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Abstract  
 
Background: brainstem monoaminergic (dopaminergic, noradrenergic, and serotoninergic) 

nuclei (BrMn) contain a variety of ascending neurons that diffusely project to the whole brain, 

crucially regulating normal brain function. BrMn are directly affected in multiple sclerosis 

(MS) by inflammation and neurodegeneration. Moreover, inflammation reduces the synthesis 

of monoamines. Aberrant monoaminergic neurotransmission contributes to the pathogenesis of 

MS and explains some clinical features of MS. We used resting-state functional MRI (RS-

fMRI) to characterize abnormal patterns of BrMn functional connectivity (FC) in MS. 

Methods: BrMn FC was studied with multi-echo RS-fMRI in n=68 relapsing-remitting MS 

patients and n=39 healthy controls (HC), by performing a seed-based analysis, after producing 

standard space seed masks of the BrMn. FC was assessed between ventral tegmental area 

(VTA), locus coeruleus (LC), median raphe (MR), dorsal raphe (DR), and the rest of the brain 

and compared between MS patients and HC. Between-group comparisons were carried out only 

within the main effect observed in HC, setting p<0.05 family-wise-error corrected (FWE).  

Results: in HC VTA displayed functionally connectivity with the core regions of the default-

mode network. As compared to HC, MS patients showed altered FC between VTA and 

posterior cingulate cortex (p<0.05FWE). LC displayed FC with core regions of the executive-

control network with a reduced functional connection between LC and right prefrontal cortex 

in MS patients (p<0.05FWE). Raphe nuclei was functionally connected with cerebellar cortex, 

with a significantly lower FC between these nuclei and cerebellum in MS patients, as compared 

to HC (p<0.05FWE).  

Conclusions: our study demonstrated in MS patients a functional disconnection between BrMn 

and cortical/subcortical efferent targets of central brain networks, possibly due to a loss or a 

dysregulation of BrMn neurons. This adds new information about how monoaminergic systems 

contribute to MS pathogenesis and suggests new potential therapeutic targets. 
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Abbreviations 

BA = Brodmann area; BrMn = brainstem monoaminergic nuclei; CNS = central nervous 

system; DMN = default mode network; DR = dorsal raphe; ECN = executive control network; 

EDSS = expanded disease status score; EPI = echo‐planar imaging; ESS = Epworth Sleepiness 

Scale; FC = functional connectivity; GM = grey matter; HADS-D = Hospital Anxiety and 

Depression Scale; HC = healthy controls; ICA = independent component analysis; LC = locus 

coeruleus; ME-ICA = multi-echo independent component analysis; MNI = Montreal 

Neurological Institute; MR = median raphe; MS = multiple sclerosis; PCC = posterior cingulate 

cortex; PFC = prefrontal cortex; RR-MS = relapsing-remitting MS; RS-fMRI = resting-state 

functional magnetic resonance imaging; SDMT = symbol digit modalities test; SPM = 

Statistical Parametric Mapping; TE = echo-time; TIV = total intracranial volume; VBM = 

voxel-based morphometry; VTA = ventral tegmental area; WM = white matter; WM-LL = WM 

lesion-load  
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1. Introduction 

Brainstem monoaminergic nuclei (BrMn) encompass the dopaminergic ventral 

tegmental area (VTA), the noradrenergic locus coeruleus (LC), and the serotoninergic median 

(MR) and dorsal (DR) raphe. BrMn project diffusely to the whole central nervous system 

(CNS), crucially regulating normal brain function, particularly arousal, mood, reward, and 

cognition(Bianciardi et al., 2016). Moreover, monoamines interact with cell-receptors of both 

nervous and immune systems and modulate neuroimmune interactions within the central 

nervous system and the periphery(Carandini et al., 2021a). Monoaminergic pathways are 

dysregulated in various neurological and psychiatric disorders, and are the targets for several 

clinically-useful drugs(Bär et al., 2016).  

