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a b s t r a c t 

Transcranial direct current stimulation (tDCS) is attracting increasing interest as a potential therapeutic route 

for unresponsive patients with prolonged disorders of consciousness (PDOC). However, research to date has 

had mixed results. Here, we propose a new direction by directly addressing the mechanisms underlying lack of 

responsiveness in PDOC, and using these to define our targets and the success of our intervention in the healthy 

brain first. We report 2 experiments that assess whether tDCS to the primary motor cortex (M1-tDCS; Experiment 

1 ) and the cerebellum (cb-tDCS; Experiment 2 ) administered at rest modulate thalamo-cortical coupling in a 

subsequent command following task typically used to clinically assess awareness. Both experiments use sham- 

and polarity-controlled, randomised, double-blind, crossover designs. In Experiment 1 , 22 participants received 

anodal, cathodal, and sham M1-tDCS sessions while in the MRI scanner. A further 22 participants received the 

same protocol with cb-tDCS in Experiment 2 . We used Dynamic Causal Modelling of fMRI to characterise the 

effects of tDCS on brain activity and dynamics during simple thumb movements in response to command. We 

found that M1-tDCS increased thalamic excitation and that Cathodal cb-tDCS increased excitatory coupling from 

thalamus to M1. All these changes were polarity specific. Combined, our experiments demonstrate that tDCS can 

successfully modulate long range thalamo-cortical dynamics during command following via targeting of cortical 

regions. This suggests that M1- and cb-tDCS may allow PDOC patients to overcome the motor deficits at the root 

of their reduced responsiveness, improving their rehabilitation options and quality of life as a result. 
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. Introduction 

Transcranial direct current stimulation (tDCS) is a non-invasive brain

timulation technique that is gaining popularity as a therapeutic option

or complex clinical conditions for which no other alternatives are avail-

ble ( Liu et al., 2018 ). Among these, a paradigmatic case is that of pro-

onged disorders of consciousness (PDOC), such as the vegetative (VS)

nd the minimally conscious state (MCS). PDOC are characterised by

atastrophic disabilities that are in many cases permanent ( The Multi-

ociety Task Force on PVS, 1994 ), and the small number of therapies

vailable have demonstrated very limited success at improving outcome

 Thibaut et al., 2019 ). In response to this, over the last 5 years the field

as seen a sharp rise in tDCS trials on PDOC ( Bourdillon et al., 2019 ).

hese have typically targeted the left dorso-lateral prefrontal cortex

DLPFC), in an attempt to restore some residual level of awareness, but

ave only had mixed success. While several studies reported the emer-

ence of new behaviours indicative of awareness in subsets of PDOC pa-

ients following tDCS (see e.g. ( Thibaut et al., 2014 )), many others have
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ailed to elicit any clinical changes or indeed led to undesired changes

 Martens et al., 2020 ). Individual responses to tDCS are well known for

heir heterogeneity even in healthy populations ( Parkin et al., 2015 ),

nd we can expect an even higher variability in PDOC, where the spe-

ific aetiology and mechanisms of damage result in marked differences

n brain atrophy and tissue microstructure across patients. However,

n this particular case, we argue that these difficulties are further ex-

cerbated by our limited understanding of how conscious awareness is

upported in the brain, which preclude the identification of effective tar-

ets for stimulation. Indeed, while we know that consciousness requires

ustained rich neural dynamics in fronto-parietal and thalamo-cortical

etworks ( Luppi et al., 2019 ; Demertzi et al., 2019 ), the specific pattern

f activity that would need to be restored in PDOC patients and how

his can inform the selection of stimulation targets remains an elusive

uestion. 

Here we propose a different approach, wherein we switch the focus

rom the consciousness disorder itself to the patients’ ability to produce

oluntary behavioural responses ( Schiff, 2015 ). In doing so, we target
d Kingdom. 
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a  
 cognitive process that is much better understood, not only in terms

f its neurophysiology but also which specific tDCS modulations can

aximise behavioural changes ( Parkin et al., 2015 ). In addition, recent

oices have emphasised the importance of addressing the fundamentals

f any tDCS intervention in well-controlled studies in healthy individ-

als before a clinical application with meaningful effects can be pro-

uced and clinically tested ( Parkin et al., 2015 ). In line with this, we

hus focus on characterizing tDCS responses in the healthy brain, while

eeping our methods translatable to PDOC patients. Clinical assessments

f PDOC use the patient’s ability to follow commands as a proxy mea-

ure for their awareness. Crucially, it is well known that a significant

umber of PDOC patients retain a much greater deal of awareness than

an be expected from their clinical diagnosis and are simply unable to

emonstrate this with overt purposeful (motor) responses in response to

ommands ( Schiff, 2015 ; Fernández-Espejo and Owen, 2013 ). We have

ecently shown that this lack of behavioural responsiveness is associ-

ted with specific impairments within the motor system that result in

educed excitatory coupling between the thalamus and the primary mo-

or cortex (M1) ( Fernandez-Espejo et al., 2015 ; Stafford et al., 2019 ).

n this basis we hypothesise that interventions to enhance the flow of

nformation between the thalamus and motor cortices will provide pa-

ients with a renewed level of control over their external behaviour and

ncrease their behavioural responsiveness as a result. 

In this study, we use dynamic causal modelling (DCM) of fMRI data

o explore whether tDCS can indeed modulate motor thalamo-cortical

oupling during simple voluntary responses to command in the healthy

rain. We report two separate experiments targeting M1 and the cere-

ellum respectively. While there is strong evidence that tDCS applied to

1 (henceforth referred to as M1-tDCS) leads to local polarity-specific

hanges in M1 excitability ( Nitsche and Paulus, 2000 ) and BOLD signal

 Stagg et al., 2009 ), little is known about whether it can also influence

oupling between other nodes of the motor network. Similarly, there

s evidence that cerebellar tDCS (cb-tDCS) is able to modulate cerebel-

ar brain inhibition (CBI) ( Galea et al., 2009 ), the natural inhibitory

one the cerebellum exerts over M1. Given that the cerebellum is struc-

urally connected to M1 via a thalamic relay, it would follow that the

reviously reported effects of cb-tDCS on CBI should be mediated by

he thalamus. However, no studies have directly investigated how cb-

DCS affects the coupling in this cerebellar-thalamo-M1 axis. Further-

ore, no study to date has assessed the effects of either M1- or cb-tDCS

n the activity and dynamics of the motor network during simple mo-

or command-following. We hypothesised that: (a) anodal M1-tDCS will

ncrease excitation in the motor network and lead to an increased exci-

atory output from thalamus to M1 during command-following ( Experi-

ent 1 ); and (b) cathodal cb-tDCS will reduce inhibition in the thalamus

nd also result in increased excitation from thalamus to M1 ( Experiment

 ). Previous research has identified a relative structural preservation of

1-striatal-thalamic and dentate-thalamic pathways in PDOC patients

 Stafford et al., 2019 ). This suggests that both pathways may be viable

outes to target the thalamus in this group. 

