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In Parkinson’s disease, rapid eye movement sleep behaviour disorder is an early non-dopaminergic syndrome with nocturnal

violence and increased muscle tone during rapid eye movement sleep that can precede Parkinsonism by several years. The

neuronal origin of rapid eye movement sleep behaviour disorder in Parkinson’s disease is not precisely known; however, the

locus subcoeruleus in the brainstem has been implicated as this structure blocks muscle tone during normal rapid eye movement

sleep in animal models and can be damaged in Parkinson’s disease. Here, we studied the integrity of the locus coeruleus/

subcoeruleus complex in patients with Parkinson’s disease using combined neuromelanin-sensitive, structural and diffusion

magnetic resonance imaging approaches. We compared 24 patients with Parkinson’s disease and rapid eye movement sleep

behaviour disorder, 12 patients without rapid eye movement sleep behaviour disorder and 19 age- and gender-matched healthy

volunteers. All subjects underwent clinical examination and characterization of rapid eye movement sleep using video-poly-

somnography and multimodal imaging at 3 T. Using neuromelanin-sensitive imaging, reduced signal intensity was evident in

the locus coeruleus/subcoeruleus area in patients with Parkinson’s disease that was more marked in patients with than those

without rapid eye movement sleep behaviour disorder. Reduced signal intensity correlated with the percentage of abnormally

increased muscle tone during rapid eye movement sleep. The results confirmed that this complex is affected in Parkinson’s

disease and showed a gradual relationship between damage to this structure, presumably the locus subcoeruleus, and abnormal

muscle tone during rapid eye movement sleep, which is the cardinal marker of rapid eye movement sleep behaviour disorder.

In longitudinal studies, the technique may also provide early markers of non-dopaminergic Parkinson’s disease pathology to

predict the occurrence of Parkinson’s disease.
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Introduction
In recent years, research has been focused on the identification

and quantification of non-dopaminergic lesions of the brainstem in

Parkinson’s disease in light of Braak’s neuropathological staging

(Braak et al., 2003, 2004). In particular, non-motor signs such

as rapid eye movement (REM) sleep behaviour disorder (RBD)

have received particular attention. RBD is characterized by prom-

inent motor activity accompanying dreaming associated with the

loss of normal skeletal muscle atonia that occurs during REM sleep

(Schenck and Mahowald, 2002; Iranzo and Aparicio, 2009). RBD

may appear in subjects without any other neurological disease

(idiopathic RBD). Patients with idiopathic RBD have increased

risk of developing Parkinson’s disease, dementia with Lewy

bodies and, more rarely, multiple system atrophy, with a rate of

conversion of �50% within 5 years (Iranzo et al., 2006; Boeve

et al., 2007; Postuma et al., 2009). In Parkinson’s disease, RBD

affects 30–60% of patients (De Cock et al., 2007). In patients

with Parkinson’s disease, RBD is associated with older age,

longer disease duration, decreased cognitive performances and

hallucinations, and therefore worse prognosis (Arnulf, 2012).

In animal models, RBD was observed after selective damage in

the pontine tegmentum, encompassing the locus coeruleus perial-

pha in cats (Sastre and Jouvet, 1979) and the sublaterodorsalis

nucleus in rats (Lu et al., 2006). These nuclei are equivalent to

the locus subcoeruleus in humans. In humans, rare cases of lesions

in the pontine and midbrain tegmentum resulting in RBD were

reported (Boeve et al., 2007; Iranzo and Aparicio, 2009). A patient

with Parkinson’s disease and RBD had numerous alpha-synuclein

deposits within the locus coreuleus/subcoeruleus melanized cells

on brain examination (Arnulf et al., 2000). Among these nuclei,

the locus subcoeruleus is particularly involved in the control of

atonia during REM sleep (Lu et al., 2006; Boeve et al., 2007).

Recently, MRI has been used to investigate the structural

changes associated with RBD. Diffusion changes using MRI were

localized in the midbrain tegmentum, rostral pons and pontine

reticular formation in patients with idiopathic RBD (Scherfler

et al., 2010), whereas changes were found in the brainstem, sub-

stantia nigra, olfactory regions and other brain regions in another

study (Unger et al., 2010). The locus coeruleus/subcoeruleus com-

plex contains catecholaminergic neurons that contain a pigment,

neuromelanin (Baker et al., 1989). When combined with metals

such as iron and copper, neuromelanin has paramagnetic

T1-shortening effects (Bazelon et al., 1967; Enochs et al., 1997)

and displays bright signal intensity in healthy human subjects

(Keren et al., 2009). In patients with Parkinson’s disease,

decreased signal intensity was detected in the locus coeruleus/

subcoeruleus area (Sasaki et al., 2006; Shibata et al., 2006) that

was interpreted as reflecting a loss of neuromelanin-containing

neurons, but no correlations were performed with abnormal sleep.