In multiple sclerosis (MS), monoamines pathways are dysfunctional as a result of both, 

the direct effect of inflammation, and the indirect effect of structural brain damage(Carandini 

et al., 2021a; Levite et al., 2017; Malinova et al., 2018; Manjaly et al., 2019; Melnikov et al., 

2018). Inflammation-induced reduction of monoamine synthesis promotes a pro-inflammatory 

status in immune cells, and suppresses anti-inflammatory pathways(Melnikov et al., 2018). The 

brainstem is also a target for MS pathology(Reich et al., 2018) and lesions in monoaminergic 

pathways may occur as a result of BrMn damage or disconnection mechanism(Gadea, 2004; 

Polak et al., 2011; Tortorella et al., 2006). By using diffusion-tractography, we have recently 

demonstrated axonal damage within selective monoaminergic fibre-tracts projecting from 

BrMn in MS patients, in comparison to healthy controls (HC)(Carandini et al., 2021b). We 

speculated that axonal loss within monoaminergic fibre-tracts may alter/reduce monoaminergic 

transmission, possibly dysregulating monoaminergic pathways and leading to functional 

reorganization of cortical brain networks(Carandini et al., 2021b; Dobryakova et al., 2015).  

An indirect measure of the dysfunction of monoaminergic pathways in MS can been 

obtained by using resting-state functional-magnetic resonance imaging (RS-fMRI), which 

detects the correlation between spontaneous fluctuations in neuronal activity at distant 

locations. RS-fMRI has been used to measure functional connectivity (FC) between BrMn and 

other brain areas(Bär et al., 2016; Bianciardi et al., 2016; Hahn et al., 2012; Serra et al., 2018). 

Since neuronal loss within a specific nucleus alters FC with its projection areas, RS-fMRI 

provides an indirect measure of neurodegeneration(Serra et al., 2018). In MS brains, impaired 

FC may also be due to dissemination of white matter (WM) lesions throughout the brain leading 

to WM-tract disconnection and reorganization of monoaminergic brain networks(Soares et al., 

2020). 
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In this study, we used RS-fMRI in order to characterize abnormal patterns of FC 

between BrMn and the rest of the brain in a cohort of patients with MS, as compared to HC. 

Given the small size of BrMn and to minimise artefacts, a multi-echo acquisition was 

used(Kundu et al., 2017; Poser et al., 2006) and a seed-based-analysis was performed, as 

recently described(Bär et al., 2016; Serra et al., 2018).  

 

2. Material and Methods  

2.1 Participants 

Sixty-eight patients with relapsing-remitting MS (RR-MS)(Thompson et al., 2018) and 

thirty-nine age- and sex-matched HC were recruited from the Brighton and Sussex Universities 

Hospitals Trust MS-clinic, United Kingdom. MS patients were the same that were used in two 

previously published studies by our group(Carandini et al., 2021b; Cercignani et al., 2021). 

Particularly, we included patients between 18 and 55 years-old with an expanded disease status 

score (EDSS) <6.5(Kurtzke, 1983), and without a history of other neurological diseases, 

psychiatric conditions and/or clinically significant disorders. Since mood and sleep 

disturbances may alter brainstem function, the Hospital Anxiety and Depression Scale (HADS-

D) and the Epworth Sleepiness Scale (ESS) were used to exclude participants with evidence of 

depression and those likely to suffer from sleep disorders at the suggested cut-off of 11 and 10, 

respectively(Popp et al., 2017; Watson et al., 2014). MS patients were also screened for 

cognitive impairment, using the symbol digit modalities test (SDMT) of the brief international 

cognitive assessment for MS, which evaluates the speed of information processing(Langdon et 

al., 2012). Patients who had received steroid treatment or experienced a clinical relapse within 

the previous 4 weeks were excluded, as well as those in which MS-treatment had been changed 

within that same interval. HC were aged between 18 and 70 and did not have any significant 

medical disorders. All participants who had been on treatment with hypnotics within the last 4 

weeks prior to their enrolment, on recreational drugs, or with a known alcohol abuse were 

excluded.  

Ethical approvals were obtained from the London-Surrey Borders Research Ethics 

Committee (REC reference 17/LO/0081) and the local Brighton and Sussex Medical School-

Research Governance and Ethics Committee (REC reference 14/014/HAR).  

