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Editorial
IMPORTANCE It is well accepted that a significant number of patients in a vegetative state are

covertly aware and capable of following commands by modulating their neural responses in
motor imagery tasks despite remaining nonresponsive behaviorally. To date, there have been
few attempts to explain this dissociation between preserved covert motor behavior and
absent overt motor behavior.
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OBJECTIVES To investigate the differential neural substrates of overt and covert motor
behavior and assess the structural integrity of the underlying networks in behaviorally
nonresponsive patients.
DESIGN, SETTING, AND PARTICIPANTS A case-control study was conducted at an academic
center between February 7, 2012, and November 6, 2014. Data analysis was performed
between March 2014 and June 2015. Participants included a convenience sample of 2
patients with severe brain injury: a paradigmatic patient who fulfilled all clinical criteria for the
vegetative state but produced repeated evidence of covert awareness (patient 1) and, as a
control case, a patient with similar clinical variables but capable of behavioral command
following (patient 2). Fifteen volunteers participated in the study as a healthy control group.
MAIN OUTCOMES AND MEASURES We used dynamic causal modeling of functional magnetic
resonance imaging to compare voluntary motor imagery and motor execution. We then used
fiber tractography to assess the structural integrity of the fibers that our functional magnetic
resonance imaging study revealed as essential for successful motor execution.
RESULTS The functional magnetic resonance imaging study revealed that, in contrast to
mental imagery, motor execution was associated with an excitatory coupling between the
thalamus and primary motor cortex (Bayesian model selection; winning model Bayes factors
>17). Moreover, we detected a selective structural disruption in the fibers connecting these 2
regions in patient 1 (fractional anisotropy, 0.294; P = .047) but not in patient 2 (fractional
anisotropy, 0.413; P = .35).
CONCLUSIONS AND RELEVANCE These results suggest a possible biomarker for the absence of
intentional movement in covertly aware patients (ie, specific damage to motor
thalamocortical fibers), highlight the importance of the thalamus for the execution of
intentional movements, and may provide a target for restorative therapies in behaviorally
nonresponsive patients.
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P

atients in a vegetative state are considered by current
clinical standards to be unconscious because they show
no spontaneous purposeful behaviors and produce no
responses to verbal commands.1,2 Nevertheless, it is now well
accepted that a subset of covertly aware patients exists who
will escape detection, even after repeated and rigorous behavioral assessments by experienced teams. In these patients, clear
signs of awareness can be demonstrated using neuroimaging
techniques that do not rely on an ability to produce an external response.3 A commonly used approach is to instruct patients to imagine a motor command (eg, swinging their arm
back and forth to hit a tennis ball) while their neural responses are recorded with functional magnetic resonance
imaging (fMRI) or electroencephalography (EEG).3 The neural responses to command provide a proxy for a motor action;
hence, the responses can be interpreted as evidence of covert
command following and, therefore, awareness.
The clinical and scientific communities have yet to agree
on the appropriate diagnostic label for such covertly aware
patients4 (henceforth referred to as covertly aware), and, to our
knowledge, there have been no attempts to explain their paradoxical abilities. Imagining a motor action (eg, hitting a tennis ball) and performing the same motor action (henceforth referred to as motor imagery and motor execution, respectively)

are assumed to be partially overlapping processes that engage similar brain networks.5 A reasonable prediction then
would be that a patient who is capable of imagining acting
should also be able to act. Covertly aware patients, however,
challenge this prediction.
There is growing evidence from both postmortem and in
vivo structural MRI studies6-11 suggesting that the thalamus,
including its projections to the cortex, is an important neuropathologic component of the vegetative state and related disorders of consciousness. On the basis of this evidence and the
well-studied connections between the thalamus and motor cortical areas,12 along with the recently proposed role of the thalamus in motor control,13 we hypothesized that a dysfunction
in motor thalamocortical circuits would explain the absence
of external responsiveness in covertly aware patients. To test
this hypothesis, we first conducted an fMRI study and generated a dynamic causal model14 to explain differences in the activation of the thalamus and motor cortical regions between
motor imagery and execution. Fifteen healthy volunteers were
asked to either move their hand to hit a tennis ball in front of
them or imagine they were performing the same movement
(Figure 1). Consistent with our hypothesis, Bayesian model
selection15 indicated that excitatory outputs from the thalamus to the primary motor cortex (M1) were crucial for execut-