Here, we studied the locus coeruleus/subcoeruleus complex

using combined neuromelanin-sensitive structural and diffusion

MRI approaches in patients with Parkinson’s disease with and

without RBD and correlated imaging changes with clinical charac-

terization of RBD and enhanced muscle tone in REM sleep using

video-polysomnography. We confirm that structural changes can

be detected in the locus coeruleus/subcoeruleus in Parkinson’s dis-

ease and that these changes specifically correlate with abnormally

increased muscle tone during REM sleep.

Materials and methods

Subjects
Forty-one patients were prospectively recruited in the Movement

Disorders clinic of the Pitie-Salpetriere Hospital, between April 2010

and September 2012. Patients had to meet the following inclusion

criteria: clinical diagnosis of idiopathic Parkinson’s disease (according

to the UK Parkinson’s disease brain bank criteria), age between 18 and

75 years, no or minimal cognitive disturbances (Mini-Mental State

Examination4 24). For comparison, 22 normal healthy volunteers

with no history of neurological disorders were also recruited. Healthy

volunteers were matched for age and gender. All subjects gave written

informed consent and the study was approved by the local ethics

committee.

Neurological examination
A complete neurological examination was performed and the severity

of extrapyramidal symptoms was quantified using the Unified

Parkinson’s disease Rating Scale part III and the Hoehn and Yahr

stage. DOPA sensibility was assessed by an acute levodopa challenge

after overnight withdrawal of dopaminergic treatments. The L-DOPA

dose corresponded to the usual morning levodopa equivalent

dose + 50 mg. Cognitive impairment was assessed using the Mini-

Mental State Examination (Folstein et al., 1975).

The presence of RBD was assessed as follows. Subjects were inter-

viewed about their sleeping habits during the current year by experi-

enced sleep neurologists (I.A. and S.L.S.) using a semi-structured

questionnaire that was adapted from an RBD questionnaire (Comella

et al., 1998). The patients and their bed partners when available were

separately interviewed about RBD in the presence of one another.

Clinical RBD was defined when the bed partner reported significant,

purposeful limb or body movements during sleep (as if patients were

acting out their dreams) and when these movements were associated

with a dream recall when the patient was awake. This questionnaire

has been validated previously (De Cock et al., 2007). When con-

fronted with objective video-polysomnography criteria of RBD, the

accuracy of the questionnaire in detecting RBD in patients with

Parkinson’s disease reached 97% sensitivity (De Cock et al., 2011).

Sleep monitoring
Sleep and nocturnal movements were monitored during a single night

for all subjects. The monitoring included Fp1-Cz, O2-Cz and C3-A2

EEG; right and left electrooculogram; nasal pressure monitoring

through a cannula; tracheal sounds through a microphone; thoracic
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and abdominal belts for assessing respiratory efforts; electrocardiog-

raphy; pulse oximetry; EEG-synchronized infra-red video monitoring

and an ambiance microphone. The electromyography (EMG) recording

of the levator menti, and right and left tibialis anterior muscles was

monitored. The sleep stages, arousals, respiratory events, periodic leg

movements and muscle activities were scored through visual inspection

according to standard criteria (Iber et al., 2007).

Video and electromyography movement
analysis
We determined the presence or absence of RBD in this group of pa-

tients through interviews, video and sleep monitoring using interna-

tional criteria (Iber et al., 2007). Alternatively, if no motor behaviour

was observed in the video, we required the presence of REM sleep

without atonia (defined as the time containing REM sleep epochs with

at least 50% of the duration of the epoch having a chin EMG amp-

litude greater than the minimum amplitude in non-REM sleep muscle

tone divided by total REM sleep time) lasting 430% of the REM sleep

time and a history of dream enactment (Gagnon et al., 2002;

Montplaisir et al., 2010). Sleep measures that were recorded included

total sleep time, sleep efficiency (total sleep time divided by total sleep

duration), per cent of non-REM sleep N1, N2 and N3 + 4 stages, per-

centage of REM sleep (duration of REM sleep divided by total sleep

time), percentage of REM sleep without atonia (duration of REM sleep

without atonia divided by the total duration of REM sleep).

Magnetic resonance imaging data
acquisition
Magnetic resonance acquisitions were performed using a 3 T whole

body TRIO 32-channel TIM system (Siemens). Radiofrequency trans-

mission was performed with body coil, and signal was received with a

12-channel receive head coil. The protocol included whole brain high

resolution anatomical 3D T1-weighted images, neuromelanin-sensitive

images (T1-weighted), and diffusion imaging. Whole brain 3D T1-

weighted scans were acquired using a sagittal MP-RAGE acquisition

(inversion time: 900 ms, repetition time/echo time/flip angle:

2300 ms/4.18 ms/9�, one average, voxel size: 1 � 1 � 1 mm3).