Written informed consent was obtained from all participants before study initiation 

according to the declaration of Helsinki. 

 

2.2 MRI acquisition 
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MRI data were acquired on a 1.5T Siemens Magnetom Avanto scanner (Siemens 

Healthcare Solutions, Erlangen, Germany) equipped with a 32-channel head-coil, at the Clinical 

Imaging Sciences Centre of the University of Sussex, UK. The full examination included: 1) 

Dual-echo turbo-spin-echo (TSE): TE=11/86ms, TR=3040ms, echo-train-length=6, flip-

angle=150°, FoV=220x192; matrix=256x224; slice-thickness=5mm; 2) Fast fluid-attenuated 

inversion recovery (FLAIR): TE=87ms, TR=8000ms, TI=2500ms, flip-angle=150°, echo-train-

length=17, same resolution as the dual echo; 3) Volumetric high-resolution T1-weighted 

magnetization prepared rapid gradient-echo (MPRAGE): TE=3.57ms; TR=27.30ms; 

TI=100ms; flip-angle=70°; FoV=256x240mm2; matrix=254x40; slice-thickness=1mm); 4) 

T2*-weighted multi-echo echo‐planar imaging (EPI) for RS-fMRI(Poser et al., 2006) (TE=15, 

34, 54ms; TR=2570ms; flip-angle=90°; resolution=3.7x3.75x4.49mm; matrix-size=64x64; 31 

axial slices; 185 volumes). The session also included diffusion-weighted MRI, as described in 

(Carandini et al., 2021b). During acquisition, subjects were instructed to keep their eyes closed, 

stay motionless, awake, without thinking of anything.  

 

2.3 Pre-processing and acquisition of RS-fMRI data 

To minimize motion artefacts and given the proximity of BrMn to large vessels and 

ventricles, a multi-echo independent component analysis (ME-ICA) was used for RS-fMRI data 

de-noising. ME-ICA(Kundu et al., 2017) utilizes the BOLD T2*-signal and combines a multi-

echo RS-fMRI acquisition(Poser et al., 2006) with independent component analysis (ICA). 

Component-level echo-time (TE) dependence is measured with the two F-statistics κ and ρ, 

which respectively indicate BOLD and non-BOLD component weights by fitting the signal 

changes across TEs with two alternative models: one TE-dependent and one TE-independent. 

The resulting summary scores allow resting-state signals to be separated from non-BOLD-like 

components that are used as noise regressors for data cleaning(Kundu et al., 2014).  

Multi-echo data pre-processing was conducted using the AFNI-2018 tool meica.py, 

version 3.2(Cox, 1996; Kundu et al., 2014, 2013). Pre-processing included volume re-

alignment, time-series de-spiking and slice time correction. Functional data were optimally 

combined(Posse et al., 1999) and multi-echo principal components analysis was first applied to 

the optimally-combined dataset to reduce data dimensionality. Spatial-ICA was applied and the 

independent component time-series were fit to the pre-processed time-series to generate ICA 

weights for each echo. ICA-weight was fit to the linear TE-dependent and TE-independent 

models to generate the κ and ρ metrics that were finally used to identify non-BOLD-like 

components to be regressed out of the optimally-combined dataset, together with the average 
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WM and cerebrospinal fluid signals. Further details on ME-ICA can be found in: (Dipasquale 

et al., 2017; Kundu et al., 2015). 

 

2.4 Seed-based analysis 

Standard-space seed masks of VTA, DR, MR, and left/right LC were produced using 

the Harvard Ascending Arousal Network Atlas in Montreal Neurological Institute 

(MNI)_152_1 mm space (https://www.martinos.org/), as recently described(Edlow et al., 2012; 

Serra et al., 2018) (Fig.1). To minimize the partial volume contamination from surrounding 

nuclei, the mean time course within each seed region was extracted from unsmoothed data for 

every participant (averaged for left and right sides). Smoothed data were regressed voxel-wise 

against these time courses in a first-level Statistical Parametric Mapping 12 (SPM12; Wellcome 

Department of Imaging Neuroscience; www.fil.ion.ucl.ac.uk/spm) analysis(Olivito et al., 2017; 

Serra et al., 2018).  