Figure 1. Experimental Design and Setup
A Experimental paradigm
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Participant with hand rested in home position

10-s Baseline
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20-s Move
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20-s Relax

Total time: 8 min 10 s
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A, Participants alternated blocks of motor imagery, motor execution, and rest
for a total of 8 minutes 10 seconds while lying in the functional magnetic
resonance imaging scanner. The beginning of each block was cued by the
auditory words move, imagine, and relax. B, The participants lay supine with
their head tilted to enable direct viewing of the hand workspace without
mirrors. A combination of phased array coils collected whole-brain volumes.
A real tennis ball was presented on a wooden platform. The upper arm was
restrained such that movements could be made with the elbow. Between
actions, the hand rested in a comfortable home position (as shown). Flexible
stalks were used to position a fixation point, illuminator, and a magnetic

E2

20 s

resonance–compatible camera to record hand movements. Auditory cues
regarding the tasks were presented through headphones. C, Throughout the
experiment, the room was maintained in complete darkness and the
participants were instructed to keep their eyes on the fixation point. During the
motor imagery and motor execution blocks, the participants were instructed to
move their right hand to hit the tennis ball in front of them or imagine that
movement along with the sound of beeps, for a total of 6 times in each block.
At the beginning of each trial, the tennis ball was briefly illuminated (250
milliseconds) to facilitate the task while ensuring no visual feedback for the
actual hand movement.
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ing these movements. Based on these results, in a second
study we used diffusion tensor imaging (DTI) tractography to
identify a severe and selective impairment in the structural
integrity of the fibers connecting the thalamus and M1 in a
patient who was repeatedly able to perform motor imagery
tasks on command but was unable to produce purposeful
movements.3,16-18

Methods
Participants
Fifteen right-handed, healthy volunteers (mean [SD] age, 23.6
[3] years; 9 men) took part in the fMRI and DTI studies. None
of the volunteers declared any history of neurologic or psychiatric disease.
Two patients with traumatic brain injury were included in
the DTI study. Patient 1 was selected from a convenience sample
of 19 patients with disorders of consciousness based on his clinical diagnosis (ie, vegetative state), consistent lack of behavioral command following in repeated assessments, and reliable evidence of covert awareness and communication ability
across multiple independent fMRI and EEG assessments.3,16-18
Patient 2 was selected from the same convenience sample to
match patient 1’s etiology (ie, traumatic brain injury) and time
after injury but to have reliable behavioral evidence of command following. Specifically, she was capable of using her right
upper limb to reach for different objects in response to the examiner’s instructions, to functionally use common objects, such
as a cup or a comb, and to gesture accurate answers to situational orientation questions. In addition, during her visit to
our center, patient 2 was assessed with 2 mental imagery tasks
as previously described.18,19 Although we failed to detect statistically significant evidence of motor imagery, we identified
robust markers of mental navigation. There is no way to independently confirm whether the lack of activity in the motor imagery task was the result of the imaging approach (ie, falsenegative) or truly represented a failure to carry out motor
imagery (ie, true-negative).20 Functional MRI evidence aside,
the external capabilities of patient 2 closely mirrored the covert capabilities of patient 1, who could imagine right arm movements in response to command and use them to communicate in the scanner, and made patient 2 an excellent control case
for the study of the neural substrates that prevent individuals
from voluntarily controlling their motor behavior.
The initial 19-patient cohort included all patients who underwent fMRI scanning between February 7, 2012, and November 6, 2014, as part of a research study conducted at the
University of Western Ontario. Independent functional and
structural datasets from subsets of this cohort have been previously reported.3,16-18,21 Inclusion criteria for the study required adults with a diagnosis of chronic disorder of consciousness or emerging from the minimally conscious state at the time
of the study. The only exclusion criterion was unsuitability to
enter the MRI environment. Clinical and behavioral data on
both patients can be found in eTable 1 in the Supplement.
The University of Western Ontario’s Health Sciences Research Ethics Board provided ethical approval for the study.
jamaneurology.com
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All healthy volunteers gave written informed consent and were
paid for their participation. The brain-injured patients’ surrogate decision makers gave written informed assent; patients
were not financially compensated.

fMRI Paradigm and Experimental Setup
While in the fMRI scanner, participants were instructed to
either move their right hand to hit a tennis ball, which was
placed on a wooden platform in front of them, or to imagine
the same movement. Imagery and execution blocks were 20
seconds long and alternated with 20-second periods of rest for
a total of 8 minutes 10 seconds (including an initial 10 seconds at baseline) (Figure 1). The beginning of each block was
cued with the words “move,” “imagine,” or “relax.” Within each
action block the participant was instructed to perform or imagine the action 6 times at the sound of beeps. All participants
completed 2 runs of this task. The eMethods in the Supplement
gives a full description of the experimental setup.