. Material and methods 

.1. Participants 

Forty-nine right-handed healthy volunteers participated in the study

15 men, 34 women; mean age 25 ± 4 years). We recruited all partici-

ants from the University of Birmingham, using the local Research Par-

icipation Scheme and advertisements across campus. We pre-screened

ll participants before recruitment to confirm their eligibility to safely

ake part in MRI and tDCS experiments. All reported no previous his-

ory of neurological and/or psychiatric disorders, no personal or family

istory of epilepsy, no use of psychoactive drugs, and had normal or cor-

ected vision. Additionally, we instructed them to be well hydrated and

ell slept, with no alcohol or coffee consumed during the 24 h prior

o the testing session, to be in keeping with brain stimulation safety
2 
egulations ( Antal et al., 2017 ). The University of Birmingham’s Sci-

nce, Technology, Engineering and Mathematics Ethical Review Com-

ittee approved the study and all participants gave written informed

onsent prior participation. We compensated participants with £110 or

he equivalent in course credits. 

Experiment 1 included 26 participants (8 male, 18 female; mean age

3 ± 4 years), from whom 22 completed all 3 sessions. We further dis-

arded data from one participant due to failure to comply with the task

nstructions, resulting in a final sample of 21 to be included in the anal-

sis (8 male, 13 female; mean age mean: 23 ± 4 years). 

Experiment 2 included 23 participants (7 male, 16 female; mean age:

7 ± 4 years), from whom 22 completed all 3 sessions. We excluded

ne further participant due to an acquisition error in one of the sessions

hat resulted in corrupted files. The final sample consisted of 7 males

nd 14 females, aged 27 ± 4 years. One participant took part in both

xperiments (with a gap of over 7 weeks between them). 

.2. General experimental procedure 

Both experiments used sham- and polarity-controlled, randomised,

ouble-blind, crossover designs. All participants completed anodal,

athodal, and sham stimulation sessions, while in the MRI scanner.

hese were scheduled at least 7 days apart ( Experiment 1 : mean 12 ± 10 ;

xperiment 2: mean 13 ± 7 ), and in a counterbalanced order. Both the

articipants and the researchers conducting the data analyses were blind

o the polarity in each session. 

In their first testing session participants provided informed con-

ent for the study and completed the Edinburgh handedness inventory

 Oldfield, 1971 ). Additionally, before each session, we pre-screened par-

icipants to confirm MRI and tDCS safety. After completing these steps,

e set up the electrodes in a designated room, and took the participants

o the MRI scanner, where we completed the setup of the tDCS system

nd provided the participants with a joystick to record their responses

n the fMRI task (see below). We used the MRI Intercom system to com-

unicate with participants during the experiment. Before and after the

timulation, participants performed an fMRI motor command-following

ask where they were instructed to execute discrete simple thumb move-

ents (abduction-adduction) with their right hand in response to audi-

ory cues (see fMRI paradigm below). 

Finally, to test whether our protocol achieved adequate blinding,

articipants completed a post-tDCS perceptual scale of their perceived

ensations and/or discomfort after each session, and indicated whether

hey thought they received actual stimulation or sham. 

.3. Electrical stimulation 

In both experiments we administered tDCS in the MRI scanner us-

ng an MR-compatible NeuroConn DC-Stimulator MR (neuroCare Group

mbH, Germany). We used 5 × 5 cm 

2 electrodes with electro-conductive

aste to improve conduction and secured them in place using self-

dhesive bandage. 

Experiment 1 . In line with previous studies targeting M1 ( Nitsche and

aulus, 2000 ), in the anodal sessions we placed the target electrode

anode) centred on the left motor hotspot, as identified by TMS prior

o the first MRI session, and orientated approximately at a 45° angle

ith respect to the midline. We placed the reference electrode (cath-

de) on the contralateral supraorbital region. We reversed this montage

or the cathodal sessions. Half of the sham sessions replicated the anodal

ontage and the other half the cathodal montage. We used a Magstim

iStim 

2 TMS stimulator paired with Brainsight TMS navigation system

Rogue Research Inc) to identify the motor hotspot in each participant in

he first stimulation session, following standard methods ( Rossini et al.,

015 ). 

Experiment 2. We placed the target electrode on the right cerebel-

ar cortex (3 cm lateral to the inion, orientated parallel to the midline)

nd the return electrode on the right buccinator muscle ( Galea et al.,
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011 ). The montage was reversed for cathodal sessions. As above, half

f the sham sessions replicated the anodal montage and the other half

he cathodal montage. 

In both experiments, we used Brainsight to record the coordinates

or the target electrode in the first session and used them to locate the

lectrode position for the subsequent sessions to ensure consistent place-

ent. 

During anodal and cathodal sessions, we delivered 20 min of stimu-

ation, with 30 s of ramp-up and ramp-down periods. During sham, we

elivered 30 s of stimulation before ramping down to give the sensa-

ion of active stimulation, and according to well established protocols

o ensure blinding ( Woods et al., 2016 ). In Experiment 1 we stimulated

t an intensity of 1 mA, as this typically induces tDCS canonical exci-

atory versus inhibitory effects for anodal and cathodal stimulation re-

pectively ( Parkin et al., 2015 ; Nitsche and Paulus, 2000 ). In Experiment

 , we stimulated at an intensity of 1.85 mA as previously recommended

 Jalali et al., 2018 ). In both studies, we delivered stimulation at rest,

ithout the participant engaging in any motor (or other type of) task,

s performing a task during stimulation would not be feasible in PDOC

atients themselves. 

.4. MRI acquisition 

We acquired all data on a Philips Achieva 3T system, with a 32-

hannel head coil, at the Birmingham University Imaging Centre (BUIC).

Experiment 1 . fMRI acquisition parameters were as follows: 160 vol

er run, 34 slices, TR = 2000 ms, TE = 35 ms, matrix size = 80 × 80,

oxel size = 3 × 3 × 3 mm, no gap, and flip angle = 79.1°,

ENSE acceleration factor = 2. Additionally, we acquired a high-

esolution, T1-weighted MPRAGE image, for anatomical co-registration,

ith the following parameters: TR = 7.4 ms, TE = 3.5 ms, matrix

ize = 256 × 256 mm, voxel size = 1 × 1 × 1 mm, and flip angle = 7°. 

Experiment 2 . fMRI acquisition parameters were as follows: 119 vol

er run, 46 slices, TR = 2700 ms, TE = 35 ms, matrix size = 80 × 80,

oxel size = 3 × 3 × 3, no gap, flip angle = 79.1°, SENSE acceleration

actor = 2. High-resolution, T1-weighted MPRAGE images were also ac-

uired for Experiment 2, with the following parameters: TR = 7.4 ms,

E = 3.5 ms, matrix size = 256 × 256, voxel size = 1 × 1 × 1, and flip

ngle = 7°

In both Experiments we collected other anatomical data as well as

esting state fMRI before, during, and after stimulation, but we did not

nalyse these within the current study, and we will report them in sep-

rate papers. 