 

2.6 Statistical analyses 

Statistical analyses were performed using SPSS Statistics v25.0 (SPSS Inc., Chicago, 

Ill., USA). Between-group comparisons of demographic variables were performed using Mann-

Whitney U tests or chi-square tests, as appropriate. Comparisons of FC between MS patients 

without and with antidepressant medications were tested using Mann-Whitney U tests. 

Statistical threshold was set to p<0.05. 

The following separate RS-fMRI second-level SPM12 analyses were performed for each 

brainstem-nucleus: (1) average within-group FC (main effect) in HC (one-sample t-test); (2) 

comparison of FC between HC and MS patients (two-sample t-test). Results of FC in HC are 

reported for p<0.001uncorrected, while comparisons and correlations were carried out only within 

the main effect found in HC (small-volume correction), setting the family wise-error p 

(pFWE)<0.05, corrected at peak level. In all RS-fMRI analyses, age, gender, and total intracranial 

volume (TIV) were entered as covariates of no interest.  

 

3. Results 

3.1 Participants’ characteristics 

The main characteristics of the included population are summarized in Table 1. Age 

and gender distribution did not differ significantly between MS patients and HC. Among 

patients, 76.5% were under MS specific treatment, and 19.1% were undertaking low doses of 
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antidepressants. Patients did not suffer from depression, anxiety or daytime-sleepiness. SDMT 

score was below 38 only in 8 patients.  

 

3.2 RS-fMRI analysis 

3.2.1 BrMn FC in HC 

RS-fMRI data in HC (main effects) are summarized in Figure 2 and Table 2. VTA was 

functionally connected to the posterior cingulate cortex (PCC) [right Brodmann area (BA) 23; 

left BA31], inferior parietal lobule [bilateral BA39], parahippocampal cortex [left BA36], 

hippocampus [left BA54], thalamus [left BA50], prefrontal cortex (PFC) [left BA10], 

brainstem, and cerebellum [vermis]. LC showed FC with the PFC [right BA10], insula [right 

BA13], thalamus [right BA50], brainstem, and left cerebellar lobule VII. MR displayed FC with 

the PCC [right BA31], inferior and superior parietal lobules [bilateral BA39; bilateral BA7], 

amygdala [left BA53], brainstem, and multiple cerebellar regions. Conversely, DR was 

connected with the brainstem, only.  

 

3.2.2 Comparisons of BrMn FC in MS patients and HC 

Comparisons of BrMn FC in MS patients and HC are summarized in Figure 3 and Table 

3. Compared to HC, MS patients showed lower FC between VTA and bilateral PCC [right 

BA23 and left BA31], and between LC and PFC [right BA10] and brainstem. Reduced FC 

between both raphe nuclei and the cerebellum was found in patients, as compared to HC, 

particularly between MR and left Crus I and right lobules V-VI, and between DR and right Crus 

II. The opposite contrast (MS patients>HC) did not return any significant results for every 

BrMn considered.  

 

3.4 Antidepressant medications  

MS patients who were taking low doses of antidepressant medications did not show 

differences in BrMn FC, compared to those who were not (p>0.05 for all comparisons).  

 

4. Discussion 

The interactions of BrMn-located monoaminergic neurons with cortical and subcortical 

regions are crucial to coordinate cognitive and behavioral functions in the human brain. 

Brainstem damage and atrophy occur early during MS course, possibly as a result of local 

inflammation, retrograde degeneration through WM lesions, mitochondrial dysfunction, and 

iron accumulation(Berg et al., 2000; Tortorella et al., 2006). Alterations in monoaminergic 
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systems have been described in MS patients and have been linked to various symptoms of MS, 

such as fatigue, depression, and cognitive impairment(Carandini et al., 2021a; Cercignani et al., 

2021; Dobryakova et al., 2015; Manjaly et al., 2019). The present study reveals functional 

disconnection between BrMn and central brain networks in patients with RR-MS, in 

comparison to HC. We focused on VTA, LC, and raphe nuclei (DR and MR) as the main 

brainstem source of dopaminergic, noradrenergic, and serotoninergic neurons, respectively. 

