BRAIN 2021: 144; 1498–1508 | 1498

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/article/144/5/1498/6242260 by guest on 20 April 2024

https://orcid.org/0000-0003-4242-9158
https://orcid.org/0000-0001-6391-8052
https://orcid.org/0000-0003-2602-2518
https://orcid.org/0000-0002-6801-6194


Correspondence to: Simon Fristed Eskildsen
Center of Functionally Integrative Neuroscience, Aarhus University
Nørrebrogade 44, bldg. 1A
DK-8000, Aarhus, Denmark
E-mail: seskildsen@cfin.au.dk

Keywords: Parkinson’s disease; REM sleep behaviour disorder; MRI; perfusion; microcirculation

Abbreviations: AIF = arterial input function; CBF = cerebral blood flow; CBV = cerebral blood volume; CTH = capillary
transit time heterogeneity; DSC = dynamic susceptibility contrast; iRBD = isolated REM sleep behaviour disorder;
MoCA = Montreal Cognitive Assessment; MTT = mean transit time; PtO2 = tissue oxygen tension

Introduction
Parkinson’s disease is clinically diagnosed when patients develop
the characteristic bradykinesia, rigidity, and/or tremor associated
with dopamine deficiency of the nigrostriatal system. The neuro-
pathology of idiopathic Parkinson’s disease is characterized by a-
synuclein accumulation (Lewy bodies and neurites) and neuronal
loss in a characteristic topological pattern. In many cases, brain
Lewy body pathology begins at the motor nucleus of the vagal
nerve and the olfactory bulb some years before the onset of the
motor symptoms of Parkinson’s disease.1 From there, according to
the staging system proposed by Braak and colleagues, Lewy body
pathology is thought to ascend to the noradrenaline-producing
locus coeruleus, the serotonin-producing caudal raphe nucleus,
the cholinergic pedunculopontine tegmental nuclei and the nu-
cleus basalis of Meynert, and the dopamine-producing substantia
nigra at which time motor symptoms begin. Hyposmia, constipa-
tion, and depression can all occur ahead of motor symptoms
though they are non-specific for prodromal Parkinson’s disease.
The cholinergic, serotonergic, and noradrenergic systems are also
strongly involved in the regulation of wakefulness, REM sleep, and
non-REM sleep.2–4 In particular, isolated REM sleep behaviour dis-
order (iRBD), a parasomnia characterized by loss of normal REM-
sleep muscle atonia and dream-enacting behaviours, is attracting
considerable attention as it is regarded as a strong marker of pro-
dromal Parkinson’s disease and other a-synucleinopathies.5 In
fact, in vivo neuroimaging studies in iRBD patients have shown
subclinical nigrostriatal dysfunction and occurrence of neuroin-
flammation in brain areas typically involved in Parkinson’s disease
such as the substantia nigra and, to a lesser extent, the dorsal stri-
atum and posterior cortex.6,7

The nuclei affected by Lewy body pathology in the pre-motor
stages of Parkinson’s disease are not only involved in the regula-
tion of sleep,8 mood,9 and autonomic function,10 but also in the
control of blood flow through individual microvessels in their pro-
jection areas. Noradrenergic fibres from the locus coeruleus in-
nervate intraparenchymal microvessels, including capillaries,
throughout the brain,11–13 whereas serotonergic fibres from the
raphe nucleus innervate parenchymal capillaries (80% of fibres)
and small arterioles (20%) throughout the cortex and the hippo-
campus.14 Additionally, dopaminergic fibres15 originating in the
substantia nigra and ventral tegmental area of the mesenceph-
alon16,17 project to microvessels within the prefrontal, cingulate,
and entorhinal cortices,16,18 and cholinergic fibres originating from
the nucleus basalis of Meynert17 project to cortical and hippocam-
pal microvessels. Disease changes within these nuclei may there-
fore disrupt neurogenic blood flow control across the brain,
disturbing the regulation of arteriolar and capillary blood flows
according to cellular oxygen demands.

Since iRBD is associated with dysfunction of brainstem nuclei1

and most patients are likely to have Lewy body pathology in these

regions, we hypothesized that the regulation of microvascular
blood flow could be disturbed throughout the cerebral cortex of
these patients compared to controls11,19 and possibly interfere
with cognitive performances.