.5. fMRI paradigm 

We instructed participants to perform a thumb adduction-abduction

ovement as fast as they could in response to auditory cues (beeps). The

se of a simple task enables both the direct translation of this paradigm

o PDOC patients as well as the study of tDCS-induced activation changes

ndependent of modulations of performance. We presented the beeps in

locks cued by the word ‘move’ and interspersed with blocks in which

he participant was instructed to rest (cued by the word ‘relax’). Each

move’ block included 7 beeps presented at a variable interstimulus in-

erval (range 2–3 s), in order to avoid prediction effects. The task in-

luded 8 blocks of each type, each with a duration of 20 s, and for a

otal duration of 5 min and 20 s. We instructed the participants to main-

ain fixation on a white cross displayed in the centre of a black screen

hroughout the full duration of the task. This, as well as the instructions

t the start of the task ( “Start moving your thumb as quickly as you can

very time you hear a beep. Stay still when you hear "relax". Make sure you

eep looking at the fixation cross at all times ”) were presented via a digi-

al system (Barco F35 AS3D, Norway) that projected the image onto a

irror fixed to the head coil at a visual angle of ∼10° We delivered all

uditory cues with an MR-compatible high-quality digital sound system
3 
ncorporating noise-attenuated headphones (Avotec Silent Scan®). Dur-

ng ‘move’ blocks, we recorded thumb movements with an MRI compat-

ble joystick (FORP-932, Current designs INC., PA USA), using 1200 Hz

ampling frequency of x and y positions. To facilitate use of the joystick

nside the MRI bore, the device was connected to the interface in the

ontrol room through an optical cable. For each session, we stabilised

he joystick on the participant’s torso and stabilised their right thumb

sing tape. To ensure accurate recordings, we calibrated the joystick be-

ore starting the experiment in each session. We used MATLAB 2015b

n a Windows 7 computer to deliver all task stimulus and record motion

racking. See Fig. 1 . 

.6. fMRI preprocessing and GLM analysis 

We used SPM12 on MATLAB 2015b ( www.fil.ion.ucl.ac.uk/spm ) for

he preprocessing and analysis of both fMRI datasets. 

Each dataset was analysed independently but following the same

ipeline, as described here. We first followed a standard spatial pre-

rocessing, including realignment, co-registration between the struc-

ural and functional data sets, spatial normalization, and smoothing with

n 8 mm fwhm Gaussian kernel). Additionally, in order to remove po-

ential undesirable effects of physiological noise or participant’s motion

n the activation maps, we performed single-subject independent com-

onent analysis (ICA) ( Beckmann and Smith, 2004 ) and then applied

MRIB’s ICA- based X-noiseifier (FIX) ( Griffanti et al., 2014 ; Salimi-

horshidi et al., 2014 ) to identify artefactual components and remove

hem from our fMRI data. We first classified manually all components

rom a subset of datasets (18 in Experiment 1 and 23 in Experiment 2 ), en-

uring an even coverage of all possible combinations of sessions, times,

nd polarities. Then, we used these manual labels to train a classifier

or each of the studies that we then applied to the remaining datasets

n that study. In order to test the accuracy of the automatic component

lassification, two of the authors (D.F-E for Experiment 1 and D.A. for

xperiment 2 ) independently classified a number of components in the

raining set (8 datasets for Experiment 1 and 10 datasets for Experiment

 ) and cross-checked their manual classification against the automatic

lassifications performed by FIX. There was a 100% match for ‘bad’ com-

onents between the manual and automatic classification lists. 

We performed single-participant fixed-effect analyses using a general

inear model in which we modelled each scan to belong to the motor exe-

ution (i.e. blocks of thumb movements) or the rest condition. The model

lso included the realignment factors as effects of non-interest to account

or residual motion-related variance. We used high-pass filtering with a

ut-off period of 80 s to remove slow-signal drifts from the time series.

e then set linear contrasts to obtain estimates of the effects of interest

or each subject, polarity, and time. Finally, in order to test the effects

f tDCS on brain activation, we performed a second level full factorial

nalysis with polarity (anodal, cathodal, and sham) and time (before

nd after tDCS) as factors (total number of sessions = 126 for Experi-

ent 1 and 126 for Experiment 2 ). When the interaction was significant,

e also performed the corresponding pairwise interactions to study the

irection of the effects. We report statistically significant voxels as be-

ng those that survive an uncorrected p < 0.0001 at the voxel level, on the

ollowing regions of interest: left supplementary motor area (SMA), left

recentral gyrus, left thalamus, and right cerebellar lobes IV-V and VIII

 Stoodley et al., 2012 ), using WFU PickAtlas. We did not include spuri-

us activation, defined as a contrast returning a single significant voxel.

e obtained these regions of interest from the Automated Anatomical

abeling atlas ( Maldjian et al., 2003 ). In Experiment 1 , we had to exclude

ne participant from the ANOVA due to an acquisition error in one of

he sessions that resulted in the most superior slices of the brain being

ropped (losing a small section of M1). Note however that this issue did

ot affect the VOI analyses for the DCM (see section below) and there-

ore this participant was included in the DCM analyses. See full analysis

ipeline in Fig. 2 . 

http://www.fil.ion.ucl.ac.uk/spm
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Fig. 1. Experimental Design and tDCS montages. 

( A ) Participants performed a simple behavioural command following task in the MRI scanner (CF-fMRI) before and after receiving 20 min of tDCS, whereby they 

move their right thumb in response to auditory cues (beeps). The task alternated 8 blocks of movement interspersed with rest blocks (all blocks were 20 s long 

for a total of 5 min 20 s). The beginning of each block was cued by the auditory words ‘move’ (movement blocks) or ‘relax’ (rest blocks). In each ‘move’ block 

the participants were instructed to perform 7 discrete thumb adduction-abduction movements as fast as they could in response to beeps that appeared at intervals 

ranging from 2 to 3 s, and while keeping their gaze fixated on a fixation crossed displayed in the centre of a black screen. Their movements were recorded with an 

MRI compatible joystick, using 1200 Hz sampling frequency of x and y positions ( B ). All participants received anodal, cathodal, and sham stimulation sessions in 

a counterbalanced order at least 7 days apart. In Experiment 1, we used a montage that targeted the left primary motor cortex (M1) with the reference electrode 

over the contralateral supraorbital region, and delivered our stimulation at 1 mA ( C, top inset ). We used TMS to identify the best placement (motor hotspot) of the 

active electrode in each participant. In Experiment 2, our montage targeted the right cerebellar cortex, with a reference electrode over the right buccinator muscle, 

and delivered our stimulation at 1.85 mA ( C, bottom inset ). ( D) Computational model showing the electric field distributions in Experiment 1 (left) and Experiment 

2 (right), as calculated with SimNIBS3.2.2 on the MNI standard head model. For the purpose of this simulation, in Experiment 1, we placed the active electrode on 

