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A B S T R A C T   

Introduction: In vivo PET studies in patients with isolated REM sleep behavior disorder (iRBD) have shown 
presence of neuroinflammation (microglial activation) in the substantia nigra, and reduced cortical acetylcho-
linesterase activity, suggestive of cholinergic dysfunction, that was more widespread in patients with poorer 
cognitive performances. This study aimed to explore whether reduced cortical acetylcholinesterase activity in 
iRBD is linked to microglial activation in the substantia innominata (SI), the major source of cholinergic input to 
the cortex. 
Methods: We used 11C(R)-PK11195 and 11C-Donepezil PET to assess levels of activated microglia and cholinergic 
function, respectively, in 19 iRBD patients. 11C(R)-PK11195 binding potential (BPND) and 11C-Donepezil distri-
bution volume ratio (DVR) values were correlated using the Pearson statistic. 
Results: We found that a lower cortical 11C-Donepezil DVR correlated with a higher 11C(R)-PK11195 BPND in the 
SI (r = − 0.48, p = 0.04). At a voxel level, the strongest negative correlations were found in the frontal and 
temporal lobes. 
Conclusion: Our results suggest that reduced cortical acetylcholinesterase activity observed in our iRBD patients 
could be linked to the occurrence of neuroinflammation in the SI. Early modulation of microglial activation 
might therefore preserve cortical cholinergic functions in these patients.   

1. Introduction 

Isolated REM sleep behavior disorder (iRBD) is strongly associated 
with the development of synucleinopathies with and without the 
occurrence of rapid cognitive decline, and is widely considered a pro-
dromal stage of Parkinson’s Disease (PD) and Dementia with Lewy 
bodies (DLB) arising from synucleinopathy [1–3]. 

In a recent PET study, we found that iRBD patients without 

parkinsonism or cognitive impairment had increased microglial activa-
tion (neuroinflammation), as measured by 11C(R)-PK11195 binding, in 
the structures of the nigrostriatal pathway, mainly in the substantia 
nigra [4]. The same cohort of patients also had reduced cortical 
acetylcholinesterase activity, measured with 11C-Donepezil PET, sug-
gesting presence of cholinergic dysfunction in these patients that could 
be predictive of future cognitive impairment [5]. In fact, a voxel-wise 
analysis of the 11C-Donepezil PET images showed that, compared with 
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controls, the subgroup of iRBD patients with poorer cognitive perfor-
mances, as measured by the Montreal Cognitive Assessment (MoCA) [6], 
had more extensive cortical reduction in 11C-Donepezil (frontal, occip-
ital and temporal areas) than patients with higher MoCA scores, who 
only had significant reductions in occipital and temporal areas. 

The substantia innominata (SI) in the basal forebrain is the major 
source of cholinergic input to the cortex [7,8]. According to Braak 
staging of PD pathology, the basal forebrain is involved in PD at the 
same time as the substantia nigra [9]. Therefore, the cholinergic 
dysfunction in cortical areas as observed in iRBD patients could be due 
to early degeneration and/or neuroinflammation in the SI region. 

To verify this hypothesis, in this in vivo PET study, we investigated 
the relationship between cortical acetylcholinesterase activity and levels 
of microglial activation in the SI in our cohort of iRBD patients. 

2. Materials and methods 

2.1. Study population 

Nineteen patients with polysomnography-confirmed iRBD according 
to the criteria of the American Academy of Sleep Medicine [10] (mean 
age: 65.3 ± 6.3; 17 males, 2 females) were included in this study and 
were scanned with both 11C(R)-PK11195 and 11C-Donepezil PET. Ten 
were recruited from the sleep clinic at Aarhus University Hospital, 
Denmark and nine from the Sleep Unit of the Hospital Clínic de Barce-
lona, Spain. 

Twenty-seven control subjects were recruited for the study through 
newspaper advertisements. For ethical reasons, controls were scanned 
with either 11C(R)-PK11195 (n = 19; mean age 66.4 ± 5.8; 12 males, 7 
females) or 11C-Donepezil (n = 8; 64.7 ± 7.3; all males) PET to reduce 
radiation exposure. 