Among dopaminergic pathways, we did not consider the nigrostriatal system – encompassing 

dopaminergic cells from the substantia nigra pars compacta – which is part of the basal ganglia 

loop, but only the mesocorticolimbic system, originating from VTA.  

In line with previous studies(Bär et al., 2016; Serra et al., 2018), the analysis of BrMn 

FC in HC revealed specific dopaminergic and serotoninergic functional connections with core 

regions of the default mode network (DMN). The DMN encompasses the precuneus/PCC, 

anterior cingulate cortex and temporo-parietal junction areas, and constitutes the most relevant 

non-motor central network in the human brain. DMN expresses dopaminergic/serotoninergic 

receptors and these monoamines modulate DMN connectivity(Conio et al., 2019; Hahn et al., 

2012; Nagano-Saito et al., 2017). Particularly, Carbonell et al. found that dopaminergic 

precursor depletion impairs DMN efficiency(Carbonell et al., 2014). Cole et al. reported that 

levodopa and haloperidol challenges, respectively, increase or decrease the FC between the 

midbrain and the DMN(Cole et al., 2013). Nagano-Saito et al. reported that the posterior 

distribution of D2/D3 dopaminergic receptors coincides primarily with the posterior portion of 

the DMN(Nagano-Saito et al., 2017). Moreover, a PET-fMRI study demonstrated a relationship 

between serotoninergic-receptor binding levels and BOLD signal in the DMN(Hahn et al., 

2012). Our findings in HC confirmed that VTA and MR are connected to the DMN, and 

possibly modulate its activity. Conversely, in line with(Bianciardi et al., 2016), DR did not 

show significant functional connections with it. Moreover, we confirmed the limited influence 

of the LC on DMN activity(Bär et al., 2016; Kline et al., 2016), which was instead functionally 

connected with the right PFC and insula – part of the executive control network (ECN) – and 

thalamus. The ECN encompasses bilateral PFC, inferior parietal lobes, anterior-

cingulate/supplementary motor area, and bilateral insular cortices, and is involved in cognitive 

flexibility, working memory and attention. LC is known to modulates the ECN activity, and 

disconnections in this functional network have been described(Bär et al., 2016; Heine et al., 

2012; Liu et al., 2017). All BrMn revealed FC with the cerebellar cortex, as previously 

observed(Bär et al., 2016). The functional topography of the cerebellum can be divided into 

zones depending on the connectivity with sensorimotor vs. multimodal association cortices: the 
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lobule V-VI is connected with sensorimotor zones, whereas the lobule VII (encompassing Crus 

I-Crus II-lobule VIIb) with the PFC and posterior-parietal cortex(O’Reilly et al., 2010). 

Interestingly, the LC was functionally connected with the left-lobule VII (controlateral to the 

right PFC), while MR/DR showed FC with both lobules V-VI/VII. These findings confirm the 

active role of MC systems in modulating cerebellar activity. 

Our study provided a comprehensive characterization of BrMn patterns of FC in patients 

with MS. We observed functional disconnection in MS patients between VTA – but not raphe 

nuclei – and the DMN region with the highest expression of dopaminergic receptors: the 

PCC(Nagano-Saito et al., 2017). In MS, alterations in the DMN connectivity are highly 

involved in cognitive performance, fatigue, and depression(Rocca et al., 2010). Our findings 

suggest that the disconnection reported in MS within the DMN might be at least partially due 

to VTA dysfunction. Conversely, serotoninergic modulation of the DMN did not result different 

in MS patients, as compared to HC. Moreover, LC disconnection with the right PFC in MS 

patients possibly reflects an altered noradrenergic modulation of the ECN. The laterality in our 

results may be explained by the well-known ECN lateralization, with the left part more 

implicated in cognitive functions, and the right more related to somesthetic/nociceptive 

processing(Heine et al., 2012). MS patients revealed also a functional disconnection between 

raphe nuclei – particularly the MR – and cerebellar cortex (both lobules V-VI and VII). 