Dynamic susceptibility contrast MRI (DSC-MRI) provides a min-
imally invasive tool to investigate cerebral perfusion and microcir-
culation in the human brain. In particular, the standard deviation
of microvascular capillary transit times in a region [capillary tran-
sit time heterogeneity (CTH)] detected by perfusion MRI provides a
neuroimaging index of capillary flow heterogeneity.20 Using this
technique, we have previously found regional brain capillary flow
variance to be increased in patients with Alzheimer’s disease.21,22

In the present study, we have used DSC-MRI in 20 patients with
polysomnography-confirmed iRBD but no overt evidence of par-
kinsonism or cognitive impairment to examine whether cerebral
blood flow (CBF) and the microvascular distribution of flow is
changed in patients with iRBD, compared to an age-matched group
of 25 healthy subjects, and whether these changes are associated
with impaired performance on a cognitive screening test [Montreal
Cognitive Assessment (MoCA)].

Materials and methods
Study subjects

Twenty-two patients with polysomnography-confirmed iRBD
according to the criteria of the American Academy of Sleep
Medicine23 were recruited from the Sleep Clinic, Department of
Neurology at Aarhus University Hospital, Denmark (n = 12) and the
Sleep Disorders Center of the Neurology Service of the Hospital Clı́nic
de Barcelona, Spain (n = 10) in the period from June 2015 to April
2017. Exclusion criteria were: clinical symptoms or signs suggestive
of Parkinson’s disease, dementia [Mini-Mental State Examination
(MMSE) score 5 24], significant depression (Hamilton Rating Scale for
Depression score 4 13), communication difficulties, history of neuro-
logical or psychiatric illness or drug dependence/abuse, pregnancy or
breast-feeding, conditions that interfere with microcirculation (dia-
betes mellitus, hypertension, kidney disease, previous circulatory
issues, e.g. stroke), and an estimated glomerular filtration rate (eGFR)
560 ml/min. None of the patients had motor or cognitive com-
plaints. An age-matched group of 26 healthy subjects was included
as control group (inclusion criteria: between 45 and 85 years of age,
capable of giving informed consent, and good physical health.
Exclusion criteria: history of neurological or psychiatric illness or
drug dependence/abuse, pregnancy or breast-feeding, and eGFR 560
ml/min). Control subjects were recruited through newspaper adver-
tisements; none of them had any motor or cognitive complaints and
all had a normal neurological examination. Absence of RBD symp-
toms in controls was screened with the REM sleep behaviour disorder
screening questionnaire24 along with a comprehensive clinical
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history of the individuals and their bed partners. All patients and
control subjects completed the MMSE, MoCA, and scales for out-
comes in Parkinson’s disease Autonomic Dysfunction (SCOPA-AUT).
The presence of parkinsonism or an MMSE score lower than 24 were
exclusion criteria. The study received approval from the local Ethics
Committee at both centres. All subjects gave informed written con-
sent according to the Declaration of Helsinki before enrolment into
the study.

Image acquisition

All subjects (patients and controls) had MRI at the Center of
Functionally Integrative Neuroscience, Aarhus University Hospital,
Denmark. MRI was performed with a 3 T MAGNETOM Skyra scan-
ner (Siemens Healthcare) using a 32-channel head coil.

DSC-MRI was acquired using spin echo echo-planar imaging (EPI)
with intravenous bolus injection (5 ml/s) of 0.2 mmol/kg gadobutrol
(GadovistVR 1.0 M, Bayer), followed by injection of 20 ml of saline at a
rate of 5 ml/s. A time series of 200 whole brain image volumes were
acquired (repetition time/echo time = 1530/60 ms, flip angle = 90�,
field of view = 192 � 192 mm2, 19 axial interleaved axial slices
without gap, spatial resolution of 3 � 3 � 4 mm3). Spin echo EPI
images were acquired with a readout window of 10.7 ms. Bolus
injections were administered after 60 repetitions. Slice time correc-
tion was performed in a post-processing step.

For co-registration purposes and for the assessment of cerebral
atrophy, whole brain 3D T1-weighted MP2RAGE (magnetization-pre-
pared two rapid gradient echo acquisitions)25 images were acquired
(1.0 mm isotropic voxels without gap, repetition time/echo time =
5000/2.98 ms, inversion time1 = 700 ms, inversion time2 = 2500 ms,
flip angle1 = 4�, flip angle2 = 5�, field of view = 256 � 240 mm2 and
176 mm in the sagittal direction).