C3 to approximate the location of the motor hotspot in our participants (marked as hand knob in the figure), and the passive electrode on Fp2 . In Experiment 2, 

we placed the active electrode on I2 and the passive electrode over the right buccinator muscle. Note that this model does not consider individual differences in the 

position of the electrodes or the different tissue compartments across individual participants and therefore it should be interpreted as an estimate of the canonical 

field distribution to be expected with our montages. 
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.7. DCM analysis 

.7.1. Region selection and timeseries extraction 

DCM is a framework for Bayesian modelling of brain dynamics,

hich allows the inference of hidden (unobserved) neuronal states from

easured brain activity ( Zeidman et al., 2019 a). First, to obtain the

anonical pattern of activity on our task for the group in each experi-

ent, we performed second-level one-sample t-tests on the individual
4 
ontrasts corresponding to the pre-stimulation run acquired in the first

hronological session for each participant ( Fig. 3 ). In the resulting map,

e identified the group peak of activation for the clusters correspond-

ng to the left M1, SMA, left thalamus, and right cerebellum at an un-

orrected p < 0.001 (in bold in Table 1 ). This group-derived coordinates

hen served as a starting point for searching a nearby local maximum in

ach individual run. Each of these run-specific local maxima was con-

trained to be a maximum of 15 mm away from the group level peak for
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Fig. 2. Analysis pipeline. 

We followed a standard pre-processing proto- 

col (red panel), followed by fixed-effect gen- 

eral linear model analysis to model the ef- 

fect of thumb movements in each individual 

participant (1st-level, green panel). We then 

conducted a second level full factorial analy- 

sis to test the effects of tDCS on brain activa- 

tion (green panel). In addition, we performed 

a second-level one-sample t -test on the pre- 

stimulation run acquired in the first chrono- 

logical session for each participant to charac- 

terise the canonical activation in the task, and 

define coordinates for the subsequent dynamic 

causal modelling (DCM) analyses. Finally, we 

used DCM to assess the effects of tDCS on 

the causal dynamics within our network of in- 

terest (yellow panel). We first built and esti- 

mated a fully connected model including left 

M1, left SMA, left thalamus, and right cerebel- 

lum in each participant. Then we applied Para- 

metric Empirical Bayes (PEB) to model each 

of the three pairwise interactions between po- 

larity and time (i.e., interaction between pre- 

/post-tDCS and either anodal/cathodal, catho- 

dal/sham, anodal/sham) in each participant 

(2nd-level, yellow panel). Finally, we created 

a 3rd-level PEB for each pairwise interaction 

modelling the average effect across partici- 

pants. Note that we conducted data analysis for each Experiment individually but following the same protocol, as described above. 

Table 1 

Canonical activation during command-following. 

Region Cluster P Cluster size Peak P T MNI coordinates 

FWE-corrected in mm3 uncorrected [x;y;z] 

Experiment 1 M1 < 0.001 6264 < 0.001 6.770 [ − 33; − 13;62] 

< 0.001 6.767 [ − 33; − 19;56] 

0.966 81 < 0.001 4.751 [ − 15; − 4;68] 

0.903 162 < 0.001 4.704 [ − 57;5;29] 

0.927 135 < 0.001 4.324 [ − 54;5;14] 

SMA < 0.001 6426 < 0.001 8.703 [0; − 7;65] 

Thalamus 0.260 864 < 0.001 6.330 [ − 12; − 22;5] 

Cerebellum 0.022 2187 < 0.001 7.137 [15; − 55; − 22] 

Experiment 2 M1 0.326 702 < 0.001 5.066 [ − 24; − 19;74] 

0.983 81 < 0.001 4.565 [ − 54;5;14] 

0.983 81 < 0.001 4.251 [ − 15; − 4;68] 

0.195 918 < 0.001 4.107 [ − 42; − 19;56] 

< 0.001 4.085 [ − 36; − 28;65] 

< 0.001 3.957 [ − 33; − 25;53] 

0.983 81 < 0.001 3.795 [ − 39; − 7;47] 

0.997 27 < 0.001 3.606 [ − 33; − 22;47] 

SMA < 0.001 5481 < 0.001 7.087 [ − 3; − 4;65] 

< 0.001 6.178 [ − 12; − 4;74] 

< 0.001 5.345 [ − 9; − 1;53] 

Thalamus 0.505 513 < 0.001 4.352 [ − 18; − 16;14] 

< 0.001 4.153 [ − 9; − 22;5] 

Cerebellum 0.003 3024 < 0.001 8.799 [12; − 55; − 25] 

< 0.001 7.671 [18; − 49; − 19] 

< 0.001 5.159 [24; − 43; − 31] 

0.001 3915 < 0.001 7.285 [24; − 58; − 46] 

< 0.001 7.255 [12; − 73; − 46] 

< 0.001 6.467 [6; − 67; − 31] 

Results from the random effect group analyses on the brain activation during thumb movements 

to command in the baseline run for the first session. Results survived a threshold of uncorrected 

p < 0.001. We highlight in bold the coordinates that we subsequently used as a starting point to search 

for individual coordinates to extract time series for the DCM. Abbreviations: FWE, family wise error; 

MNI, Montreal Neurological Institute; M1, primary motor cortex; SMA, supplementary motor area. 

5 
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Fig. 3. Activation at Baseline. 

Brain activation during command following in the 

pre-stimulation run corresponding to the first session 

for each participant. The insets display group gen- 

eral linear model differences between ‘move’ and ‘rest’ 

blocks in Experiment 1 (yellow) and Experiment 2 

(light blue). The overlap across experiments appears in 

green. For display purposes, activation maps are shown 

at an uncorrected p < 0.001 and rendered on a standard 

template (152 template in MRIcroGL). z indicates the 

Montreal Neurological Institute z coordinate. 
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t  
he left M1, SMA, and right cerebellum ROIs and a maximum of 9 mm

way for the left thalamus ROI, and had to exceed a liberal statistical

hreshold of p < 0.05 ( Zeidman et al., 2019 a). The differences in the al-

owed distance from the group peak accommodated for differences in

ize of the anatomical boundaries of each region. As recently recom-

ended, when this threshold failed to produce a peak for that region,

e iteratively reduced the threshold in 0.05 increments until reaching

.25. When no peak could be found even at this threshold, we used the

riginal group derived coordinates, as typically done ( Zeidman et al.,

019 b). Note that we only used these liberal thresholds for the identi-

cation of coordinates to extract our timeseries (feature selection) but

ot for any statistical analyses. Having identified individual peak coor-

inates for each run, we extracted timeseries from 4 mm radius spherical

olumes of interest centred on them. 