Serotoninergic-fibres richly modulate cerebellar functioning(Oostland and van Hooft, 2016), 

suggesting that the known alterations in cerebellar connectivity in MS may be partially 

explained by dysfunctions in the serotoninergic projections from raphe nuclei. Our results 

confirmed and enriched the findings by Carotenuto et al. on a larger cohort of MS patients; 

these authors recently reported increased FC between the dorsal raphe and the PFC, decreased 

FC between the VTA and the PFC, and decreased betweenness centrality (a measure of the 

importance of a given node within a network) for the brainstem in MS patients, as compared to 

HC(Carotenuto et al., 2020). Similarly, by using proton-MR-spectroscopy, Gadea et al. 

reported a reduction of N-acetyl-aspartate/creatine ratio in the pontine normal-appearing WM 

of a group of early RR-MS patients, possibly representing an indirect measure of structural 

damage of LC cells or its projections(Gadea, 2004).  

We hypothesized that the functional disconnections observed in MS patients between 

BrMn and central brain network could result from three main processes, possibly occurring 

simultaneously: 1) axonal loss secondary to WM lesions either within WM tracts projecting 

from BrMn or disseminated throughout the brain; 2) regional grey matter (GM) atrophy leading 

to neurodegeneration of central brain networks’ cortical neurons; 3) direct 
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inflammatory/neurodegenerative early damage of BrMn. By using diffusion-tractography, we 

recently demonstrated on the same cohort of MS patients that was used in the present study a 

selective WM damage along specific fibre tracts projecting from BrMn, particularly within the 

dopaminergic-mesolimbic pathway, noradrenergic-projections to PFC and serotoninergic-

projections to cerebellum(Carandini et al., 2021b). We believe that axonal loss along 

monoaminergic pathways may primarily drive the monoaminergic functional disconnection 

and reorganization of central brain networks(Soares et al., 2020). In the same study(Carandini 

et al., 2021b), we also demonstrated that regional GM volumes in MS patients are significantly 

reduced only in bilateral thalamus(Filippi and Rocca, 2011), thus making unlikely a 

contribution of GM atrophy in determining monoaminergic functional disconnection. 

Similarly, only 1 out of 68 MS patients showed visible macroscopic lesions in the brainstem. 

This suggests that local WM damage did not significantly contribute to our results, though the 

detection of macroscopic brainstem lesions may be limited by the relatively low resolution of 

our MRI images (about 5mm of thickness)(Carandini et al., 2021b). Further studies are needed 

to better characterize the structural damage occurring to BrMn in MS.  

This study suffers from some limitations. First of all, BrMn are very small, difficult to 

identify on MRI, and located in proximity to large vessels and ventricles. Thus, some of our 

results might be affected by partial volume effect with neighboring structures of the brainstem 

and by respiration and pulsatility artifacts. We tried to minimize these potential biases, by 

conducting a ME-ICA for RS-fMRI data de-noising, an approach found to be much more robust 

than alternative ones, particularly in clinical populations(Dipasquale et al., 2017). Moreover, 

we are aware that the definition of BrMn using an atlas in standard space (due to the difficulties 

in identifying each nucleus on individual scans) is less accurate than registering the standard 

ROI to each participant’s scan. Macroscopic atrophy of the BrMn might also have influenced 

our results(Serra et al., 2018). Nonetheless, it is not possible to measure the volume of each 

nucleus independently, and thus adjust for this potential confound. Notably, 15 out of 68 MS 

patients were on low doses of antidepressants (i.e. Selective Serotonin–Norepinephrine 

Reuptake Inhibitors or Tricyclic), which are known to alter the levels of monoamines within 

the CNS. However, no differences in BrMn FC were found between MS patients who were on 

antidepressants and those who were not. Finally, the present study has a cross-sectional design. 