The acquisition order was 3D T1 followed by DSC-MRI with a
total scan time of �20 min. All patients and controls followed the
same imaging protocol and acquisition order.

Calculation of perfusion parameters

Parametric images of CBF, CTH, cerebral blood volume (CBV), and
mean transit time (MTT) were computed from the DSC-MRI raw
data.20,26 This method has been validated for a range of signal-to-
noise levels typical for DSC-MRI acquisitions and has been shown to
provide more robust perfusion estimates than non-parametric
approaches.20,26 The model provides quantitative measures of MTT
and CTH, while CBF and CBV are scaled by an indeterminable factor
j. Accordingly, CBF and CBV were normalized by corresponding val-
ues for normal appearing white matter identified on T1-weighted
images (see below).

Tissue oxygenation

To estimate whether the local blood supply with its microvascular
flow heterogeneity was sufficient to meet metabolic demands, we
estimated the tissue oxygen tension (PtO2) that would result if local
haemodynamics, as determined by MTT and CTH values, were to
support a resting oxygen utilization of brain tissue of 2.5 ml/100 ml/
min.27 PtO2 is tightly regulated in normal brain28 and for normal PtO2-
values of �25 mmHg, blood-tissue–oxygen concentration gradients
limit oxygen extraction fraction (OEF) to 30%. In ischaemia and other
instances of impaired oxygen supply, however, maintaining tissue
oxygen utilization causes PtO2 to decrease and OEF to increase to-
wards unity.29 Because of the association between reduced PtO2 and
adaptive cellular mechanisms, such as tissue inflammation,30 we
chose this metric to summarize tissue oxygenation. In line with31 we
assumed a capillary blood volume of CBV = 1.6% and Grubb’s

relation.32 We calibrated the biophysical model to yield OEF = 0.3 and
PtO2 = 25 mmHg in normal-appearing white matter.

Selection of arterial input function

Calculation of perfusion parameters involves the identification of
an arterial input function (AIF), which describes the delivery of
intravascular tracer to the tissue. The selection of image voxels
from which to estimate the AIF is a crucial step in the procedure.
For each subject we calculated a global AIF by averaging the signal
over AIF voxels selected semi-automatically. First, an experienced
operator, blinded to subject status, visually identified the slice and
approximate region of the vertical segments of the middle cerebral
arteries (lower part of M2), then an automatic selection algorithm
identified arterial voxels within this bilateral region33 (see
Supplementary Fig. 1 for an example selection and resulting AIF).
All AIF curves were visually inspected to ensure arterial shape
characteristics, i.e. early tracer arrival, high peak height, and quick
wash-out.

Image processing

T1-weighted images were preprocessed using a previously-
described framework.34 In this framework images are denoised,35

bias field corrected,36 rigidly37 and non-rigidly38 registered to
Montreal Neurological Institute (MNI) space and skull stripped.39

Brain tissue is classified into grey matter, white matter and CSF
using an artificial neural network classifier.40 Hippocampus was
segmented on preprocessed T1-weighted images using patch-
based label fusion41 and volumes were normalized to total intra-
cranial volume.

Cortical surfaces were generated with FACE (fast accurate cor-
tex extraction).42,43 In FACE, topologically correct surface meshes
are iteratively fitted to the white matter–grey matter interface and
the grey matter–pia interface with subvoxel precision. FACE has
been shown to be robust, accurate and fast.44 Cortical thickness
was determined as the perpendicular distance between the white
matter surface and the pial surface.

Cortical surfaces were transformed to perfusion native space
using the transformation matrix from a rigid body co-registration
between a mean perfusion image and T1-weighted image using
Statistical Parametric Mapping (SPM12, Wellcome Centre for
Human Neuroimaging, UK). Similar to previous work,21 perfusion
parameters were interpolated and mapped to the surface approxi-
mating the middle cortical layer in order to minimize the influence
of partial volume effects and larger vessels at the cortical surface.
Individual surfaces were registered to the cortical surface of an
average non-linear anatomical template in MNI space45 using a
feature driven surface registration algorithm.46 Perfusion values
were then mapped to the average surface and smoothed using a 20
mm full-width at half-maximum geodesic Gaussian kernel.
Smoothing along the cortex eliminates the unwanted blurring
across gyri caused by smoothing in voxel space.

