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eTable 1. Clinical and Demographic Characteristics of Patients 

Patient Age/ 

Sex 

Diagnosis/ 

Etiology 

Time of 

scan (mo 

after 

insult) 

CRS-R 

Auditory 

function 

Visual 

function 

Motor 

function 

Oromotor/ 

Verbal 

function 

Communication Arousal Total 

Score 

1 38, 

M 

VS/TBI 149 1 - Auditory 

Startle 

1 - Visual 

Startle 

2 - Flexion 

Withdrawal 

1 - Oral 

Reflexive 

Movement  

0 - None 2 - Eye 

Opening 

without 

Stimulation 

7 

2 49, 

F 

EMCS/ 

TBI 

146 4 - Consistent 

Movement to 

Command 

5 - Object 

Recognition 

6 - 

Functional 

Object Use 

2 - 

Vocalization / 

Oral 

Movement 

2 - Functional: 

Accurate 

3 - 

Attention 

22 

CRS-R = Coma recovery scale – revised (represents the highest score achieved by the patient in multiple examinations); VS = 

vegetative state; EMCS = emergence from the minimally conscious state; TBI = traumatic brain injury. 
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eTable 2. Participant-Specific Coordinates of Regions Included in the DCM Models 

  M1 SMA Thalamus 

Participant 1 Session 1 -24   -13    69 -6    -7    67 -15   -25     4 

Session 2 -23   -11    71 -13     1    71 -18   -25     7 

Participant 2 Session 1 No activation in thalamus 

Session 2 No activation in thalamus 

Participant 3 Session 1 -32   -16    63 -6    -1    61 -15   -25     7 

Session 2 -27   -13    64 -5    -2    63 -15   -22     7 

Participant 4 Session 1 -30    -4    63 -15     2    64 -16   -23     6 

Session 2 -27   -25    64 -15     2    64 -15   -22     4 

Participant 5 Session 1 No activation in thalamus 

Session 2 -26   -16    69 0    -1    67 -10   -22     7 

Participant 6 Session 1 -24   -10    67 -20     4    69 -12   -19     7 

Session 2 -33   -10    63 -6    -1    70 -15   -22    10 

Participant 7 Session 1 -32   -10    66 3    -1    61 -15   -25     4 

Session 2 -26   -22    71 -6     5    70 -12   -25     7 

Participant 8 Session 1 No activation in thalamus 

Session 2 No activation in M1 nor thalamus 

Participant 9 Session 1 -39   -13    55 -12    -7    61 -12   -25     4 

Session 2 -42   -13    55 -9    -7    75 -15   -25     4 
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Participant 10 Session 1 -27   -25    55 6    -1    61 -3   -19     7 

Session 2 -27   -22    49 -13     8    72 -12   -19     7 

Participant 11 Session 1 -23   -19    69 -14    -1    69 -12   -19     4 

Session 2 No activation in thalamus 

Participant 12 Session 1 No activation in thalamus 

Session 2 No activation in thalamus 

Participant 13 Session 1 -23   -16    69 -12     2    69 -8   -24    -4 

Session 2 No activation in SMA 

Participant 14 Session 1 -27   -22    69 3    -1    61 -15   -25     7 

 Session 2 -24   -19    69 -12   -10    61 -15   -22     4 

Participant 15 Session 1 -30   -25    67 -9     4    69 -18   -25     7 

 Session 2 -21   -10    67 -6    -4    67 -15   -25     7 

This table lists the individual local maxima from which time series were extracted for the 

DCMs 
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eTable 3. Participant-Specific Estimates of the Modulatory Parameters and Driving 

Inputs for the Optimal Model 

 Modulatory 

inputs 

Driving inputs 

Participant ME: 

Thalamus —> 

M1 

ME —> 

Thalamus 

Task  M1 Task —> 

SMA 

Task  

Thalamus 

1 0.7246 0.4796 0.0172 0.0922 -0.0249

3 1.2060 0.6298 0.0393 0.1629 0.7515

4 0.0153 -0.0398 0.5626 0.2825 0.0014

6 0.6460 0.0592 0.1357 0.0064 0.3833

7 1.0162 -0.0316 0.1852 0.6987 0.0617

9 0.6991 0.4669 0.2798 0.0264 0.4102

10 0.0027 0.0018 0.0006 0.00002 0.0007

14 1.5321 0.5565 0.6650 0.0849 0.0851

15 0.6416 -0.0055 0.0534 0.0843 -0.0401

Mean 0.7204 0.2352 0.2154 0.1598 0.1810

SD 0.1342 0.0345 0.0308 0.0151 0.0328

p 2 tailed 0.0026 0.0398 0.0294 0.0612 0.0824

Two-sided one-sample t-tests were performed separately for modulatory inputs and 

driving inputs, using a statistical threshold of p<0.05. We tested for both the modulatory 

and the driving inputs null hypotheses that they were not different from zero across 

participants. 
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eMethods. Detailed	Analysis	Pipeline	
 
In the same scanning session, all participants completed additional motor imagery (i.e. 

imagining playing tennis) and spatial imagery (i.e. imagining walking around their house) 

tasks as described elsewhere 1 (data previously reported in 2). They also completed a 

motor imagery ability questionnaire (MIQ-RS) 3 prior to the scanning session (data not 

reported here). 