Neuromelanin-sensitive images were acquired using 2D axial turbo

spin echo T1-weighted images (repetition time/echo time/flip angle:

900 ms/15 ms/180�, three averages, voxel size: 0.4 � 0.4 � 3 mm3).

This acquisition was repeated twice using the exact same parameters.

Diffusion images were acquired using echo-planar imaging (EPI) in the

axial plane (repetition time/echo time/flip angle: 14 s/101 ms/90�,

voxel size: 1.7 � 1.7 � 1.7 mm3, b-value: 1500 s/mm2, 60 gradient

encoding directions). Five patients and three healthy volunteers were

removed from this study because of severe movement during

acquisition.

Image analysis
Image analysis was performed blindly to the clinical status of the

patients.

Neuromelanin-sensitive images
Each neuromelanin-sensitive T1-weighted image was processed inde-

pendently. The majority of subjects moved slightly between the two

neuromelanin-sensitive acquisitions, preventing us directly averaging

voxel-by-voxel both acquisitions to increase the signal-to-noise ratio

(SNR). Due to the small size of the locus coeruleus and the anisotropic

voxel size of the images, we decided not to register both images to

avoid interpolation artefacts. The anatomical whole brain 3D

T1-weighted images were corrected for intensity inhomogeneity (Sled

et al., 1998) and a non-linear transformation towards the new high

resolution ICBM template (Fonov et al., 2011) was calculated using a

non-linear registration algorithm (Avants et al., 2008). Each neurome-

lanin-sensitive T1-weighted image was rigidly registered to the 3D T1-

weighted volume.

To calculate the signal intensity in the locus area, three regions

(serving as bounding boxes) were manually defined on the ICBM tem-

plate (Fig. 1). Combining rigid and non-linear transformations, the

three regions were resampled onto the neuromelanin-sensitive

T1-weighted images.

The first region was defined in the rostral pontomesencephalic area

(6200 mm3) and was used as a reference region to normalize the in-

tensity of the slices to remove the inter-slice and inter-subject variabil-

ity. For each slice, the intensity of the slice was linearly modified so

that the average intensity of this region was set to the same arbitrary

value in all the images. This normalization allowed the direct compari-

son of intensity values between subjects. The other two regions (one

for each side, 700 mm3) were defined as large 3D bounding boxes so

as to include the locus coeruleus/subcoeruleus complex, but to avoid

any other structure that could be considered as ‘bright’ in the neuro-

melanin-sensitive T1-weighted images, such as the substantia nigra

which also contains neuromelanin. These bounding box regions were

resampled from the template onto the subject (Fig. 1). We then con-

sidered that the brightest voxels found in these 3D regions corres-

ponded to the locus area. To avoid errors caused by noise, the locus

was defined within this bounding box as the area of 10-connected

voxels with the brightest intensity that were automatically found using

in-house developed software. The 10-voxel size of the locus area was

chosen to be large enough to avoid errors due to noise and to provide

a good estimate of the intensity of the locus but was smaller than its

actual size. We considered the intensity of the locus as the average of

the intensities of the 10-connected voxel region. The bounding box

was used to avoid software detection of the maximum intensity out-

side the area of the locus coeruleus/subcoeruleus complex in subjects

with low signal intensity and therefore restricted the search to this

area.

Voxel-based morphometry
From the 3D T1-weighted volume, we obtained the normalized and

modulated grey matter and white matter probability maps using the

VBM8 toolbox (http://dbm.neuro.uni-jena.de/vbm/) in the SPM8

software (http://www.fil.ion.ucl.ac.uk/spm/) running on MATLAB

R2010b (The MathWorks, Inc.). The processing included de-noising

(Manjon et al., 2010), partial volume estimation (Tohka et al., 2004)

and normalization to the MNI space using DARTEL (Ashburner and

Friston, 2005) and the software template based on 550 healthy control

subjects. The normalized maps were smoothed with 4 mm full-width at

half-maximum Gaussian kernel.

Voxel-based diffusion imaging
Diffusion images were processed using BrainVISA/Connectomist-2.0

diffusion toolbox to correct for eddy currents, susceptibility deform-

ations and patient movements (Duclap et al., 2012). Then the frac-

tional anisotropy and apparent diffusion coefficient images

were computed. The fractional anisotropy maps were non-

linearly registered to a fractional anisotropy template using FNIRT
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(Jenkinson et al., 2011). The same deformation fields were applied to

the apparent diffusion coefficient maps. No modulation was applied.

The normalized fractional anisotropy and apparent diffusion coefficient

were smoothed with a 4 mm full-width at half-maximum Gaussian

kernel.