Because of pulsation and susceptibility imaging artefacts in the
perfusion images, we were not able to reliably investigate perfu-
sion and haemodynamics in subcortical grey matter regions.

Normalization and estimation of rate constants

Normal-appearing white matter was used for normalizing CBF and
CBV and for estimating subject specific rate constants. To obtain
robust and consistent values, a whole-brain white matter mask
was used for the normalization and estimation of rate constants.
The white matter mask was generated by a single voxel erosion of
the T1-weighted white matter tissue classification to avoid any
overlap with grey matter or CSF. Using this mask, we found subject
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specific rate constants in the range of 50 s–1 to 156 s–1 (mean ±

standard deviation: 91 ± 24 s–1).

Statistical analysis

Group differences were interrogated using two-tailed t-tests for
continuous variables and Pearson v2 and Fisher exact tests for cat-
egorical variables. An a-level of 5% was used to determine signifi-
cance. Cortical CBF and CBV were normalized by dividing values
by the subject’s corresponding normal-appearing white matter
value and multiplying the ratios with the grand average of normal-
appearing white matter values across subjects to maintain units.
Statistical maps of differences in perfusion parameters and cor-
tical thickness between patients and controls were generated by
fitting a general linear model at each surface vertex (SurfStat,
http://www.math.mcgill.ca/keith/surfstat/). Statistical maps of
perfusion correlates of cognitive and symptom severity scores
were generated using a linear regression model. Statistical maps
were family-wise error (FWE) corrected using random field the-
ory47 with a = 0.001 as cluster defining threshold. All statistical
maps were thresholded at P = 0.05 (uncorrected and corrected). We
chose to visualize uncorrected statistical maps, which were inter-
rogated for FWE surviving clusters in this explorative study in
order to compare maps across parameters. Mean perfusion values
within FWE surviving clusters were extracted for each study par-
ticipant for interpretation of the underlying haemodynamic
parameters. All statistical tests were carried out using R version
3.2.2 (The R Foundation for Statistical Computing), SPM12, and
SurfStat running on Matlab R2016a (MathWorks Inc).

Data availability

The data that support the findings of this study are available on re-
quest from the corresponding author. The data are not publicly
available due to restrictions imposed to avoid compromising the
privacy of research participants.

Results
Description of the cohort

One iRBD patient and one control subject were excluded from
MRI perfusion because eGFRs were under the cut-off of 60 ml/
min. One iRBD patient did not have MRI perfusion because of a
coronary stent, which prohibited an MRI scan at 3 T. The

demographic characteristics of the resulting iRBD and control
groups are listed in Table 1. All the iRBD patients and control sub-
jects had a MoCA score within normal range. None of the iRBD
patients had evidence of parkinsonism on neurological examin-
ation. Patients with iRBD reported more sleep disruption than the
control group and they scored higher on severity of autonomic
dysfunction (SCOPA-AUT) and on the Non-Motor Symptom
Assessment Scale.

Patients with iRBD have no evidence of cerebral
atrophy

Normalized brain and hippocampal volumes of iRBD patients
were similar to those of the control group though normalized
volumes of the lateral ventricles were slightly enlarged in the
patients (Table 1). No significant cortical thinning in iRBD
was detected when compared to the control group
(Supplementary Fig. 2).

Microvascular flow is disturbed in iRBD and
associated with cognitive performance

Perfusion MRI demonstrated reduced CBF in iRBD patients com-
pared to controls throughout the cortex, the left frontal lobe being
most affected (Fig. 1A and Table 2). CBV was also reduced in
patients (P = 0.05, uncorrected), though to a lesser extent, with no
clusters surviving FWE correction (Fig. 1B). Microvascular flow was
disturbed; MTT and CTH were increased in all parts of cortex,
extending more posteriorly than the area of reduced CBF to involve
the occipital and parietal lobes (Fig. 1C, D and Table 2). These
microvascular flow changes were associated with a significantly
lowered PtO2 compared to controls as predicted by our oxygen
transport model.31 PtO2 was low throughout the cortex covered by
our imaging sequence (Fig. 2A and Table 2) and reduced PtO2 levels
in temporal and parietal regions were associated with lower MoCA
scores. (Fig. 2B, C and Table 3). Interrogating the association be-
tween MoCA scores and microvascular flow parameters revealed
negative correlations with MTT in temporal and parietal regions
and negative correlations with CBF in frontal regions (Table 3 and
Supplementary Fig. 3). These associations could not be replicated
in the control group (Supplementary Fig. 4). Test scores of symp-
tom severity only sparsely correlated with the parameters of
microvascular flow. A single cluster in the occipital lobe for the
positive correlation between MTT and SCOPA-AUT survived FWE
correction (Supplementary Fig. 5).