MRI Acquisition
Data were acquired in a 3-T scanner (Magnetom Trio Tim; Siemens) at the Centre for Functional and Metabolic Mapping at
Robarts Research Institute. For the fMRI study, we used a combination of parallel imaging coils to achieve a good signal to noise
ratio and enable direct viewing without mirrors or occlusion.
We tilted (approximately 20°) the posterior half of a 32channel head coil (16 channels) and suspended a 4-channel receive-only flex coil over the anterior-superior part of the head.
The fMRI protocol included 2 sessions of 245 volumes using
echo-planar images (repetition time [TR], 2000 milliseconds; echo time [TE], 30 milliseconds; matrix size, 70 × 70;
section thickness, 3 mm; in-plane resolution, 3 × 3 mm; and
flip angle, 78°). Each volume comprised 36 sections angled at an
approximate 30° caudal tilt with respect to the anterior to posterior commissure line, providing near whole-brain coverage. A high-resolution, T1-weighted, 3-dimensional magnetization prepared rapid acquisition gradient echo image was also
acquired (TR, 2300 milliseconds; TE, 2.98 milliseconds; inversion time, 900 milliseconds; matrix size, 256 × 240; voxel
size, 1 × 1 × 1 mm; and flip angle, 9°). The task instructions and
cues were presented using an MRI-compatible high-quality
digital sound system incorporating noise-attenuated headphones (Silent Scan; Avotec Inc).
Diffusion-weighted images were acquired in the same scanner but with use of the standard configuration of the 32-channel
head coil. Images included diffusion-sensitizing gradients applied along 64 noncollinear directions with a b value of 700
s/mm2 (TR, 8700 milliseconds, TE, 77 milliseconds, matrix size,
96 × 96; 77 sections; section thickness, 2 mm; and no gap).

fMRI Preprocessing and General Linear Model Analysis
Data analysis was performed between March 2014 and June
2015. We first performed an independent component analyses–
based artifact removal22 to eliminate potential undesirable effects of task-related motion in the activation maps (eMethods
in the Supplement). After removal of noise, the data were then
preprocessed and analyzed using SPM8 (http://www.fil.ion
.ucl.ac.uk/spm). Spatial preprocessing included realignment
(Reprinted) JAMA Neurology Published online October 19, 2015
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Table. Random Effects Group Analysisa
Region

P Value for Cluster (FWE Corrected)

SMA

<.001

9.301

−6, −4,67

MI

M1

<.001

12.225

−27,−13,64

ME

.012

5.706

−12,−22, 4

ME

Thalamus

MNI x, y, z Coordinates

Contrast

Abbreviations: FWE, familywise error; M1, motor cortex; ME, motor execution
vs rest; MI, motor imagery vs rest; MNI, Montreal Neurological Institute;
SMA, supplementary motor area.

a

to correct the participants’ motion, coregistration between the
structural and functional data sets, spatial normalization, and
smoothing with an 8-mm full width at half maximum gaussian kernel. Single-participant fixed-effect analyses were performed in each person using a general linear model, which included motor imagery and motor execution as regressors of
interest, plus realignment factors as effects of noninterest to
account for residual motion-related variance. Contrast images were created for each participant and entered separately
into voxelwise 1-sample, 1-tailed t tests. The statistical threshold was set at a familywise error (FWE)–corrected P < .05 on
the following regions of interest: left supplementary motor area
(SMA), precentral gyrus, and thalamus, using WFU PickAtlas.
Regions of interest were obtained from the Automated Anatomical Labeling atlas.23

Families were first compared using Bayesian family
inference.36 The models in the winning family were then evaluated using Bayesian model selection.15 The DCM-derived coupling factors for the winning model were tested for statistical
significance using a 1-sample t test (P < .05).