 

fMRI paradigm and experimental set-up 

Participants lay supine in the magnet with the head tilted (∼20-30°) to allow direct 

viewing of the stimuli without mirrors (Figure 1). Because movements of the shoulder 

and upper arm may induce artifacts in the participant's data 4, the right upper arm was 

immobilized (strapped to the bed) to restrict shoulder movements, but allowed for full 

rotation at the elbow. A wooden platform was placed above the participant's pelvis to 

enable presentation of a real tennis ball that could be comfortably reached by the 

participant from a resting position on the chest. The wooden platform had a flat surface 

(50 × 50 cm) that could be tilted by an adjustable angle, typically ∼25°, such that the 

edge closest to the participant was lower than the far edge, enabling participants to see all 

three dimensions of the tennis ball. The participant maintained fixation on a LED that 

was positioned ∼.1° of visual angle above the platform and the centrally presented object. 

A bright LED (illuminator), positioned above the participant’s head, was used to briefly 

illuminate (250 milliseconds) the working space at the onset of each action trial. The 

auditory cues, fixation LED, and illuminator LED were controlled via a custom program 
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written in Matlab (The MathWorks, USA) running on an IBM laptop. While in the MRI 

scanner, participants were instructed to either move their right hand to hit the tennis ball 

in front of them or imagine the same movement instead. Imagery and execution blocks 

were 20 seconds long and alternated with 20 seconds periods of rest for a total of 8:10 

minutes (including an initial 10 seconds baseline). The beginning of each block was cued 

with the word ‘move’, ‘imagine’ or ‘relax’.  Within each action block the participant was 

instructed to perform or imagine the action 6 times along to the sound of beeps. All 

participants completed 2 runs of this task. 

An infrared MR-compatible camera (MRC Systems GmbH), placed above the 

participant's head, was used to record participants’ actions for each run. The recordings 

were both monitored online and screened off-line to identify any trials in which 

participants did not perform the instruction correctly. All participants performed all runs 

with no errors. Video could not be recorded for one participant because of technical 

problems with the recording equipment but their performance was monitored online and 

no errors were detected.  

 

fMRI data de-noising 

In order to remove potential undesirable effects of task-related motion in the activation 

maps, we performed an Independent Component Analyses (ICA)5 based artifact removal. 

We first decomposed each run of fMRI data into multiple components using MELODIC 

6. One of the authors (D.F-E.) visually inspected all the components and identified those 

that correspond to head-motion artifacts (see 7) and were correlated with the motion 

execution blocks.  Fourteen out of 15 participants showed at least one motion-related 
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artifactual component in at least one session (mean 2.27 ± 1.58). Finally, we removed the 

identified components from the fMRI data. 

 

Construction of Dynamic Causal Models and Bayesian Model Selection 

To define the DCM areas, we used a combination of anatomical and functional criteria 

based on the results of the conventional GLM analyses, following a similar procedure to 

Stephan and colleagues 8. Peak coordinates for SMA, and for thalamus and M1 were 

extracted from the GLM group results for motor imagery and motor execution 

respectively.  The group-derived coordinates then served as a starting point for searching 

a nearby local maximum in each participant-specific data set (eTable 2). Each of these 

participant-specific local maxima was required to be located within the same anatomical 

region as the group maximum (e.g. SMA, M1 and thalamus), not further away than twice 

the FWHM of the smoothing kernel, and to survive a threshold of P < .05 uncorrected8,9.  

Participant-specific time series were then extracted from 6m-radius spherical volume of 

interests (VOI) around the chosen coordinates. Given these criteria, we were able to 

extract time series for all 3 VOIs and both sessions in 9 of the 15 participants 

Endogenous connections in our models were based on animal (macaque and rhesus 

monkey) and human connectivity studies, which have shown reciprocal ipsilateral 

connections between thalamus and both SMA and M1 10-14, as well as forward 

connections from SMA to M1 14-16. We modeled 3 possible inputs: ‘Task’, which was 

active for both motor imagery and motor execution, ‘Motor Execution’, active only in the 

blocks where participants were moving, and ‘Motor Imagery’ active in the blocks where 
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the participants were imagining to move. ‘Task’ was modeled to directly induce activity 

in all three regions (SMA, M1 and thalamus), acting as driving input (see eFigure 1a). 

Our main hypothesis was that thalamo-cortical connectivity would play an important role 

in explaining the differences between motor imagery and execution, In order to contrast 

this hypothesis with alternative cortico-cortical hypotheses, we defined modulatory inputs 

in all possible combinations of the 5 existent connections in our starting model (eFigure 

1B). Similarly, we defined driving inputs to any possible combination of the 3 regions, 

including the possibility of no driving input to any region (eFigure 1C).  ‘Motor Imagery’ 

and ‘Motor Execution’ were used to mark the context for the modulatory and driving 

effects, in order to test whether the difference in responses during motor imagery and 

execution was caused by a suppressing or enhancing influence 17. This resulted in a total 

of 496 models to be evaluated.  