Table 1 Demographics and results for cognitive tests and MRI-based atrophy

iRBD (n = 20) Controls (n = 25) P-value

Age, years 65.5 ± 6.1 64.6 ± 5.0 0.594
Gender, male 17 25 0.080
Time since iRBD diagnosis, years 3.8 ± 3.5 – –
Unified Parkinson’s Disease Rating Scale (part III) 3.4 ± 2.3 – –
Mini Mental State Examination score 28.4 ± 1.3 29.1 ± 1.1 0.040
MoCA score 25.8 ± 2.4 26.4 ± 2.6 0.425
Parkinson’s Disease Sleep Scale 11.0 ± 8.3 6.4 ± 5.5 0.035
SCOPA-AUT score 15.7 ± 8.4 5.5 ± 3.6 50.001
Non-Motor Symptom Assessment Scale 29.8 ± 18.5 9.5 ± 7.6 50.001
Brain volume (WM + GM), ml 1202 ± 33 1216 ± 40 0.109
Lateral ventricles (L + R), ml 36 ± 21 28 ± 11 0.044
Hippocampus volume (L + R), ml 5.93 ± 0.65 5.95 ± 0.46 0.454

P-values were calculated by two-tailed t-test for continuous variables and Fisher’s exact test for categorical variables. GM = grey matter; L = left; R = right; SCOPA-AUT = scales

for outcomes in Parkinson’s disease-autonomic dysfunction; WM = white matter.
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Microvascular flow disturbances can identify iRBD

Figure 3 illustrates how a combination of reduced CBF and raised
CTH may discriminate between iRBD and healthy groups, suggest-
ing that the observed changes occurred in almost all our iRBD
patients. Note that individual cortical CBF values are normalised
to their white matter CBF values (�20 ml/100 ml/min) and are

independent of age. Our experience from perfusion imaging in is-
chaemic stroke is that the ischaemic threshold of grey matter flow
at which low blood supply causes neurological symptoms lies
close to white matter flow.48 Some of the iRBD patients’ regional
cortical CBF levels approached those of white matter (Fig. 3) and
were likely to have impacted their PtO2, albeit without reaching is-
chaemic levels.

Figure 1 Microvascular flow disturbances in iRBD. Parameters of microvascular flow in iRBD compared to controls showing (A) reduced CBF and (B)
CBV, and (C) increased MTT and (D) CTH. Statistical t-maps showing significantly reduced (cool colours) and increased (warm colours) values in iRBD
patients compared to controls thresholded at P = 0.05 (uncorrected). Clusters surviving family-wise error correction at PFWE = 0.05 are white with
black borders (white arrows). Note that the surviving clusters in C and D are buried in the calcarine sulcus and are only faintly visible in the rendering
of the folded surface. An unfolded surface of the same area is shown just below to reveal the clusters. Note that the shapes of the clusters are dis-
torted in the unfolded version.
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Discussion
The main finding of this study is that iRBD is associated with
microvascular flow disturbances in the cortex of the occipital and
frontal lobes, consistent with disturbed perfusion control. While
reduced CBF and CBV were mainly observed in the frontal and
temporal cortices, increased MTT and CTH involved all cortical
lobes. According to models of oxygen transport in tissue, these
flow disturbances are predicted to limit cortical oxygenation in
iRBD patients to such an extent that their cortical oxygen

tension, PtO2, becomes reduced, although CBF did not reach
ischaemic levels.