Statistical analysis
Statistical analyses of the locus intensities and the clinical metrics were

performed using Matlab. Reproducibility of signal measurements in the

coeruleus/subcoeruleus complex was evaluated using paired Wilcoxon

signed rank test. The three groups of subjects (healthy volunteers,

patients with RBD and patients without RBD) were compared using

a non-parametric Kruskal-Wallis test corrected for multiple compari-

sons using Tukey’s honestly significant difference criterion. Non-para-

metric tests were chosen because of the non-Gaussian distribution of

signal intensities in the patients. The correlation analysis between

signal intensity in the coeruleus/subcoeruleus complex and the clinical

variables was performed using Spearman correlation correcting for age

and gender. The level of statistical significance was set to P5 0.05.

Voxel-based analyses were performed using SPM8. ANOVA was

used to compare RBD patients, non-RBD patients and healthy volun-

teers using gender and age as covariates in grey matter, white matter,

fractional anisotropy and apparent diffusion coefficient maps. Analyses

were limited to the brainstem using the brainstem atlas mask of SMP8

(for grey and white matter) or FSL (for fractional anisotropy and ap-

parent diffusion coefficient maps). Maps were thresholded at

P5 0.001 at the voxel level uncorrected for multiple comparisons.

Clusters were then considered significant at P5 0.05 corrected for

multiple comparisons. Uncorrected results are presented as trends.

The accuracy of neuromelanin-sensitive images to classify patients

with and without RBD was also evaluated by using a k-nearest

neighbour algorithm (k = 3) with the signal intensity of the coeru-

leus/subcoeruleus complex as input. To validate the approach, 100

random experiments were performed where 12 RBD patients were

randomly chosen to match the number of non-RBD patients. For

each experiment, a leave-one-out cross validation was employed

where each patient was classified using the 23 other patients as train-

ing points.

Results

Clinical and sleep characteristics of
subjects
The clinical characteristics of the patients and healthy volunteers

are summarized in Table 1. Thirty-six patients with Parkinson’s

disease (41 initially recruited, five were excluded for head

motion during MRI acquisition) and 19 healthy volunteers (22

initially recruited, three were excluded for head motion) matched

for age and gender with no history of neurological disorders were

included in the statistical analyses. The group of 36 patients

included 24 patients with RBD and 12 patients without RBD.

Patient groups did not differ for disease duration, motor disability

and performances at the Mini-Mental State Examination. For sleep

tests, patients with RBD showed reduced sleep efficiency com-

pared with healthy volunteers and increased percentage of REM

sleep without atonia as compared with both healthy volunteers

and patients without RBD. There was no other significant

comparison.

Figure 1 Definition of the locus coeruleus/subcoeruleus area using the template regions. (Top) ICBM template regions: bounding box

regions were manually defined on the ICBM template in the ponto-mesencephalic area (blue, used for signal normalization), the left (red)

and right (yellow) locus areas. Regions are represented in the axial (left), coronal (middle) and sagittal plane (right). (Bottom left) Axial 2D

neuromelanin-sensitive T1-weighted image in a representative healthy volunteer passing at the level of the locus area. (Middle) Template

regions were resampled onto the individual images using combined rigid and non-linear transformations. (Right) Voxels of maximum

signal intensity in the left (red) and right (yellow) locus area.
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Magnetic resonance imaging data
analysis
Increase in signal intensity was reliably detected in neuromelanin-

sensitive images of the brainstem, extending from the area of the

inferior red nucleus rostrally, to the pons at the level of the su-

perior cerebellar peduncles caudally. To evaluate the reproducibil-

ity of signal measurements in the coeruleus/subcoeruleus complex,

we first compared the values of signal intensity in this complex

between the two sets of neuromelanin-sensitive images obtained

in each subject. There was no significant difference between the

two acquisitions (P = 0.88) and a strong correlation between the

intensities in the first and in the second scans for both left

(r = 0.75, P51 � 10�10) and right coeruleus/subcoeruleus area

(r = 0.73, P51 � 10�10). To reduce the variability of the meas-

ure, we averaged the values of signal intensity obtained independ-

ently from both images for the following analyses. A paired t-test

showed a significant difference between the left and right coer-

uleus/subcoeruleus complex (P5 1 � 10�5) although a strong

correlation was also found between left and right complex

(r = 0.76, P51 � 10�11). We averaged, left and right values to

increase the signal-to-noise ratio of the coeruleus/subcoeruleus

complex.

Comparison of patients with RBD, without RBD and healthy

volunteers showed that RBD patients presented a significant de-

crease in signal intensity compared with both healthy volunteers

and patients without RBD (Kruskal-Wallis test corrected for mul-

tiple comparisons, P50.05, Figs 2 and 3). There was no differ-

ence in mean signal intensity between patients without RBD and

healthy volunteers. No significant differences for gender or

correlations with age were found regarding signal intensity in

either the healthy volunteers or patients.