Dynamic Causal Modeling
We used dynamic causal modeling (DCM) to explore the neural dynamics underlying the differences reported above. Dynamic causal modeling is a generic Bayesian framework for inferring hidden (unobserved) neuronal states from measured
brain activity.14,24 The main objective of the present study was
to assess potential differences in effective connectivity between the thalamus and cortical motor areas in motor imagery
vs execution. Based on our general linear model results, we constructed a basic 3-area model including the left M1, SMA, and
thalamus. The stimuli (task) entered the model by directly affecting the SMA, M1, and thalamus (following a similar approach used in a previous study25). Then, based on known cytoarchitecture from human and animal work26-32 (eMethods in
the Supplement), the induced activity was allowed to spread
along reciprocal connections between the SMA and thalamus,
between the thalamus and M1, and a forward-only connection
from the SMA to M1 (eFigure 1A in the Supplement). Furthermore, we generated a second family of models that included a
direct backward connection from the M1 to SMA to test our models’ assumptions about underlying structure (eMethods in the
Supplement). Motor execution or imagery was allowed to modulate the strength of all possible combinations of connections and
the activity of all possible combinations of areas. This procedure resulted in 496 models in the first family (eFigure 1B and
C in the Supplement) and 1008 in the second family.
Although others have recommended the study of constrained model spaces,33 the reasons have been primarily
practical24 and not statistical. (See Kruschke34 for a detailed discussion of Bayesian statistics.) A comprehensive model space
such as ours is advantageous during model comparison because
it allows multiple explanations of the data to be tested explicitly.35
E4

T Value

The MNI coordinates and T values of the local maximum of each group general
linear model activation for the regions included in the dynamic causal
modeling analyses are presented.

DTI Data Analysis
Images were preprocessed using the FMRIB Software Library
(http://www.fmrib.ox.ac.uk/fsl/) as described elsewhere.10 Fractional anisotropy (FA) maps were obtained, and diffusion modeling and probabilistic tractography were carried out using
FMRIB’s Diffusion Toolbox.37 Fiber tracking was estimated for
each participant between the thalamus and M1 as well as the
thalamus and SMA (eMethods in the Supplement).
Mean FA values for the obtained paths connecting the
thalamus with the M1 and SMA were calculated and used to
quantify and compare the integrity of the identified paths. We
used Crawford’s Bayesian standardized difference test38 to look
for dissociations in the damage of the target pathways (ie, thalamus to M1 and thalamus to SMA) in each patient. This test allows for robust statistical comparisons between individual
measures and norms derived from a control sample.38 Given
our a priori directional hypothesis, all tests were 1-tailed, with
significance at P < .05. Graphs were produced using Matlab,
version 2013a (The MathWorks Inc).

Results
Differential Neural Activity During Motor Imagery
and Motor Execution
Group-level, random-effects, 1-sample t tests performed on the
fMRI data revealed significant clusters of neural activity in the
left precentral gyrus and left juxtapositional lobule, representing the M1 and SMA, respectively, as well as the left thalamus,
for the blocks in which the participants were moving their right
hand to hit the tennis ball (ie, motor execution). Motor imagery (ie, imagining moving their hand to hit the tennis ball) also
elicited activity in the SMA and M1 but not in the thalamus
(P < .05 FWE corrected) (Table). When motor execution and motor imagery were directly compared, both the left M1 and thalamus showed increased activity for motor execution (P < .05
FWE corrected) (Figure 2 and eTable 2 in the Supplement).

Construction of Dynamic Causal Models
and Bayesian Model Selection
The optimal family was found to be the one without a backward connection from the M1 to SMA (eFigure 2 in the Supple-
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ment) in accordance with known cytoarchitecture. The 496 models in the winning family were evaluated using Bayesian model
selection.15 The optimal model was found to be the one in which
motor execution exerted a direct influence on the thalamus and
a modulatory influence on the connection from the thalamus to
M1 (Bayes factors >17) (Figure 3). Bayesian factors for all evaluated models are displayed in eFigure 3 in the Supplement.
The analysis of this optimal model showed that, when the
participants moved their right hand (in contrast to imagining
moving it), neural activity in the left M1 was driven by a sigFigure 2. Group General Linear Model Differences Between Motor
Imagery and Execution

nificant enhancement of the excitatory influence exerted by
the left thalamus (P < .05) (eTable 3 in the Supplement includes variables and P values).
The 496 models were evenly divided into those modulated by motor imagery and those modulated by motor
execution. Bayesian factors showed a clear trend toward the
group of models modulated by motor execution (eFigure 3 in
the Supplement), indicating that the change in activity in the
thalamus and M1 is more likely to be caused by an excitatory
influence during execution than an inhibitory influence during imagery.