The decision of excluding a backward connection between M1 and SMA was based on 

the lack of consistent cytoarchitectonic evidence supporting this connection. Previous 

DCM work has nevertheless suggested the importance of a feedback circuit from M1 to 

SMA 17. While the authors did not include subcortical regions in their model, they 

assumed this influence to occur via basal-ganglia-thalamo-cortical circuits 17,18. Such 

circuits would already be accounted for in our connectivity model. However, in order to 

directly test whether such influence does indeed occur via subcortical structures or 

through a direct cortical circuit, we generated a second family of models that included a 

direct connection from M1 to SMA. Following the approach above, we defined driving 

and modulatory inputs to any possible combination of regions and connections, which 
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resulted in a total of 1008 models to be evaluated (note that models in this family have an 

extra connection, and hence the increased number of models).  

We first used Bayesian Family Inference to estimate which family (with or without 

backward M1 to SMA connection) had the highest posterior evidence 19.We then used 

fixed effects Bayesian Model Selection (BMS) within the winning family, to identify the 

model with the highest posterior evidence, that is, the model that is the most likely 

generative model given the data 20.  

 

 

Diffusion tensor tractography analysis pipeline 

For each tractography run, 5000 streamline samples, with a step length of 0.5mm and a 

curvature threshold of 0.2 were generated from each voxel in the seed ROI to build up a 

connectivity distribution between this and the target ROI. This was repeated in reverse 

(i.e. from target ROI to seed ROI) and the outputs of the two runs were averaged to 

obtain the probability map of the connectivity between the two ROIs. This approach 

ensures an optimal tractography-based segmentation of the bundles 21.  

ROI masks were defined in MNI standard space as 6-mm radius spheres centered in the 

coordinates obtained from the fMRI group analysis, and used for the DCM analyses 

(Table 1). As the fMRI analyses only involved the left hemisphere, the fMRI-derived 

coordinates were flipped (i.e. inverting the sign in x) to obtain the equivalent ROIs in the 

right hemisphere for the tractography reconstruction. Spherical ROIs in MNI space were 

then un-warped to native space for each participant using FLIRT 22. In the patients, this 

transformation failed to provide with adequate thalamic masks, because of the presence 
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of very enlarged ventricles. Central coordinates for the thalamic sphere were thus 

manually determined for each patient in native space. Using the probabilistic 

tractography algorithm described above, individual maps were obtained for each pair of 

ROIs in which each voxel value indicated the probability of having fibers connecting the 

two regions. These maps were thresholded at 5% of their maximum in order to remove 

very-low probability fiber paths.  

Because of the medial location of the SMA mask we expected some fibers to cross 

hemispheres. In order to restrict the analyses within each hemisphere, the mask 

corresponding to the equivalent pathway in the opposite hemisphere was subtracted for 

each target pathway. Additionally, as we were only interested in ascending fibers, we 

reconstructed the pathways connecting M1 and SMA and excluded those voxels from our 

analyses. Finally, as the fibers connecting thalamus with both M1 and SMA are known to 

be part of the same fiber bundle (i.e. corticospinal tract) 23, and the main goal of this 

experiment was to study the dissociation between them, we only included in the analysis 

the voxels where there was no overlap between the estimated fibers  connecting thalamus 

and M1 and those connecting thalamus and SMA.  
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eFigure 1. Generation of Dynamic Causal Models 

 

(A) Basic structure of the initial model, comprising reciprocal connections between 

thalamus (Th) and both supplementary motor area (SMA) and primary motor cortex 

(M1), as well as a forward only connection from SMA to M1. As can be seen on the 

right-hand panel, the stimuli (task) entered all models by affecting all 3 regions. (B) 

Motor imagery or execution were allowed to modulate all possible combinations of 

connections between the 3 regions. Pictured are five examples of models including 

modulations in 1, 2, 3, 4 or all 5 connections. n is the number of possible combinations 

within each model type (C) Additionally, motor imagery and execution were allowed to 

drive the activity in any combination of the 3 regions. Pictured are all possible 

combinations of driving effects for the first example model in panel B.  In total, there are 

31 possible combinations from Panel B, and 8 possible combinations from Panel C. This 

resulted in 248 models (i.e. 31*8) per context (execution or imagery), or 496 models 

(31*8*2) to be compared using Bayesian model selection. 
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eFigure 2. Bayesian Family Inference Results 

 

Posterior probability for the family of models that included only a forward connection 

from SMA to M1 (on the left) versus the family of models with both a forward 

SMAM1 connection and a backward M1SMA connection (on the right). 
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eFigure 3. Bayesian Model Selection Results 

 

(A) Log-evidence (pooled over participants) for all 496 models, relative to the worst 

model (model 254); For illustration purposes, a red line divides models modulated by 

motor execution (left) and those modulated by motor imagery (right) (D) Posterior 

probabilities of all models 