Both patients and controls were asked to give a complete clinical 
history and were additionally assessed with several clinical rating scales, 
including the Movement Disorder Society-Unified Parkinson’s Disease 
Rating Scale (MDS-UPDRS) [11], the Mini Mental State Examination 
(MMSE) [12], the MoCA, and the Non-Motor Symptoms Scale for Par-
kinson’s Disease (NMSS) [13] to exclude parkinsonism, mild cognitive 
impairment, dementia, and other neurological disorders. 

Controls were screened for absence of RBD symptoms through a 
comprehensive clinical history taken from the individuals and their bed 
partner, and the REM sleep behavior disorder screening questionnaire 
by Stiasny-Kolster and colleagues [14]. 

No patients or control subjects were receiving medication affecting 
the cholinergic neurotransmitter system or 11C(R)-PK11195 binding. 

All subjects gave informed written consent according to the Decla-
ration of Helsinki. The study protocol was approved by the Central 
Denmark Region Committee on Health Research and the ethics com-
mittee of the Hospital de Clínic Barcelona. Table 1 shows the charac-
teristics of our patients and controls. 

2.2. Scans 

All patients and controls had their scans carried out at the Depart-
ment of Nuclear Medicine & PET Center, Aarhus University Hospital, 
Denmark. 

PET images were acquired using a Siemens High-Resolution 
Research Tomograph (ECAT HRRT; CTI/Siemens, Knoxville, TN, USA). 

Subjects received an intravenous injection of tracer (426.6 ± 44.3 
MBq 11C(R)-PK11195 and 499.0 ± 6.0 11C-Donepezil) and emission data 
were acquired in list-mode for 60.5 min and subsequently binned into 24 
and 37 time frames (11C(R)-PK11195 and 11C-Donepezil, respectively). 

For co-registration of their PET images, a high-resolution T1- 
weighted MRI scan (3T MAGNETOM Skyra, Siemens Healthcare, 
Erlangen, Germany) was performed on each subject. 

2.3. Image analysis 

PET images were analyzed using PMOD software v 3.7 (PMOD 
technologies Ltd. Switzerland) and Statistical Parametric Mapping 
(SPM) 12 Software (FIL Methods Group) as previously reported in detail 
by our group [4,5]. 

In brief, DVR values for the 11C-Donepezil images were computed 
from time activity curves with the Logan Reference Tissue model [15]. 
In this model, a reference region with only non-specific tracer binding is 
assumed and compared with the target region of interest. For this study, 
we chose the centrum semiovale as our reference region, and assigned a 
population average k2 value of 0.08901 [5]. Parametric 11C 
(R)-PK11195 images of regional BPND values were generated using the 
simplified reference tissue model (SRTM) with individual reference 
tissue non-specific input functions [16]. Through a supervised cluster 
analysis approach, we extracted brain voxels with a kinetic behavior 
similar to normal grey matter as reference tissue input functions for each 
subject. We chose this method, since microglial activation can be present 
throughout the brain in patients with neurodegenerative disorders, and 
therefore we cannot be certain that a reference tissue region without 
specific ligand binding is present. Since this method can be sensitive to 
error, we assessed the similarity between extracted reference tissue 
input functions with a repeated measurement analysis (χ. p > 0.05), as 
described previously [16–19]. Using this model, as the reference cluster 
voxels can contain small levels of specific signal, occasional voxels with 
binding lower than the reference cluster show negative binding poten-
tial values. 

Regions of interest were created with a probabilistic atlas map [20, 
21] in Montreal Neurological Institute (MNI) space provided by PMOD. 
Individual MRI scans were spatially transformed into stereotaxic MNI 
space, segmented into grey matter, white matter and CSF, and normal-
ized to the probabilistic atlas. Individual object maps were subsequently 
generated using the individual segmentation mask convolved with the 
atlas mask. Averaged PET images were co-registered to the MRI and 
subsequently transformed into atlas space using the previously gener-
ated transformation matrix. Cortical regions were then defined by the 
probabilistic atlas, while the SI region was manually created from the 
information on position and size as described by Zaborszky and col-
leagues [22] as the automatic segmentation in PMOD cannot reliably 
segment the region as grey matter. In short, Zaborszky and colleagues 
defined the position and volume of the SI (cell group Ch4) in MNI space 
through MRI scans, histological staining, 3D reconstruction and proba-
bilistic mapping of the cholinergic cell groups, with the right SI having a 
center of gravity in 18.2, − 1.5, − 6.3 (x, y, z, in mm) and a volume of 