Structural Integrity of the Fibers Connecting the Thalamus
to M1 in the Covertly Aware Patient

SMA

We were able to reconstruct both tracts in all participants
(Figure 4A). Mean FA was used as a measure of the structural
integrity of the tracts. We used the Bayesian standardized difference test38 to look for a dissociation between the damage in
the 2 studied pathways in each patient relative to the healthy
volunteers. Patient 1 showed a significant dissociation, with
more marked damage in the fibers connecting the thalamus and
M1 compared with the thalamus and SMA (patient 1 FA, 0.294
vs 0.357; healthy volunteers mean [SD] FA, 0.455 [0.021] vs
0.443 [0.024]; P = .047). In contrast, the damage in these 2 fiber paths was not significantly dissociable in patient 2 (FA, 0.413
vs 0.428; P = .35) (Figure 4B). Additional analyses showed similar results for the right hemisphere.

M1
Thalamus

z = 61

z = 52

z=4

Compared with motor imagery, motor execution generated higher activation in
all 3 regions of interest studied: the supplementary motor area (SMA), primary
motor cortex (M1), and thalamus. For display purposes, activation maps are
shown at an uncorrected value of P < .01 and rendered on a single-participant
T1-weighed image (eTable 2 in the Supplement presents participant-specific
coordinates corresponding to the regions listed above). z indicates the Montreal
Neurological Institute z correlate; color scale, t statistic values.

Discussion
Our findings provide, for what we believe to be the first time,
a neural explanation for the lack of purposeful motor behavior in covertly aware patients. Dynamic causal modeling of fMRI
data demonstrated that the thalamus to M1 connection is essential for the execution of purposeful movements in healthy

Figure 3. Summary of the Group Results for Optimal Dynamic Causal Model
Significant modulation (P <.05)
Nonsignificant modulation (P >.05)
Excitatory connection
Inhibitory connection

Motor execution
SMA
–6, –4, 67
Thalamus

M1
Task

–12, –22, 4

–27, –13, 64

jamaneurology.com

This model indicates that the motor
execution task modulates the
excitatory outputs from the thalamus
to the motor cortex (M1) as well as
the thalamus itself. The insets display
the results from the random-effects
general linear model analysis
together with the group coordinates
of the regions included in the model:
the supplementary motor area
(SMA), primary motor cortex (M1),
and thalamus. Activations are shown
at a threshold of familywise
error–corrected P < .05 (eTable 3 in
the Supplement presents
participant-specific factors). Groups
of 3 numbers indicate Montreal
Neurological Institute x, y, and z
correlates; color scale, t statistic
values.
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Figure 4. Summary of the Diffusion Tensor Imaging Tractography Results
A Group probability maps

z=8

B

z = 18

z = 38

C

3-D representation of the tracts

z = 58

FA values
0.5

FA Values

0.4

0.3

0.2
Healthy participants
Patient 1
Patient 2

0.1

0
M1 and Thalamus

individuals. Furthermore, in a paradigmatic case of a paradoxically aware patient with a clinical diagnosis of vegetative
state,3 we identified a selective structural damage to the white
matter fibers connecting the thalamus and M1 bilaterally. Crucially, such damage was not present in a second patient with
a similar clinical history but who was capable of overt command following.
We cannot rule out the presence of additional intermediate relay regions in our DCM model24; however, there is strong
evidence that supports a direct anatomical connection between the thalamus and M1.26-30,39 It is also known12 that the
thalamus modulates the motor cortex via direct afferent outputs, but corticothalamic modulations have a basal ganglia relay. In this context, it is reasonable to assume that the fibers we
reconstructed with our tractography methods in both the
healthy volunteers and patients are those that carry ascendant information to the cortex. Structural damage to these fibers would thus be disrupting the flow of information from the
thalamus to M1 and abolishing the patient’s ability to voluntarily execute a motor command. This finding is in agreement
with studies40-43 in other neurologic groups, such as patients
with stroke, that have identified an association between the
structural and functional connectivity of the thalamus and M1
and the patients’ motor deficits. Furthermore, this finding on
the effect of structural damage is consistent with evidence of
E6