The correlation analysis between signal intensity in the coeru-

leus/subcoeruleus complex and the clinical variables in the entire

patient group demonstrated significant and specific negative cor-

relation with the percentage of REM sleep without atonia (�0.49,

P50.005), even when controlled for gender and age (Table 2

and Fig. 4). This correlation was also observed in patients

with RBD (�0.50, P5 0.05) but not in patients without RBD

(Table 2 and Fig. 4). There were no other significant correlations

with any sleep metrics, scores at the motor tests or Mini-Mental

State Examination.

Classification of the patients with and without RBD using the

signal intensity of the coeruleus/subcoeruleus complex showed an

average accuracy of 71 � 6%.

There was no significant difference in grey and white matter

between patients and healthy volunteers or between subgroups

of patients. Compared with healthy volunteers, patients with

RBD showed significant increases in fractional anisotropy in the

tegmentum of the midbrain and rostral pons in the left hemisphere

in an area including the coeruleus/subcoeruleus (cluster size:

309 mm3, MNI coordinates: �11 �37 �30, T-score: 4.43) and

a trend in the right hemisphere (cluster size: 125 mm3, coordin-

ates: 11 �38 �30, T-score: 4.44, uncorrected for multiple com-

parisons) (Fig. 5). There was no difference in fractional anisotropy

between subgroups of patients or between patients without RBD

and healthy volunteers. Compared with healthy volunteers, pa-

tients with RBD showed significant increases in apparent diffusion

coefficient in the pontine tegmentum and the midbrain in the area

of the cerebral peduncles and substantia nigra in the right

Table 1 Clinical characteristics of the subjects

Healthy volunteers All patients RBD Without RBD

n 19 36 24 12

Sex ratio (M/F) 10/9 23/13 16/8 6/6

Age (years) 60.2 � 8.3 60.3 � 9.8 62.4 � 8.4 56.3 � 11.5

Most affected side (L/R/data absent) 18/16/2 13/10/1 5/6/1

Disease duration (years) NA 9.6 � 4.0 9.6 + 3.8 9.7 � 4.5

Clinical tests

Motor disabilitya OFF DOPA 29.5 � 9.0 30.3 � 9.4 27.4 � 8.4

Motor disability ON DOPA NA 16.1 � 9.3 17.5 � 9.1 12.6 � 7.0

Response to L-DOPA (%) NA 48.4 � 20.1 43.5 � 19.0 55.4 � 18.1

Mini-Mental State Examination score 28.7 � 1.1 28.1 � 1.7 28.1 + 1.9 28.5 � 0.8

Sleep tests

Total sleep time (min) 436 � 86 356 � 93 375 � 80 341 � 118

Sleep efficiency (%) 86.2 � 6.1 76.5 � 11.2 77.0 � 9.9* 80.2 � 8.8

N1 sleep (% of total sleep time) 6.1 � 2.6 9.0 � 12.9 7.1 � 4.2 12.7 � 22.9

N2 sleep (% of total sleep time) 51.1 � 6.3 54 � 9.7 51.1 � 9.1 57.5 � 10.7

N3 sleep (% of total sleep time) 9.8 � 5.1 9.9 � 7.6 11.9 � 9.0 8.9 � 5.3

REM sleep (% of total sleep time) 19.0 � 5.0 20.0 � 7.0 20.7 � 6.2 17.5 � 5.6

REM sleep without atonia (% of REM sleep) 3.4 � 7.3 35.2 � 37.7* 49.0 � 34.3* 11.5 � 28.4**

Values are means � standard deviations.
aMotor disability score is the subscore 3 of the Unified Parkinson’s disease Rating Scale-III; Response to L-DOPA was calculated as the ratio OFF – ON / OFF of the Unified
Parkinson’s disease Rating Scale III scores. All patients: all patients with Parkinson’s disease with and without RBD together; RBD: patients with Parkinson’s disease and
RBD; without RBD: patients with Parkinson’s disease and without RBD. Significance at P5 0.05, *indicates a difference with healthy volunteers and **with patients without

RBD.
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hemisphere (cluster size: 575 mm3, coordinates: 13 �21 �20,

T-score: 4.43, Fig. 5) and a trend in the left hemisphere (cluster

size: 337 mm3, coordinates: �11 �16 �21, T-score: 4.77).

Compared with healthy volunteers, patients without RBD

showed significant increases in apparent diffusion coefficient in

the same regions (cluster size: 705 and 878 mm3, MNI coordin-

ates: �13 �25 �35 and 8 �14 �21, T-score: 5.7 and 5.53 in

the left and right hemispheres, respectively). No difference was

found between patients with and without RBD. There were no

significant correlations between fractional anisotropy or apparent

diffusion coefficient and clinical variables.