.7.2. Individual level DCM specification and definition of model space 

With the above extracted timeseries, we specified individual dy-

amic causal models using the deterministic model for fMRI, one-state

er region, bilinear modulatory effects, and mean-centred inputs. We
6 
tarted with a 4-node fully connected model in which all self- and be-

ween region connections were switched on. The effect of thumb move-

ents entered the model as modulatory input on the self-connection of

ach region, as this is recommended to improve both parameter iden-

ifiability and biological interpretability ( Zeidman et al., 2019 a). In ad-

ition to the intrinsic connections and modulatory inputs above, DCM

equires the specification of driving inputs, which briefly ‘ping’ specific

egions in the network at the onset of each block. In order to determine

he best set of inputs for our data, we first created DCMs that included

riving inputs to all 4 regions in our model and applied Parametric Em-

irical Bayes (PEB) to prune any parameters that were not contributing

o the model evidence. Briefly, PEB is a hierarchical Bayesian framework

or group-level modelling of effective connectivity, that allows the eval-

ation of both group effects and between-subject variability over DCM

arameters (see ( Zeidman et al., 2019 b) for a full description). For this

tep, we created a second-level PEB modelling the commonalities across

ll 6 sessions for each participant. These were then fed to a third-level

EB that modelled the commonalities across the group. In addition to

he constant encoding the group mean, we included sex, age, and the
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core in the Edinburgh Handedness Inventory as nuisance regressors (all

ean-centred). Finally, we used Bayesian Inference to invert the model

or each subject and estimate the parameters that maximise explana-

ion of data while minimising complexity. For this, we used Bayesian

odel Reduction (BMR) to search over the reduced models followed by

ayesian Model Average (BMA) to calculate the average connectivity

arameters ( Zeidman et al., 2019 b). We used a 95% posterior probabil-

ty threshold for free-energy (i.e., comparing the evidence for all mod-

ls where a particular connection / input is on, versus those where it

s off). This step indicated strong support ( > 99% posterior probability)

or including driving inputs to cortical regions (M1, and SMA) only (see

esults for full details) and therefore we re-defined DCMs for all of our

articipants using these parameters. Our final model therefore included

ll self- and between-region connections, modulatory inputs to each self-

onnection, and driving inputs to M1 and SMA. 

.7.3. PEB ANOVAs 

To test the effects of tDCS on the model parameters (connections

nd task modulations), we first created 3 second-level PEB models in

ach participant, which encoded the following pair-wise interactions:

1) greater increases after anodal stimulation as compared to sham (pre-

DCS ⟨ post-tDCS x anodal ⟩ sham sessions), (2) greater increases after

nodal stimulation as compared to cathodal (pre-tDCS ⟨ post-tDCS x an-

dal ⟩ cathodal), and (3) greater increases after cathodal stimulation as

ompared to sham (pre-tDCS ⟨ post-tDCS x cathodal ⟩ sham). Note that

hese contrasts also encode the opposite effects: e.g., PEB 1 can also be

nterpreted as greater decreases in sham as compared to anodal (pre-

DCS > post-tDCS x anodal < sham). Each subject specific PEB model

as then entered into one of 3 third-level PEBs that encoded the com-

onalities across the group (mean) for each pairwise interaction, as well

s sex, age, and handedness score. 

We then used BMR and BMA to prune connections that do not con-

ribute to the model evidence and estimate the parameters across all

odels for each of the connections that remain switched on. We thresh-

lded our BMA results at a posterior probability > 95% (which is equiv-

lent to a Bayes factor of 3) ( Zeidman et al., 2019 b). 

.8. Motion tracking 

We performed motion data analysis using a custom script on MAT-

AB 2017b. First, we calculated the Euclidean distance of the x-y posi-

ion and applied a low-pass 15 Hz filter to the data. We then identified

he onset and end of the movement by looking at abrupt changes in the

ignal, using the matlab function findchangepts , which, given a vector x

ith N elements (in our case containing motion tracking data) returns

he index at which the mean of x changes most significantly. We used

he first and last change detected by findchangepts to determine when

ach movement started and ended. We excluded movements where no

hanges were detected, which could be due to participants not respond-

ng to the task or to the joystick not recording data. In Experiment 1 , this

esulted in the removal of 5 datasets from the motion tracking analysis,

ue to the joystick malfunctioning during recording in at least one of

hree sessions. Lastly, we calculated velocity and acceleration at each

imepoint between the beginning and end of each movement and ob-

ained the mean velocity and peak acceleration for the trial. Addition-

lly, we calculated reaction time defined as the time occurring between

he auditory stimulus (beep) and the onset of the movement. Finally, we

veraged these values across each run and computed a 2 (pre- vs post-

DCS) x3 (polarity) repeated measures ANOVA to check for any effect

f tDCS on behaviour. 

.9. Blinding 

In order to assess whether our blinding protocol was successful, in

ach Experiment, we used McNemar’s test to assess whether the number

f correct judgements across the group about whether they had received
7 
DCS or not was different between real stimulation and sham stimulation

essions. 

. Results 

.1. Experiment 1 - Effects of M1-tDCS on brain activation and dynamics 

See the canonical task activation at baseline in Table 1 and Fig. 3 . 

Our factorial analysis on the individual activation maps revealed a

ignificant interaction between polarity (anodal, cathodal, and sham)

nd time (pre-, post-tDCS) on the left thalamus only (uncorrected

 < 0.001; see Table S1 and Fig. 4 ). Subsequent pairwise interactions re-

ealed cathodal stimulation increased activity in this area as compared

o sham. However, there were no significant differences between po-

arities and further reducing the threshold to uncorrected p < 0.005 also

evealed a cluster of increased activity in the thalamus for anodal as

ompared to sham. See Supplementary Table S1 and Fig. S1 for the pos-

tive effect of the task across all sessions in this ANOVA. 

Our DCM analyses revealed that anodal stimulation of M1 reduced

elf-inhibition in the thalamus and led to a more inhibitory output from

erebellum to M1, compared to both sham and cathodal stimulation.

dditionally, as compared to sham, anodal stimulation increased inhi-

ition in all outputs from M1 to the rest of the network but reduced in-

ibition from cerebellum to thalamus, as well as in SMA and cerebellar

elf-connections. These changes were however not polarity specific. In

urn, cathodal stimulation increased excitation from thalamus to SMA,

oth as compared to sham and to anodal stimulation. Additionally, as

ompared to sham, cathodal stimulation led to an increase in inhibition

rom both M1 and cerebellum to SMA, an increase in excitation from

halamus to M1, and a reduction in self-inhibition in SMA. In terms of

ask modulations, cathodal M1 stimulation increased the modulatory

nput from the task on M1 (i.e., increased M1 self-inhibition) both as

ompared to anodal stimulation and sham, and decreased the modula-

ory input from the task on SMA as compared to anodal stimulation (see

ig. 5 ). 

.2. Experiment 2 - Effects of cb-tDCS on brain activation and causal 

ynamics 

In terms of brain activity during command following, our factorial

nalysis revealed no significant interactions between polarity and time

pre- vs post-tDCS) in any of the ROIs. See Supplementary Table S1

nd Fig. S1 for the positive effect of the task across all sessions in this

NOVA. 