Table 1 
Clinical characteristics of subjects with REM sleep behavior disorder (RBD) and 
controls. Isolated REM sleep behavior disorder (iRBD), Unified Parkinson’s 
Disease Rating Scale item III (UPDRS-III), Mini Mental State Examination 
(MMSE), Montreal Cognitive Assessment (MoCA), Parkinson’s Disease Non- 
Motor Symptoms Scale (NMSS). .   

iRBD Controls11C- 
PK11195 

Controls11C- 
Donepezil 

Number of subjects 19 19 8 
Age (years) 66.6 (6.3) 66.4 (5.8) 64.7 (7.3) 
Sex (female/male) 2/17 7/12 0/8 
Age at iRBD diagnosis 

(years) 
62.2 (6.3) – – 

IRBD disease duration 
(years) 

3.7 (3.5) – – 

UPDRS-III 3.4 (2.3) 0.7 (0.8) 1.4 (2.1) 
MMSE 28.2 (1.5) 29.0 (1.2) 29.5 (0.8) 
MoCA 25.8 (2.4) 26.4 (2.4) 26.5 (2.7) 
NMSS 32.2 

(18.4) 
14.3 (10.5)a 7.0 (2.1)b  

a p = 0.0085. 
b p = 0.0008. 
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89.73 ± 36.65 mm3, and the left SI having a center of gravity in − 17.2, 
− 2.3, − 7.1 and a volume of 85.03 ± 36.26 mm3. 

The parametric binding potential (BP) images in MNI space were 
then analyzed in SPM12 to explore possible correlations between 11C 
(R)-PK11195 binding in the SI and 11C-Donepezil binding in cortical 
regions at a voxel level. To minimize inter-subject variability in 
anatomic gyri position, the images were smoothed with 8-mm Gaussian 
smooth in SPM. Initial peak threshold was set to p < 0.01 (uncorrected) 
with a cluster extent threshold of 50 voxels. However, only clusters 
which survived family-wise error correction (p < 0.01, FWE-corrected at 
the cluster level) were considered significant. 

2.4. Statistical analysis 

Correlations and comparisons were calculated using Prism8 
(GraphPad Software, San Diego, CA, USA). All PET data passed 
normality testing (Anderson-Darling test) and therefore the correlation 
between microglial activation in the SI and cortical cholinergic function 
was assessed with 2-tailed Pearson product-moment correlation (alpha 
= 5.0%). A 2-tailed unpaired parametric t-test was used to compare 
patient and control levels for 11C(R)-PK11195 BPND values in the SI, 11C- 
Donepezil DVRs in the SI and 11C-Donepezil DVRs in the cortex (alpha =
5.0%). In iRBD patients, individual measurements of tracer binding 
were classified as abnormal when the values were at least 2 standard 
deviations above or below the control mean. Values between 1.5 and 2 
standard deviations above or below were also reported as increased or 
reduced. 

3. Results 

The region of interest approach showed a significant negative cor-
relation between levels of 11C(R)-PK11195 binding in the SI and global 
cortical 11C-Donepezil DVR values (r = − 0.48, p = 0.04) (Fig. 1A). In 
more detail, higher 11C(R)-PK11195 binding in the SI correlated with 
lower 11C-Donepezil DVR values in the whole cortex. SPM further 
characterized the relationship between 11C(R)-PK11195 binding in the 
SI and the cortical 11C-Donepezil binding values by localizing the areas 
of significant negative correlation (p < 0.01, corrected) in the frontal 
and temporal lobes (Fig. 1B). Table 2 lists the individual clusters with p 
< 0.01, FWE-corrected at the cluster level. 