Longitudinal studies are needed to analyse the relationship between BrMn FC changes in MS 

patients.  
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In conclusion, we confirmed the functional integration of BrMn within central brain 

networks that are crucial for normal brain functioning and provided evidence in MS patients of 

a functional disconnection between these nuclei and central brain networks that are involved in 

MS pathology, possibly due to a loss or a dysregulation of BrMn neurons. These data support 

the hypothesis of a major contribution of monoamines in MS pathogenesis and suggest a direct 

clinical implication of monoaminergic dysfunction for some clinical features of MS, 

particularly fatigue, depression, and cognitive impairment. The evidence of functional 

disconnection between BrMn and central brain networks in MS also provides a rationale for 

proposing therapeutic strategies to activate, replace or supplement monoaminergic transmission 

within the CNS of MS patients. 
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Table 1: Main demographic and clinical characteristics of the included population. Data are 
reported as mean ± standard deviation, and number (percentage) for continuous and categorical 
variables, respectively.  
 

 RR-MS HC p 

n 68 39  
Age, years 43.3±7.7 40.1±15.5 0.07 

Female 43 (63.2) 21 (53.8) 0.3 

Disease duration, years 7.4±6.5   

EDSS, median (1st-3rd quartiles) 1.5 (1.0-3.0)   

MS-specific treatment    

  No treatment 16 (23.5)   

  First line DMTs 25 (36.8)   

  Second line DMTs 27 (39.7)   

Antidepressants 15 (23.5)   

  SSRIs 7 (10.3)   

  SNRIs 3 (4.4)   

  TCAs 5 (7.3)   

BICAMS-SDMT, median (1st-3rd 
quartiles) 

49.0 (48.2-64.7)   

HADS-D, median (1st-3rd 
quartiles) 

1.5 (1.0-4.0)   

ESS, median (1st-3rd quartiles) 4.0 (2.0-6.2)   

 

[Abbreviations = RR-MS: Relapsing-Remitting Multiple Sclerosis; HC: Healthy Controls; EDSS: Expanded 
Disability Status Scale; DMTs: Disease Modifying Therapies; SSRIs: Selective Serotonin Reuptake Inhibitors; 
SNRIs: Serotonin–Norepinephrine Reuptake Inhibitors; TCAs: Tricyclic Antidepressants; BICAMS-SDMT: Brief 
International Cognitive Assessment for MS-Symbol Digit Modalities Test; HADS-D: Hospital Anxiety 
Depression Scale; ESS: Epworth Sleepiness Scale.] 
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Table 2: Resting-state functional connectivity of brainstem monoaminergic nuclei in healthy 
controls (main effects). Results are reported for p<0.001, uncorrected. Cluster extension 
(Kextend) indicates the number of contiguous voxels with voxel-wise statistic values. 
 

Seed region Connected region 
MNI coordinates 

BA t-value Kextend 
x y z 

VTA PCC  6 -52 26 R 23 7.72 2920 

 

PCC  -6 -62 22 L 31 6.79 2920 

Inferior Parietal Lobule  -58 -60 22 L 39 3.92 517 

Inferior Parietal Lobule  50 -62 30 R 39 4.38 185 

Parahippocampal Cortex  -26 -4 -30 L 36 4.62 374 

Hippocampus  -24 -14 -24 L 54 4.17 374 

Thalamus  -10 -14 -2 L 50 4.59 134 

PFC -4 52 -8 L 10 4.31 137 

Brainstem 2 -24 -20 - 67.35 934 

Cerebellum, Vermis 0 -64 -30 - 4.58 88 

LC PFC 32 54 6 R 10 5.13 162 

Insula 32 22 4 R 13 4.57 90 

Thalamus 6 -6 -2 R 50 4.20 170 

Brainstem -6 -36 -28 - 37.35 2610 

Brainstem 6 -36 -28 - 36.90 2610 

Cerebellum, Left VII, Crus I -42 -46 -40 - 5.28 164 

MR PCC 10 -62 38 R 31 3.99 147 

Inferior Parietal Lobule -40 -52 42 L 39 5.03 117 

Inferior Parietal Lobule 38 -66 50 R 39 4.68 494 

Superior Parietal Lobule -8 -74 42 L 7 4.47 160 

Superior Parietal Lobule 12 -66 46 R 7 4.05 147 

Amygdala -20 -4 -22 L 53 3.59 183 

Brainstem 0 -32 -28 - 42.69 2831 

Cerebellum, Left VII, Crus I -40 -56 -32 - 6.67 2831 

Cerebellum, Right VII, Crus I 34 -52 -36 - 5.70 1882 

Cerebellum Right V 18 -40 -20 - 5.32 1882 

DR Brainstem 0 -32 -18 - 69.36 2150 

 