In terms of effective connectivity, as predicted, cathodal stimulation

ed to increased excitation from thalamus to M1 both as compared to

ham and anodal stimulation. In addition, it increased M1 self-inhibition

s compared to sham but to a lesser extent than anodal stimulation. Fi-

ally, it increased inhibition from M1 to SMA both as compared to sham

nd anodal stimulation ( Fig. 5 ). When compared directly with anodal

timulation, cathodal cb-tDCS also decreased cerebellar self-inhibition

nd increased excitation from thalamus to SMA. Additionally, cathodal

timulation increased inhibition from M1 to cerebellum and from cere-

ellum to thalamus, and increased excitation from SMA to both thala-

us and cerebellum, and from cerebellum to M1, as compared to sham.

owever, none of these changes were significant when compared with

nodal stimulation. Finally, cathodal cb-tDCS decreased the effect of the

ask on SMA both as compared to sham and anodal stimulation. In con-

rast, anodal stimulation, when compared to sham and cathodal stim-

lation, led to increased self-inhibition in M1 and thalamus, reduced

elf-inhibition in SMA, as well as increased excitation from M1 to SMA.

dditionally, anodal stimulation increased excitation from SMA to tha-

amus and cerebellum, and increased inhibition from M1 to cerebellum

hen compared to sham, but these changes were not polarity specific

i.e., did not reach statistical significance in the comparison between

nodal and cathodal stimulation). 
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Fig 4. Effects of tDCS on brain activation during com- 

mand following for Experiment 1. The brain inset dis- 

play the 2nd-level (group) general linear model (GLM) 

interactions between polarity (anodal, cathodal, sham) 

and time (pre-, post-tDCS) in the contrasts modelling 

brain activation during command following. For dis- 

play purposes, activation maps and plots are shown at 

an uncorrected p < 0.005 and rendered on a standard 

template (152 template in MRIcroGL). The colour bar 

represents the F value for the interaction in the GLM. z 

indicates the Montreal Neurological Institute z coordi- 

nate. Bar plots show the estimated effect size and 90% 

confidence intervals at the peak voxel for each pairwise 

contrast: greater activation after anodal stimulation as 

compared to sham (orange), and greater activation af- 

ter cathodal stimulation as compared to sham (blue). 

Fig 5. Effects of tDCS on functional neural dynamics with M1 

or the cerebellum as targets. 

The figure shows the effects of tDCS on functional neural dy- 

namics for the two experiments (Experiment 1, top panels; Ex- 

periment 2, bottom panels). The left and right panels represent 

changes after anodal and cathodal stimulation respectively. 

Red arrows indicate changes in the direction of increased ex- 

citation (or reduced inhibition). Blue arrows indicate changes 

in the direction of increased inhibition (or reduced excitation). 

Note that self-connections are always inhibitory and thus red 

indicates a reduction in inhibition rather than an excitatory 

role per-se. Similarly, modulatory inputs from our command 

following task on each region increase (blue) or decrease (red) 

the region’s inhibitory tone. Thick lines represent changes that 

are significant both as compared to the opposite polarity and 

to sham. Thin lines represent changes that are only significant 

as compared to the opposite polarity. Dashed lines represent 

changes that are only significant as compared to sham (not po- 

larity specific). The purple boxes highlight our hypotheses for 

the M1-thalamus axis: anodal M1-tDCS (top left panel) reduced 

self-inhibition in the thalamus while cathodal cb-tDCS (bottom 

right panel) increased excitation from thalamus to M1, both in 

a polarity specific manner. 

8 



D. Aloi, R. Jalali, P. Tilsley et al. NeuroImage 247 (2022) 118781 

3

 

a  

t  

f  

0  

0  

S  

e

3

 

a  

i  

a  

S

4

 

m  

i  

r  

c  

p  

f  

s  

a  

n  

t  

t

 

c  

c  

t  

t  

i  

v  

I  

i  

f  

t  

t  

i  

i  

f  

s  

p  

m  

w  

p  

d  

t  

i  

H  

n  

a  

d  

t  

h  

w  

i  

E  

i  

p  

f  

a  

f  

t  

t  

e  

t  

a  

E  

p  

a  

s  

i  

n  

W  

t  

c  

i  

w  

f  

(

 

t  

t  

C  

a  

E  

o  

r  

c  

t  

t  

P  

o  

m  

s  

c  

c  

o  

t  

t  

c  

c  

s  

a  

l  

t  

h  

s  

a  

i  

u  

M  

t  

o  

i  

a  

e  

t  

g  

E  

a  

t  

o  

i  
.3. Experiments 1 and 2 - Effects of tDCS on behaviour 

As expected, we did not find any interactions (polarity x time) for

ny of the metrics considered in Experiment 1 nor 2 (i.e., reaction

ime, mean velocity, and peak acceleration). In Experiment 2 only, we

ound a small main effect of time on average reaction times, which was

.02 s (20 ms) faster in the second run as compared to baseline (pre-:

.30 s ± 0.04; post-tDCS: 0.28 s ± 0.04; p < 0.001 uncorrected, 𝜂p 
2 0.5).

ee Supplementary Table S2 for full statistical information for all main

ffects, interactions, and post hoc tests. 

.4. Experiments 1 and 2 - Blinding 

We found no significant differences in the number of times that sham

nd active stimulation sessions were perceived as real in either exper-

ment, suggesting that participants’ experiences did not differ between

ctive and sham stimulation sessions and blinding was successful (see

upplementary Table S3). 

. Discussion 

Efforts to use tDCS as a therapeutic intervention in PDOC have had

ixed success to date. While some studies showed very promising clin-

cal improvements, many others failed to show any effects even after

epeated sessions ( Aloi et al., 2021 ). The field is thus unable to reach a

onsensus about whether tDCS would or would not be a feasible thera-

eutic avenue for this patient group as a result. Most research to date has

ocused on targeting the left frontal cortex, in an attempt to engage non-

pecific networks involved in arousal and awareness. Here, we propose

 new therapeutic direction that directly addresses the neural mecha-

isms that support measurable changes in behavioural responses after

DCS at the level of functional thalamo-cortical coupling within the mo-

or network ( Fernandez-Espejo et al., 2015 ). 

Our results provide the first evidence that tDCS over motor areas

an distally modulate brain activity and causal dynamics in thalamo-

ortico-cerebellar loops (beyond the immediate target area of stimula-

ion) during behavioural command following, even when the stimula-

ion is delivered at rest. In Experiment 1, anodal stimulation over M1

ncreased task-induced activation the thalamus. Our DCM analyses re-

ealed that this is likely explained by reduced thalamic self-inhibition.