Supplementary region of interest analyses between iRBD patients 
and controls showed that the former had significantly reduced mean 
11C-Donepezil DVRs in a global cortical region, as previously reported in 
a smaller cohort of these patients (iRBD: 1.8 ± 0.1, Controls: 1.95 ±
0.15, p = 0.002), and showed tendency for a reduction within the SI 
itself (iRBD: 1.74 ± 0.11, Controls: 1.84 ± 0.17, p = 0.089). No signif-
icant correlations were found between 11C-Donepezil DVR values in the 
SI and cortex (r = 0.32, p = 0.18). 

Two iRBD patients had abnormally increased 11C(R)-PK11195 
binding in the SI when compared to the mean of the controls (>2 
Standard Deviations, SD). Two additional patients had a >1.5 SD in-
crease bilaterally. However, there was no significant group difference in 
11C(R)-PK11195 binding in the SI between patients and controls (iRBD: 
0.15 ± 0.15, Controls: 0.11 ± 0.11, p = 0.31). Within the SI, there were 
no significant correlations between 11C(R)-PK11195 binding and 11C- 
Donepezil DVR values (r = − 0.02, p = 0.94). 

Finally, we found no significant correlations between cortical 11C- 
Donepezil DVR and self-reported duration of RBD (r = − 0.09, p = 0.70) 
nor RBD duration from diagnosis (r = − 0.24, p = 0.32). Similarly, there 
were no significant correlations between SI 11C(R)-PK11195 BPND and 
self-reported duration of RBD (r = 0.23, p = 0.34) nor RBD duration 
from diagnosis (r = 0.36, p = 0.13). 

4. Discussion 

We found that our iRBD patients had significantly reduced 11C- 
Donepezil DVR values in the cortex compared to the controls, 

Fig. 1. A. Correlation between 11C(R)-PK11195 
binding potentials (BPND) in the substantia innomi-
nata (SI) and 11C-Donepezil distribution volume 
ratios (DVR) in the cortex of the iRBD patients. B. 
Cortical areas where reduced 11C-Donepezil BPND 
values significantly (p < 0.01, FWE-corrected) 
correlated with elevated 11C(R)-PK11195 BPND in 
the SI. The involved areas include the frontal lobe 
(left and right inferior gyri, left middle gyrus, left 
superior orbital gyrus and right middle orbital 
gyrus), and the temporal lobe (left and right su-
perior gyri, right middle gyrus and left inferior 
gyrus).   

Table 2 
Cortical clusters with significant correlation with11C(R)-PK11195 binding po-
tentials (BPND) in the substantia innominata (SI).  

Region Coordinates (MNI) T- 
score 

p 
(FWE) 

Cluster 
size 

Left Insula − 33 22 − 5 5.52 <0.001 1680  

Frontal Cortex 
Inferior Frontal Gyrus 

(l) 
− 23 57 − 5 6.28 <0.001 656 

Middle Frontal Gyrus 
(l) 

− 26 53 7 5.75 <0.001 554  

Inferior Frontal Gyrus 
(r) 

26 56 − 7 6.36 <0.01 401 

Inferior Frontal Gyrus 
(r) 

34 24 − 9 5.07 <0.001 722  

Orbitofrontal Cortex (r) 1 28 − 27 6.26 <0.001 2821  

Anterior Cingulate (l) − 3 44 − 6 6.03 <0.01 280 
Anterior Cingulate (r) 5 47 − 5 7.95 <0.01 178  

Temporal Cortex 
Superior Temporal 

Gyrus (l) 
− 55 − 3 − 6 5.32 <0.01 444 

Auditory Cortex (l) − 46 − 19 6 5.17 <0.001 1041  

Superior Temporal 
Gyrus (r) 

50 − 25 16 6.00 <0.001 1545  
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confirming our previous findings in a smaller cohort of patients [23]. 
The main finding of the current study, however, is the negative corre-
lation in iRBD patients between 11C-Donepezil DVR values in the cortex 
and the levels of 11C(R)-PK11195 binding in the SI, indicating lower 
cortical acetylcholinesterase activity in those patients with greater SI 
microglial activation. SPM further characterized this relationship by 
localizing the strongest correlations in the frontal and temporal lobes. 
Taken together these findings provide support to our hypothesis of a 
possible causative link between neuroinflammation in the SI and cortical 
cholinergic dysfunction in iRBD patients. 