Discussion
We showed a significant decrease in signal intensity in the locus

coeruleus/subcoeruleus complex using neuromelanin-sensitive MRI

techniques in patients with Parkinson’s disease with versus without

RBD and healthy volunteers that correlated specifically with atonia

during REM sleep. Voxel-based diffusion analyses also showed

significant increases in fractional anisotropy and apparent diffusion

coefficient in the area of the tegmentum of the midbrain and

rostral pons specifically in patients with RBD when compared

with healthy volunteers.

Evidence implicating the locus subcoeruleus in the pathophysi-

ology of REM sleep comes from animal studies as well as lesion

and imaging studies in humans (Boeve et al., 2007). In rats, the

sublaterodorsalis nucleus, equivalent to the locus subcoeruleus in

humans, is the major structure responsible for REM sleep (Boissard

et al., 2002, 2003; Lu et al., 2006). The sublaterodorsalis nucleus

is considered as a REM-on structure e.g. that turns on REM sleep

and inhibits spinal cord motor neurons resulting in atonia during

REM sleep (Luppi et al., 2010). In humans, studies have reported

that lesions within or near the midbrain and pontine tegmentum

result in RBD (Kimura et al., 2000; Provini et al., 2004; Tippmann-

Peikert et al., 2006; Limousin et al., 2009). More recently,

changes in diffusion metrics (decrease in fractional anisotropy, in-

crease in mean diffusivity or decrease in axial diffusivity) were

reported in the tegmentum of the midbrain and rostral pons in

patients with idiopathic RBD (Scherfler et al., 2010; Unger et al.,

2010). In these two studies, the brainstem regions that were re-

ported included several nuclei involved in REM sleep mechanisms

such as the ventrolateral periaqueductal grey matter, the latero-

dorsal tegmental nucleus, the pedunculopontine nucleus and the

locus coeruleus/subcoeruleus complex (Boeve et al., 2007).

However, none of these studies used imaging techniques that

allowed for more precise allocation of RBD to specific brainstem

nuclei. Lesion of the locus subcoeruleus is thus hypothesized as the

key nucleus involved in atonia during REM sleep, being the final

Figure 2 Neuromelanin-sensitive imaging of the locus coeruleus/subcoeruleus. Axial neuromelanin-sensitive T1-weighted images of the

locus in a healthy volunteer (A) and a patient with Parkinson’s disease (B). The locus area (arrows) is visible as an area of increased signal

intensity.

Figure 3 Box plot of the locus intensity in healthy volunteers

and patients with Parkinson’s disease. Signal intensity: normal-

ized signal intensity in the locus area. Plots indicate median, the

boxes indicate the upper and lower quartiles. Whiskers are

defined as the lowest (highest) values still within the 1.5 inter-

quartile range from the box. Outliers outside the 1.5 interquar-

tile range are shown as crosses (in the RBD group). HV = healthy

volunteers, noRBD = patients without RBD, RBD = patients with

RBD.
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motor pathway that causes inhibition of spinal motor neurons (Lu

et al., 2006; Boeve et al., 2007), but this remained to be demon-

strated in patients with Parkinson’s disease. Here, we provide, for

the first time, direct evidence linking the locus coeruleus/subcoer-

uleus with atonia during REM sleep in humans.

The association of RBD with Parkinsonism, synucleinopathy and

Lewy body pathology relies on strong evidence (Boeve et al.,

2007). RBD has frequently been reported in association with idio-

pathic and genetic Parkinson’s disease, dementia with Lewy

bodies, and multiple system atrophy and less often with progres-

sive supranuclear palsy (Boeve et al., 2007). In idiopathic

Parkinson’s disease, the temporal sequence of synuclein pathology

has been proposed in a staging system that begins in the medulla

and ascends towards more rostral structures including the locus

coeruleus/subcoeruleus complex (Braak et al., 2004; Postuma

et al., 2006). Dysfunction of the locus subcoeruleus is therefore

considered as the plausible cause of REM sleep without atonia in

patients with Parkinson’s disease with RBD. In line with this hy-

pothesis, signal intensities in the locus coeruleus/subcoeruleus area

were decreased and correlated with the percentage of REM sleep

without atonia in patients with RBD but not without RBD. In add-

ition, more widespread abnormalities were observed using diffu-

sion imaging in line with Braak’s staging hypothesis. The temporal

sequence of damage proposed by Braak would explain why RBD

precedes motor signs in many patients with Parkinson’s disease.

However, this temporal sequence of synuclein deposition has also

been questioned (Burke et al., 2008) as the occurrence of RBD

does not always precede parkinsonism, an observation that is sup-

ported by current findings in patients without RBD. Together these

results suggest that only patients with sufficient degeneration in

this structure express RBD. There was some overlap in signal

intensities in the locus coeruleus/subcoeruleus area between pa-

tients with and without RBD suggesting that some patients in the

latter group presented mild degenerative changes in this region.