n Experiment 2, cathodal cerebellar stimulation did not lead to changes

n task-induced activity but instead led to increased excitatory influence

rom thalamus to M1. Taken together, these experiments demonstrate

hat it is possible to influence thalamo-cortical coupling indirectly via

argeting surface (easily accessible) regions in the motor network. More

mportantly, they suggest that this could be a viable route to elicit clin-

cally relevant changes in PDOC. Indeed, we designed our command-

ollowing task to emulate the approach that is routinely used in clinical

ettings to assess awareness after severe brain injury; namely asking the

atient to perform a discrete movement in response to a verbal com-

and ( Fernandez-Espejo and Owen, 2013 ). This resulted in a task that

as insensitive to potential tDCS modulations of behaviour in healthy

articipants but allowed us to study the neural effects of tDCS indepen-

ently of performance, permitting us to draw more direct comparisons

o the PDOC population. Specifically, our task deviated from those typ-

cally used in the motor learning literature (e.g., ( Hamada et al., 2014 ;

annah et al., 2019 )) in three crucial points: the use of a very small

umber of trials (approximately 80–90% less), variable cue intervals to

void prediction effects, and no feedback to participants. Further, we

elivered stimulation at rest to increase the translatability of our results

o unresponsive PDOC patients. It is important to highlight that the aim

ere was not to improve motor control in the healthy brain. Instead,

e built upon convincing evidence that the thalamus is greatly inhib-

ted in PDOC due to both structural and functional damage ( Fernandez-

spejo et al., 2010 ; Fernandez-Espejo et al., 2011 ; Schiff, 2010 ), result-

ng in less cortical excitation ( Schiff, 2010 ). Our focus thus lay on com-
9 
ensating for this thalamic over-inhibition instead of enhancing normal

unction. We have previously shown that increased thalamic activity

nd excitation, as well as increased excitatory thalamus-M1 coupling

acilitates the production of motor responses to command in tasks like

he one we used here ( Fernandez-Espejo et al., 2015 ). We now show

hat anodal tDCS over M1 and cathodal tDCS over the cerebellum can

ach modulate these dynamics, albeit in different ways, and we propose

hat they may allow PDOC patients to overcome motor control deficits

t the root of their diminished behavioural responsiveness ( Fernandez-

spejo et al., 2015 ; Stafford et al., 2019 ). This in turn would allow more

atients to demonstrate their true level of awareness, especially in those

ffected by so called cognitive motor dissociations ( Schiff, 2015 ). Along-

ide ensuring that each patient receives an appropriate diagnosis, this

ncreased responsiveness can also have important implications for prog-

osis by facilitating patients’ engagement with rehabilitation ( Elliott and

alker, 2005 ). Moreover, regaining some level of control over their

humb would facilitate the use of assistive devices (including those for

ommunication), which could have an enormous impact on their qual-

ty of life. Indeed, to further increase the clinical relevance of our study,

e focused on thumb movements, as they are affected by spasticity in

ewer PDOC patients and with less severity as compared to other fingers

 Zhang et al., 2021 ). 

Importantly, our results suggest two potential routes to target the

halamo-M1 axis, providing some flexibility to adapt the tDCS mon-

age to the specific pattern of injuries present in each individual patient.

rucially, while many PDOC patients present localised structural dam-

ge to the white matter fibres connecting thalamus and M1 ( Fernandez-

spejo et al., 2015 ; Stafford et al., 2019 ), this damage is partial instead

f a complete deafferentation ( Stafford et al., 2019 ). This suggests the

emaining pathways may be amenable to therapeutic intervention. In

ontrast, the white matter pathways connecting the cerebellum with the

halamus appear relatively preserved ( Stafford et al., 2019 ), suggesting

hat this may be a feasible route into the thalamus in the majority of

DOC patients. We have previously argued that the relative preservation

f this pathway, in the context of damage to the thalamus and the white

atter fibres connecting thalamus to M1, may be contributing to exces-

ive thalamic inhibition ( Stafford et al., 2019 ). As discussed above, our

urrent results show that cathodal cb-tDCS may be able to successfully

ounteract this. It is important to acknowledge here that, while both an-

dal M1 and cathodal cb-tDCS successfully modulated thalamic activity,

here were differences in their respective effects over M1 activity and

he thalamo-M1 dynamics. Furthermore, cathodal M1-tDCS also led to

hanges in thalamo-M1 coupling in the desirable direction (increased

oupling), alongside increases in thalamic activity. This adds further

upport to the now well accepted notion that the two polarities do not

lways result in opposing effects ( Parkin et al., 2015 ). We include be-

ow discussion of potential compensatory mechanisms that may explain

hese effects, but we cannot rule out that cathodal M1-tDCS may also

ave therapeutic effects in some PDOC patients. We also note the pos-

ibility of simultaneous anodal-M1 and cathodal-cerebellar stimulation,

lthough we have not tested this montage. In any case, further studies

n PDOC patients themselves are required to test which of these mod-

lations has greater therapeutic effect and for which specific patients.

ore broadly, while our results provide a robust proof-of-principle for

he use of motor tDCS in PDOC, the specific dose, duration, and number

f sessions required to induce reliable neural and behavioural changes

n PDOC patients needs to be established. Further, the effects of tDCS

re highly variable across individuals ( Filmer et al., 2019 ) and this het-

rogeneity can only be expected to be greater in PDOC patients, due

o individual differences in brain damage affecting thalamo-cortical re-

ions and their structural connectivity ( Stafford et al., 2019 ; Fernandez-

spejo et al., 2011 ; Lant et al., 2016 ). Here, we report here group effects

nd thus our results cannot be interpreted in terms of M1 or cerebellar

DCS resulting in less (or more) individual variability as compared to

ther available interventions (e.g., DLFPC). Indeed, an exploration of

ndividual tDCS differences and their relationship to individual brain
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f  
tructure and white matter connectivity is beyond the scope of the cur-

ent study but remains a crucial area of further investigation. By focusing

n specific circuits that have a mechanistic role in PDOC, we believe our

tudy provides a framework to study individual effects in a robust way.

To our knowledge, only 3 studies have targeted motor areas with

DCS in PDOC ( Naro et al., 2016 ; Martens et al., 2019 ; Straudi et al.,

019 ), in sharp contrast with the many others that have focused on the

LPFC, and currently represents the main direction in the field. These

 motor studies included a combined total of 40 patients (14 VS and

6 MCS). Their small sample sizes, key differences in specific montages

nd stimulation parameters, alongside the focus on behaviour instead of

eural markers, preclude us from drawing direct comparisons with our

tudy. In addition, while we are satisfied that we were able to identify

he optimal location of the electrodes on the scalp to target the desired

egions in our study, this is a much more challenging task in patients

ith severe brain injury, where large macrostructural changes will affect

he relative position of the brain structures of interest in respect to the

calp. Nevertheless, PDOC studies provided preliminary evidence that

1 and cerebellar tDCS are well tolerated in this patient group and

an indeed lead to specific improvements in motor responsiveness in a

ubset of patients (as indexed by increases in the motor and auditory

RS-R subscales). 