While previous studies have demonstrated cholinergic dysfunction in 
PD patients and have shown structural changes in both cortex and in the 
basal forebrain [24–28], none have examined in vivo the relationship 
between inflammatory changes in the basal forebrain and cortical 
cholinergic function in the prodromal stage of synucleinopathies (iRBD), 
and thus our study is novel. However, it remains to be established if the 
changes that we have observed are indeed occurring in patients who are 
developing cognitive symptoms, parkinsonism or both. The long-term 
follow-up of these patients, which is currently ongoing in our centers, 
will most likely address this open question in the future. 

Reduced 11C-Donepezil DVR indicative of cholinergic dysfunction 
was also found within the SI itself, although at a lesser extent and not 
quite statistically significant (p = 0.089). This is probably due to the 
relatively small number of patients in our study. Additionally, it is 
possible that we have studied subjects at different stages of the neuro-
degenerative process with different degrees of biochemical and patho-
logical changes in the basal forebrain. Conversely, the significant 
reduction in cortical 11C-Donepezil DVR values in iRBD compared to 
controls is likely to reflect the loss/dysfunction of the extensive terminal 
arborization formed by the projections of the forebrain cholinergic 
neurons in the cortex and the higher levels of acetylcholinesterase ac-
tivity in cholinergic terminals [29]. These factors could also explain the 
lack of correlation between 11C-Donepezil DVR values in the SI and 
cortex. 

Despite some iRBD patients having definitely abnormal 11C(R)- 
PK11195 binding in the SI, we did not find any significant difference in 
this region between patients and controls at a group level. Considering 
the ascending nature of PD pathology, according to Braak staging [9], 
the lack of a significant difference in the SI region in our patients could 
again be attributed to the pathology not having fully manifested in this 
region in all our patients yet. An alternative explanation could be the 
low specific to background signal ratio of 11C(R)-PK11195 that might 
reduce the potential to detect subtle increases in microglial activation in 
some patients. We acknowledge that this could be a possible limitation 
of this study. However, we chose this particular Translocator Protein 
(TSPO) tracer to avoid the main problem of the newer microglial tracers 
that are highly affected by the TSPO polymorphisms carried by indi-
vidual subjects. In fact, TSPO polymorphism strongly influences the 
tracer binding affinity, which potentially can lead to a selection bias, 
particularly when investigating people affected by rare conditions. 

Our study presents some other limitations that need to be discussed. 
While our study population is appropriate for a PET study and for a 

rare disorder like iRBD, it was relatively small, and our findings need to 
be replicated in larger cohorts. Our results are, however, highly signif-
icant and in agreement with our initial hypothesis. 

Since our patients had no cognitive symptoms at the time of their 
scans, it remains to be ascertained whether our PET findings can be used 
prognostically regarding the development of cognitive impairment. 
Longitudinal follow-up of these patients, which is currently underway, 
will help clarify this. Finally, we did not perform partial volume 
correction, since we observed no atrophy in the region surrounding the 
substantia innominata, and no significant difference in volume was 
observed between patients and controls (p = 0.99). Moreover, to avoid 
any partial volume effects, the ROIs were drawn well within the 
anatomical boundaries of the substantia innominata. Therefore, we 
believe it is unlikely that the lack of difference between patients and 

controls is due to partial volume effect. 
In conclusion, our study is compatible with inflammatory changes in 

the form of microglial activation in the SI of iRBD patients being a 
contributing factor in the development of cortical cholinergic dysfunc-
tion and possibly causing cognitive decline at a later stage. While the 
latter remains to be investigated, we propose that the relationship be-
tween microglial activation in the basal forebrain and cortical cholin-
ergic function should also be investigated in patients with established 
PD with or at risk of cognitive impairment, as modulation of neuro-
inflammation could potentially have important clinical implications in 
these patients. 
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