This is also suggested by the lack of significant difference between

the two groups of patients in the brainstem in the voxel-based

analysis in agreement with a recent study (Ford et al., 2013). It is

possible that patients without RBD presented mild signs of REM

sleep dysfunction. First, we used a threshold of 30% of REM sleep

without atonia (plus a history of dream enactment) to classify

patients as RBD-positive based on a previous study (Gagnon

et al., 2002), with some overlap between patients with and with-

out clinical RBD. Second, complex movements may be absent

during a single overnight monitoring, and clinical history of RBD

may fluctuate over time (Lavault et al., 2010). Third, the abnorm-

alities detected in the locus coeruleus/subcoeruleus area in patients

without RBD may indicate subthreshold abnormalities that may be

‘presymptomatic’ to the occurrence of RBD. In addition, the

amount of REM sleep without atonia predicts the risk of

Table 2 Correlation analysis between clinical variables and signal intensity in the locus area

Examination Parkinson’s disease RBD Without RBD

Motor and cognitive tests

Motor disability score OFF �0.12 (0.02) 0.17 (0.18) �0.22 (�0.14)

Response to L-DOPA (%) 0.15 (�0.01) �0.27 (�0.29) 0.05 (�0.09)

Mini-Mental State Examination 0.09 (0.04) �0.08 (�0.04) 0.33 (0.26)

Sleep tests

Total sleep time (total sleep time) �0.07 (�0.07) 0.05 (0.02) �0.02 (0.02)

Sleep efficiency 0.03 (0.05) 0.11 (0.07) �0.01 (�0.10)

N1 stage (% of total sleep time) �0.18 (�0.20) �0.00 (0.05) �0.55 (�0.63)

N2 stage (%of total sleep time) �0.06 (�0.06) �0.34 (�0.33) �0.02 (�0.12)

N3 stage (% of total sleep time) �0.04 (�0.12) �0.09 (�0.09) 0.20 (0.15)

REM sleep (% of total sleep time) �0.14 (�0.10) 0.14 (0.12) �0.01 (0.12)

REM sleep without atonia (% of REM sleep time) �0.49** (�0.45*) �0.50* (�0.50*) �0.04 (�0.08)

Correlation corresponds to the R value. Results corrected for age and gender are reported into brackets. N1 stage = duration of stage 1 sleep divided by total sleep time; N2
stage = duration of stage 2 sleep divided by total sleep time; N3 + 4 stage = duration of stages 3 + 4 sleep divided by total sleep time; REM sleep = duration of REM sleep
divided by total sleep time; REM sleep without atonia = duration of REM sleep without atonia divided by the total duration of REM sleep. *P50.05, **P-value50.005.

Figure 4 Correlation between the percentage of REM sleep

without atonia and signal intensity in the locus area in the entire

patient group. Signal intensity: normalized signal intensity in the

locus area, black circles/noRBD = patients without RBD, grey

circles = patients with RBD.
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converting rapidly to Parkinson’s disease in idiopathic RBD

(Postuma et al., 2009). Further study with refinement of the tech-

nique and longitudinal follow-up of patients will improve the

neuroanatomical correlations and help determine whether imaging

changes in the locus area are early markers that predict the oc-

currence of Parkinson’s disease.

The locus subcoeruleus is part of catecholaminergic cell popula-

tions of the midbrain and pontine tegmentum. Neuromelanin is a

pigment produced in catecholaminergic neurons. Neuromelanin-

containing neurons are present in the pars compacta of the sub-

stantia nigra and the locus coeruleus/subcoeruleus complex

(Bazelon et al., 1967; Zecca et al., 2003). Both the locus coeruleus

and the subcoeruleus contain pigmented cells (Baker et al., 1989).

Histological studies in humans without evidence of neurological

diseases have shown that cells containing neuromelanin pigment

were similar in number to tyrosine hydroxylase immunoreactive

cells and were thus a good estimate of catecholamine cells

(Baker et al., 1989). The locus coeruleus contains 50–60 000

cells with neuromelanin and the locus subcoeruleus �6000 cells.

In the midbrain, cells in the locus coeruleus are dispersed in the

ventrolateral region of the central grey matter, medial to the mes-

encephalic tract of the trigeminal nerve. From this level, cells are

found caudally from the nucleus in a ventrolateral direction and

enter the region of the locus subcoeruleus (Baker et al., 1989).