The microvascular flow disturbances included reductions in
CBV and increases in MTT and CTH, as measured by spin echo
DSC-MRI. Spin echo DSC-MRI with a short readout window primar-
ily reflects flow of contrast medium in capillary-sized vessels.49–51

Thus, we ascribe the observed reductions in CBV in iRBD patients
to reductions in their capillary diameter, capillary number density,
or both. In either case, we speculate that capillary flow disturban-
ces leading to increased transit time (MTT) and flow heterogeneity

Table 2 Clusters surviving family-wise error correction PFWE 5 0.05 when testing differences in perfusion parameters between
iRBD patients and controls

Parameter Cluster area, mm2 MNI coordinates
x, y, z

Anatomical location FWE P-value

CBF 475 –34, 57, 7 Middle frontal gyrus, left 0.002
MTT 182 –21, –72, 8 Calcarine sulcus, left 0.024
MTT 113 25, –63, 6 Calcarine sulcus, right 0.049
CTH 114 –21, –71, 8 Calcarine sulcus, left 0.029
PtO2 1335 –56, –51, 44 Inferior parietal gyrus, left 50.001
PtO2 386 –22, –72, 7 Calcarine sulcus, left 0.018
PtO2 348 –30, –68, 52 Superior parietal gyrus, left 0.043

Figure 2 Tissue oxygenation is impaired in iRBD patients and oxygenation levels correlate with cognitive scores. PtO2 predicted by the biophysical
model. (A) Statistical t-map showing significantly reduced (cool colours) and increased (warm colours) values in iRBD patients compared to controls
thresholded at P = 0.05 (uncorrected). (B) Statistical t-map showing significant correlations between PtO2 and MoCA scores in iRBD patients. Clusters
surviving family-wise error correction at PFWE = 0.05 are white with black borders (white arrows). Note that one surviving clusters in the left panel is
buried in the calcarine sulcus and is only faintly visible in the rendering of the folded surface. An unfolded surface of the same area is shown just
below to reveal the cluster. Note that the shape of the cluster is distorted in the unfolded version. (C) Scatter plot of MoCA scores and mean PtO2 with-
in FWE clusters.

Table 3 Clusters surviving family-wise error correction PFWE 5 0.05 when correlating perfusion parameters with MoCA in iRBD
patients

Parameter Correlation Cluster area, mm2 MNI coordinates
x, y, z

Anatomical location FWE P-value

CBF Negative 138 –42, 46, 7 Inferior frontal sulcus, left 0.020
MTT Negative 183 58, –16, –9 Superior temporal sulcus, right 0.004
PtO2 Positive 191 62, –45, –14 Inferior temporal gyrus, right 0.007
PtO2 Positive 104 69, –42, 14 Superior temporal gyrus, right 0.023
PtO2 Positive 90 69, –12, 17 Postcentral gyrus, inf., right 0.016
PtO2 Positive 74 43, –73, 49 Lateral parietal, right 0.032
PtO2 Positive 52 17, –101, 21 Occipital, right 0.042
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(CTH) measured by spin echo DSC-MRI may be the result of local
changes in the morphology and function of individual capillaries.

Several brainstem nuclei show Lewy body pathology
in prodromal or early Parkinson’s disease1 and this may affect
microvascular flow control in areas these nuclei innervate13–15,17

as observed in our iRBD patients. The locus coeruleus has long
been implicated as a component of neurodegeneration in both
Parkinson’s and Alzheimer’s diseases.19 Previous studies using
neuromelanin sensitive MRI have reported significant reductions
in the locus coeruleus hyperintensity signal in iRBD patients, sug-
gesting that neuronal damage is present in these patients.52,53

Animal studies suggest that noradrenergic fibres from the locus
coeruleus play a key role in providing trophic support for both
astrocytes and neurons, and in suppressing inflammation and oxi-
dative stress.19 Control of microvascular flow by the noradrenergic
locus coeruleus might provide part of this trophic support by help-
ing to match oxygen availability to cellular oxidative phosphoryl-
ation in brain tissue. The locus coeruleus also plays a key role in
maintaining blood–brain barrier integrity.54 Post-mortem evalu-
ation of patients diagnosed with iRBD show neuronal loss and
Lewy pathology in several structures including the locus coeru-
leus, raphe nucleus, and nucleus basalis of Meynert.5 Future stud-
ies should interrogate the relation between capillary dysfunction,
blood–brain barrier permeability, and early, structural and func-
tional neuroimaging evidence of locus coeruleus atrophy and
reduced noradrenergic function.