Beyond the immediate implications for the rehabilitation of PDOC

atients, our results speak for the ability of tDCS to influence long-range

ynamics in the motor network during movement execution. The field

f non-invasive brain stimulation has recently been tainted by a cer-

ain level of scepticism towards the effectiveness of tDCS, with some

uestioning whether it is indeed capable of modulating brain func-

ion at all ( Filmer et al., 2019 ). The increasing number of well con-

rolled imaging and electrophysiological studies has provided reassur-

nce that tDCS can indeed modulate cortical regions under the elec-

rodes. In the specific case of M1 stimulation, this is now well estab-

ished. Here, we take this argument one step further, demonstrating that

t can also lead to widespread distal modulations of cortico-subcortical

oops when participants are engaged in a relevant cognitive task, and

hat such modulations do not require the participant to engage with

he said task while receiving the stimulation itself. Specifically, our pre-

icted changes to thalamo-cortical dynamics induced by anodal M1-

DCS (as discussed above), are consistent with, and expand, the now

idely reported effects on M1 excitability ( Nitsche and Paulus, 2000 )

s well as more recently described changes to BOLD signal ( Stagg et al.,

009 ; Baudewig et al., 2001 ; Jang et al., 2009 ) and functional connec-

ivity at rest ( Polania et al., 2012 ; Sankarasubramanian et al., 2017 ;

ummiford et al., 2016 ). In contrast, the effect of cerebellar tDCS on

eural dynamics is much less understood. As discussed above, catho-

al cb-tDCS increased thalamic afferent excitation over M1. In con-

rast, anodal stimulation led to increased self-inhibition in both M1 and

halamus. These findings demonstrate that tDCS is able to modulate

erebellar-brain inhibition (CBI) in a polarity specific manner, in agree-

ent with previous electrophysiological reports ( Galea et al., 2009 ), as

ell as a recent report of local increased activation in the dentate nuclei

fter cathodal cb-tDCS during simple finger tapping ( Küper et al., 2019 ).

urthermore, for the first time, we provide a window into the specific

unctional dynamics mediating these effects. 

Interestingly, against our prediction, cathodal tDCS over M1 also

ed to an increase in thalamic activation and in excitation from tha-

amus to M1, as compared to sham. These changes further support

he already described complex effects that characterise this polar-

ty ( Parkin et al., 2015 ). Specifically, cathodal tDCS is known to produce

ore inconsistent behavioural results than anodal stimulation, although

hese inconsistencies are more common in cognitive than motor studies

 Jacobson et al., 2012 ). Crucially, our cathodal M1-tDCS also increased

he modulatory effect of the task over M1 (i.e., led to greater M1 inhibi-

ion during the move blocks), but this was not accompanied by reduc-

ions in motor performance in the task. We believe this suggests that

he thalamic changes reflect a compensatory mechanism to overcome
10 
ortical inhibition caused by cathodal M1-tDCS and to maintain an ac-

eptable level of motor performance. This is in line with earlier animal

odels suggesting sustained effects of tDCS that are characterised by

he system trying to compensate and normalise its activity to baseline

evels (see ( Reato et al., 2010 ) as discussed in ( Jackson et al., 2016 )).

imilarly, in Experiment 2, cathodal stimulation over the cerebellum

ed to the expected increases in excitatory output from thalamus to M1,

ut also an unexpected increase in M1 self-inhibition. Once again, tDCS

id not alter behavioural performance and thus we believe this cortical

eduction also compensated for the excess excitation coming from the

halamus. Alongside determining whether these changes have a thera-

eutic effect, neuroimaging studies of tDCS in PDOC will help elucidate

hether the effects of cathodal M1-tDCS and anodal cb-tDCS are indeed

ompensatory or can alter behaviour when a motor deficit is present. In

ither case, in showing polarity specific modulations for some but not

ll our results, our study speaks for the complexity of the effects of tDCS

 Filmer et al., 2019 ) and suggests that other active control conditions

longside polarity should be included in future studies. 

Several limitations need to be acknowledged. First, the distribution

f the current generated by conventional tDCS is characterised by very

ow spatial accuracy and can reach a widespread area beyond the in-

ended target. As seen in the simulations provided in Fig. 1 , our mon-

ages are no exception to this. Our simulations suggest that the deliv-

red current did not reach the thalamus with either montage. There-

ore, our reported effects for this structure are likely to be explained

y modulations of network connectivity. However, simulations suggest

hat M1-tDCS generated similar levels of current in SMA to that of M1

tself, and thus we cannot rule out that some of our effects are mediated

y SMA. In contrast, our modelled current distribution for cb-tDCS ex-

ended beyond cerebellum into occipital and ventral temporal regions.

hese areas are not associated with our motor command-following task

nd are therefore not likely to have driven our effects. In either case,

hile the lack of spatial specificity does not limit the potential clinical

pplication of tDCS in PDOC, it should be considered when making in-

erences about causal links between elicited effects and specific brain

reas. Future studies should consider using a montage targeting non

otor regions to make stronger causal inferences about the role of spe-

ific areas. Additionally, high-definition tDCS (HD-tDCS) can achieve

igher spatial precision ( Morya et al., 2019 ). However, as we have pre-

iously argued ( Aloi et al., 2021 ), the increased spatial precision of this

ethod requires careful consideration of individual brain structure and

issue properties, especially in patients with severe brain damage, which

ight limit clinical applications of HD-tDCS in PDOC. Second, the effects

f tDCS are highly dependant on the state of the target brain networks

uring stimulation ( Li et al., 2019 ), and are more effective when paired

ith a relevant task ( Bolognini et al., 2009 ). Using a task during stimu-

ation also partially overcomes the above limitations in spatial accuracy

n ensuring that the effects are maximal for the intended areas (amongst

ll areas receiving current). Additionally, while we encouraged our par-

icipants to remain awake and monitored them during the 20 min of

DCS, the lack of behavioural outputs inherent to rest scans precluded

s from verifying their wakefulness levels. It is thus possible that some

f our participants experienced variable levels of wakefulness that could

esult in further individual differences in their brain states. However, as

iscussed above, PDOC patients are unable to voluntarily engage in be-

avioural tasks and delivering the stimulation at rest remains the most

easible option. Future studies should consider alternative ways to mod-

late brain states when designing tDCS interventions for this challenging

atient group (e.g., see ( Fernandez-Espejo et al., 2020 )). Third, in Exper-

ment 2, we increased our FOV to ensure a full coverage of the cerebel-

um for all participants, and this required a longer TR. The resulting re-

uced temporal resolution that resulted may have affected our sensitiv-

ty to detect BOLD changes, compared to Experiment 1 ( Zeidman et al.,

019 c). We note that when all trials were included (e.g., see Fig. S1) the

ctivation patterns were similar across both experiments, but this dif-

erence in sensitivity should be considered when making comparative
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rguments about effectiveness across our two montages. Importantly,

CM provides a more complete and sensitive account of differences in

egional activation and their interactions, and can thus more reliably de-

ect group differences ( Schuyler et al., 2010 ). Future studies with larger

ohorts are required to clarify whether our proposed montages can elicit

obust changes at the GLM level also. 

. Conclusions 

In summary, our results indicate that tDCS can successfully modu-

ate long-range thalamo-cortical dynamics underlying behavioural re-

ponsiveness during command following. It is yet to be tested whether

hese effects can be replicated in PDOC patients themselves and whether

his will result in measurable clinical effects. However, our methodol-

gy can be directly applied to investigate this, and in doing so, it opens

ew avenues to explore the mechanisms of tDCS interventions in this

hallenging population. 
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