Neuromelanin can be imaged using MRI. Melanin-sensitive

techniques use the paramagnetic T1-shortening effects of neuro-

melanin when combined with metals such as iron and copper

(Enochs et al., 1997). The coeruleus/subcoeruleus area presents

high intensity in spin echo T1-weighted MRI images (Sasaki et al.,

2006; Shibata et al., 2006; Keren et al., 2009). The spatial map of

the human coeruleus/subcoeruleus complex that was obtained

using MRI (Keren et al., 2009) closely resembled the 3D recon-

structions of the structure obtained using serial histological sec-

tions of pigmented (German et al., 1988) or tyrosine

hydroxylase immunostained cells (Baker et al., 1989). In addition,

the distribution of the area of high signal intensity tightly corre-

lated with the density of cells in the locus coeruleus complex re-

ported in a post-mortem study (German et al., 1988), providing

Figure 5 Statistical parametric maps of the diffusion analysis superimposed onto a normalized 3D T1-weighted MRI scan of a healthy

volunteer in the axial plane showing areas of significant increase in fractional anisotropy (FA) (top) and apparent diffusion coefficient

(ADC) values (bottom) in patients with RBD as compared with healthy volunteers (colour code: orange to yellow). Maps are thresholded

at P50.001 uncorrected. Clusters are significant at P50.05 corrected for multiple comparisons in the right hemisphere for fractional

anisotropy and the left hemisphere for apparent diffusion coefficient and uncorrected in the opposite hemispheres.
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convincing evidence that this area of increased signal is an accur-

ate marker of the number of cells in the locus (Keren et al., 2009).

Our results are in line with these studies. However, using this

technique and given the small size of the structure, accurate de-

lineation of the locus subcoeruleus from the locus coeruleus was

not possible and separate analysis of the two structures was not

performed. Therefore signal changes observed in the present study

originate from both structures together.

We found a small left/right asymmetry in healthy volunteers as

well as in patients. The reason for this asymmetry is not known as

post-mortem studies reported that the distribution of the pig-

mented cells was largely symmetrical (German et al., 1988;

Baker et al., 1989; Chan-Palay and Asan, 1989a, b; Ohm et al.,

1997). In contrast, imaging studies reported some degree of asym-

metry in the location or the variance of the peak signal intensity

that may be related to methodological issues such as the difficulty

of automated segmentation of the locus coeruleus/subcoeruleus

complex because of its amorphous structure and varying signal

intensity across subjects, and of signal inhomogeneity across the

image particularly when using multi-channel coils.

Patients showed fractional anisotropy and apparent diffusion

coefficient changes in areas of the brainstem, suggesting the pres-

ence of extranigral pathology in agreement with Braak’s staging

hypothesis (Braak et al., 2004; Postuma et al., 2006). This obser-

vation is also in line with the observation of fractional anisotropy

and apparent diffusion coefficient changes in the brainstem of

patients with idiopathic RBD, a condition associated with increased

risk of developing Parkinson’s disease (Scherfler et al., 2010). In

contrast to this study, which reported decreased fractional anisot-

ropy in the tegmentum of the midbrain and pons, fractional an-

isotropy was increased in the present study. Diffusion changes are

thought to correlate to neuronal and myelin damage (Le Bihan

and Johansen-Berg, 2011). Anisotropy describes the spatial vari-

ations of water molecular displacements and relates to the pres-

ence of oriented structures such as axons in fibre bundles. Factors

such as membrane, myelin, longitudinal filaments and cytoskeleton

contribute to anisotropy. In pathological conditions, anisotropy

most often decreases as a result of fibre tract damage but may

also increase in some instances (Delmaire et al., 2009; Douaud

et al., 2009). The origin of increased anisotropy is not known

but may be the result of the specific degeneration of one fibre

tract in areas of fibre crossing (Douaud et al., 2009), as is the case

in the brainstem. The variability in diffusion changes may also

reflect differences in the evolution of the disease process as idio-

pathic RBD is supposed to precede the occurrence of Parkinson’s

disease by many years or differences in brainstem compartments

that are potentially damaged (white and/or grey matter).

Alternatively, differences in image analysis methods and group

sizes may contribute to explain opposite findings. A recent study

reported non-significant fractional anisotropy increase in the pon-

tine tegmentum in patients with Parkinson’s disease and RBD

compared with patients without RBD (Ford et al., 2013). This

observation is in line with the present findings as significant

changes were not observed when both groups were compared

directly but only when RBD patients were compared with healthy

subjects. Other differences in this study include the diagnosis

of RBD, which was based on questionnaire data with no

video-polysomnographic recordings, and no control group. No cor-

relations between diffusion and clinical variables were evidenced in

the present study confirming that brain correlates of sleep disorders

in patients with Parkinson’s disease were more specifically depicted

using neuromelanin-sensitive than diffusion imaging.

In summary using neuromelanin-sensitive MRI techniques and

careful clinical evaluation combined with sleep and video monitor-

ing, we found clear evidence that the locus coeruleus/subcoeru-

leus complex is involved in the pathophysiology of RBD and the

control of atonia during REM sleep. This technique may be used in

longitudinal studies as an early marker of non-dopaminergic

Parkinson’s disease pathology to predict the occurrence of

Parkinson’s disease. Refinement of the technique may help distin-

guish the locus coeruleus and subcoeruleus.
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