However, other pathological processes also affect the patency
of cortical capillaries in a-synucleinopathies and could contribute
to the impaired cerebral microcirculation observed in our patients.
First, Lewy body pathology in the nuclei involved in neurogenic
blood flow control would be expected to interfere with the release
of vasoactive neurotransmitters near cortical pericytes and astro-
cytic end-feet, and thereby alter the capillary distribution of blood
flow. Second, growing evidence suggests that Lewy body pathology
causes the blood–brain barrier to become compromised in
Parkinson’s disease.55 The resulting disruption of tight junctions
and capillary basement membrane changes56 are likely to impact
capillary function and blood flow control. Therefore, the changes
to the microvascular perfusion that we have observed could also
be related to the presence of cortical Lewy body pathology in our

patients. This would be even more relevant if these patients are
developing a parkinsonism with early cognitive impairment rather
than idiopathic Parkinson’s disease. Third, studies report signs of
angiogenesis in Parkinson’s disease,56–59 which will lead to capil-
lary flow disturbances.60,61 Fourth, early Parkinson’s disease is
associated with intrinsic cortical inflammation in the form of glial
activation,6,7 which may interfere with local capillary function and
blood–brain barrier function. It should be kept in mind that blood–
brain barrier breakdown, angiogenesis, and inflammation repre-
sent natural responses to tissue hypoxia. Animal studies show
that loss of capillary flow control limits oxygen supply to the brain
and potentially creates a state of local hypoxia in surrounding tis-
sue.62 Studies of the spatiotemporal relation between capillary
dysfunction, inflammation, and blood–brain barrier damage are
needed to elucidate whether these mechanisms comprise a vi-
cious cycle in the development of Parkinson’s disease.

The second important finding of our study is that microvascu-
lar flow disturbances in our patients involved the frontal (CBF),
parietal (PtO2), and occipital (MTT, CTH, PtO2) lobes. These areas
are associated with executive and visuospatial functions, which
are known to be impaired in iRBD63–65 and Parkinson’s disease.66,67

Furthermore, we found a direct association between the micro-
vascular flow disturbances and worse performances on cognitive
tests in our patients (Fig. 2 and Table 3). We found correlations be-
tween predicted PtO2 and MoCA scores in temporal, parietal, oc-
cipital and cingulate areas. Several studies have shown poor
performances on neuropsychological tests in iRBD patients with
no cognitive complaints,68–70 indicating presence of subclinical
visuospatial constructional dysfunction, altered visuospatial learn-
ing, and executive dysfunction. We have recently reported that
11C-donepezil PET shows reduced cortical acetylcholinesterase ac-
tivity in iRBD patients, suggesting the presence of cholinergic nu-
cleus basalis of Meynert dysfunction.71 Compared with controls,
the subgroup of iRBD patients with lower MoCA scores had more
extensive cortical reduction in 11C-donepezil than patients with
higher MoCA scores, encompassing the frontal, occipital and tem-
poral areas. The current results indicate that abnormalities in
microvascular flow in these same cortical areas could also influ-
ence the cognitive performances of patients with iRBD.

If our findings are confirmed in larger studies, one could hy-
pothesize that pharmacological restoration of perivascular neuro-
transmitter levels would improve cognitive performance in iRBD
patients and, possibly help maintain their cognitive function over
time. However, the complex interactions between flow control and
neurotransmitter levels may affect choice of therapy and should
be investigated further.

Our observations of regional CBF changes in iRBD patients are
consistent with earlier reports evaluating iRBD with single-photon
emission computerized tomography (SPECT).72–74 Our findings also
align with reports of regional CBF changes in patients with
Parkinson’s disease. Studies using arterial spin labelling (ASL)
have found hypoperfusion in cortical regions of Parkinson’s dis-
ease75–78 and abnormal cerebrovascular reactivity has been
observed with transcranial doppler.79,80 The literature suggest a
pattern of increased or maintained metabolism and perfusion in
subcortical regions and decreased metabolism and perfusion in
cortical regions of Parkinson’s disease patients.75–78,81,82 While our
DSC-MRI CBF method differs from CBF measurements by SPECT,
ASL and PET, our observations of disturbed microcirculation in
frontal and parietal regions are consistent with the regional extent
of blood flow and metabolic changes in Parkinson’s disease.83,84

However, the microvascular changes found here additionally ex-
tend to occipital and temporal regions, thus not reflecting the typ-
ical Parkinson’s disease related pattern of reduced metabolism,83

but instead the typical pattern seen in dementia with Lewy

Figure 3 Microvascular flow disturbances separates iRBD from controls.
Scatter plot of mean CBF and mean CTH within clusters surviving FWE
correction. Filled inverted triangles = iRBD patients. Grey triangles =
healthy control subjects. Dashed lines indicate observed threshold values
(2.15 for the CBF ratio and 2.45 s for CTH) separating iRBD (top left quad-
rant) from controls (bottom and right quadrants). WM = white matter.
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bodies.85 It should be noted that about 50% of the patients with
iRBD develop dementia before parkinsonism, fulfilling diagnostic
criteria for dementia with Lewy bodies.5