[Abbreviations: MNI: Montreal Neurological Institute; BA: Brodmann area; kextent: cluster extension; L: left; R: 
right; VTA: ventral tegmental area; LC: locus coeruleus; MR: median raphe; DR: dorsal raphe; PCC: posterior 
cingulate cortex; PFC: prefrontal cortex] 
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Table 3: Brain regions showing a higher resting state-functional connectivity with brainstem 
monoaminergic nuclei in healthy controls as compared to relapsing-remitting multiple sclerosis 
patients. All comparisons were carried out within the main effect of healthy controls, setting 
p<0.05 family-wise-error (FWE), corrected at peak level. Cluster extension (Kextend) indicates 
the number of contiguous voxels with voxel-wise statistic values. 
 

Seed region Connected region 
MNI coordinates 

BA t-value Kextend 
x y z 

VTA PCC 4 -54 16 R 23 4.70 550 

PCC -6 -62 22 L 31 4.23 93 

LC PFC 34 50 8 R 10 4.76 144 

PFC 22 52 -8 R 10 4.36 66 

Brainstem -6 -18 -20 - 4.51 75 

MR Cerebellum, Right V 16 -50 -14 - 4.75 88 

Cerebellum, Right VI 30 -40 -38 - 4.28 320 

Cerebellum, Left VII, Crus I -40 -56 -32 - 4.49 168 

DR Cerebellum, Right VII, Crus II 46 -48 -46 - 4.49 22 

 
[Abbreviations: MNI: Montreal Neurological Institute; BA: Brodmann area; kextent: cluster extension; L: left; R: 
right; VTA: ventral tegmental area; LC: locus coeruleus; MR: median raphe; DR: dorsal raphe; PCC: posterior 
cingulate cortex; PFC: prefrontal cortex] 
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Figure Legends 
 
Figure 1: Seed areas used to assess functional connectivity of brainstem monoaminergic 

nuclei. Standard space seed masks of dorsal raphe (DR), median raphe (MR), ventral tegmental 

area (VTA), and left-right locus coeruleus (LC) were produced using the Harvard Ascending 

Arousal Network Atlas in MNI_1 mm space. The following MNI coordinates were used: DR 

x=0, y=-32, z=-18; MR x=0, y=-32, z=-30; VTA x=0, y=-24, z=-20; LC x=6/-6, y=-36, z=-28. 

Brainstem nuclei masks were overlaid onto the MNI_1 mm template using the mrview tool in 

MRtrix3 (A=anterior, R=right). 
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Figure 2: Patterns of brainstem monoaminergic nuclei functional connectivity in healthy 

controls (HC). RS-fMRI analysis showing functional connectivity between A) ventral 

tegmental area (VTA), B) locus coeruleus (LC), C) median raphe (MR), D) dorsal raphe (DR) 

and the rest of the brain in HC (main effects). Results are reported for p<0.001, uncorrected, 

and are overlaid onto the MNI_1 mm template using the FSLeyes tool in FSL (R = right). 
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Figure 3: Dysregulation of brainstem monoaminergic nuclei functional connectivity in 

MS. Reductions of A) ventral tegmental area (VTA), B) locus coeruleus (LC), C) median raphe 

(MR), and D) dorsal raphe (DR) functional connectivity in MS-patients as compared to healthy 

controls (RR-MS<HC). Comparisons were carried out within the main effect of HC, setting 

p<0.05 family-wise-error (FWE) corrected at peak level. Results are overlaid onto the MNI_1 

mm template using the FSLeyes tool in FSL (P = posterior, R = right). 

 