The observations of reduced cortical CBF may be the result of
disturbed flow-metabolism coupling, lower regional metabolism
due to neurodegeneration, or both.86 Thus, any reduction in the
number of neurons and/or dendrites reduces metabolic demands,
lowering the threshold for hypoxic tissue injury (cf. Fig. 3). We did
not observe cortical atrophy in the iRBD group although the lateral
ventricles were slightly enlarged. CBF is closely coupled to resting
metabolic demands in normal brain tissue, and severe CBF reduc-
tions such as those shown in Fig. 3 are therefore suggestive of a se-
vere disturbance in the coupling between CBF and local metabolic
demands. Of note, other studies have reported incipient grey mat-
ter atrophy and cortical thinning in iRBD patients.87–90 The reduced
blood flow may therefore herald imminent cerebral atrophy.

Capillary dysfunction interferes with flow-metabolism cou-
pling, and biophysical models predict that when capillary flow dis-
turbances, as indexed by CTH, reach a certain threshold, blood
supply must be attenuated rather than increased in order to limit
capillary ‘shunting’ of oxygenated blood and meet the metabolic
demands of brain tissue.31,91 The possible vasoconstriction
observed in iRBD patients compared to controls, and the reduced
cerebrovascular reactivity in Parkinson’s disease patients (above),
may therefore permit uninterrupted oxygen utilization as flow dis-
turbances grow more severe at the expense of falling PtO2.

92 Of
note, previous studies report that CBF and metabolism co-vary in
Parkinson’s disease.78,82 We speculate that longitudinal studies of
iRBD patients with prodromal Parkinson’s disease may provide a
unique opportunity to examine the relation between oxygen avail-
ability, cortical function, and neurodegeneration in the etiopatho-
genesis of Parkinson’s disease.

There are several limitations to our study. We were not able to
investigate perfusion and haemodynamics in subcortical grey
matter regions because of pulsation and susceptibility imaging
artefacts in our imaging data. In addition, to achieve a sufficient
temporal and spatial resolution, the coverage of the acquisitions
was limited, excluding the most inferior part of the temporal lobe,
the cerebellum, the brainstem (where locus coeruleus, raphe nu-
cleus, tegmental nuclei and substantia nigra are located) and the
most superior part of the frontal and parietal lobes. Estimating
haemodynamic parameters from DSC-MRI involves several proc-
essing steps, which may propagate noise impacting the accuracy
of the obtained parameters. Additional inaccuracies may be intro-
duced when estimating tissue oxygenation, as the applied vascular
model makes assumptions of several properties of the capillaries.
None of our iRBD patients had a history of orthostatic hypotension
and they had similar scores on the questions related to orthostatic
hypotension in the SCOPA-AUT as the healthy controls. However,
at the time of the MRI, we did not obtain measurements of ortho-
static hypotension, which may affect blood pressure when reclin-
ing in the scanner. This will need to be investigated in future
studies. A complete neuropsychological battery was not performed
to thoroughly examine all cognitive domains. The MoCA, like the
MMSE, is a screening tool used for picking up general cognitive im-
pairment. A thorough neuropsychological examination would po-
tentially reveal impairments in the domains associated with the
cortical areas we found to have disturbed microvascular flow. All
our control subjects were male, though 15% of the patients were
female, which represent the prevalence of iRBD in the population.
Finally, our study included a relatively small number of subjects,
limiting our statistical power. The effects we report in this explora-
tory study should, therefore, be validated in larger cohorts, and in
a longitudinal design to follow the evolution of microvascular flow
disturbances over time.

In conclusion, our study suggests that disturbances in cortical
microvascular flow patterns and concurrent hypoperfusion com-
bine to reduce cortical tissue oxygenation in patients with iRBD, a
phenotype of prodromal Parkinson’s disease. These disturbances
can be observed prior to any detectable cerebral atrophy or overt
clinical cognitive deficit. We speculate that the changes are caused
by loss of neurogenic blood flow control due to an early degener-
ation of noradrenergic, cholinergic, and dopaminergic innervation
in prodromal parkinsonism.
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