SMA and Thalamus

A, Group probability maps of
reconstructed tracts in the healthy
participants. Maps are thresholded at
presence in at least 25% of the
participants. Images are displayed in
Montreal Neurological Institute
standard stereotaxic units, and
coordinates are provided for each
slice. B, Three-dimensional (3-D)
representation of the tracts in part A
for the left hemisphere. C, Mean
fractional anisotropy (FA) values for
the fibers connecting the thalamus
with the motor cortex (M1) and
thalamus with the supplementary
motor area (SMA) for each patient
and the mean of the healthy controls.
Patient 1 (vegetative state) showed a
significant dissociation (P = .047) in
the damage of these 2 fiber paths,
with a more pronounced reduction in
FA for paths connecting the thalamus
and M1. Such dissociation was not
present in patient 2 (emerging from
the minimally conscious state)
(P = .35). (eTable 2 in the Supplement
presents a summary of the clinical
and demographic characteristics of
the patients.) z indicates the
Montreal Neurological Institute
z correlate.

some covertly aware patients activating premotor regions but
not primary motor cortex when asked to try to move.16,44
For decades, studies of motor imagery and execution in
both healthy volunteers and patient populations indicated
overlapping activation patterns.45 However, the recent development of effective connectivity methods (eg, graph theory
or DCM) has allowed for a more detailed study of the regional
dynamics within motor networks.46 Specifically, the SMA has
been proven to exert a task-dependent inverse influence over
the M1: excitatory during motor execution and inhibitory during motor imagery.25,47-49 However, to our knowledge, the contribution of subcortical structures, in particular, the thalamus, to such differential dynamics had not been studied. Our
fMRI results provide further evidence for dissociable network dynamics during motor imagery and execution and highlight the role of the thalamus as a relay in the excitation of the
M1 during motor execution.
Some authors50,51 have used the historical notion of motor imagery and execution equivalency to argue that the neural responses elicited during fMRI motor imagery paradigms
in otherwise nonresponsive patients do not reflect volition on
the part of the patient. Our fMRI results, however, contradict
such claims: if voluntary motor imagery and execution are dissociable processes, it is conceivable that one may be maintained in the absence of the other. Shea and Bayne52 have ar-
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gued that damage to the peripheral nervous system as well as
muscular contractures could be limiting these patients’ mobility and explaining their absence of motor responses. Although such damage is present in most patients in a vegetative state53,54 and may contribute to their motor deficits, the
damage cannot account for the lack of voluntary motor control since frequent spontaneous movements are characteristic of such patients. Our DTI results, however, provide a direct
neural correlate for these patients’ inability to execute an intended movement and, in doing so, further support the use of
fMRI responses as a proxy for behavioral command following
and awareness.
Widespread severe white matter and thalamic damage are
the most important neuropathologic findings in patients in a
posttraumatic vegetative state.8,53,55 Nonetheless, patient 1
showed selective damage to the thalamus to M1 pathway, which
went above and beyond a more global injury and did not affect
the neighboring fibers connecting the thalamus with the SMA
to the same extent. The specific mechanisms underlying the
selectivity of this damage remain the subject of further investigation. Previous studies26,39 demonstrated a topographic differentiation in the origin of thalamic inputs to the SMA and M1
within the ventrolateral thalamic nuclei, which could lead to
differences in vulnerability to injury. However, strong
evidence6,7,9,56 indicates that the dorsomedial nucleus of the
thalamus has the most severe damage in patients in a vegetative state. This nucleus is known to be the origin of fibers projecting to associative regions in the frontal cortex.40 One of the
most recently proposed models57,58 describes the lack of awareness in the vegetative state as a result of a downregulation of
frontoparietal networks caused by metabolic suppression of
the central thalamus, including the dorsomedial nucleus and
internal medullary lamina. Furthermore, the investigators reported a relatively preserved metabolism in motor thalamocortical networks. Our results complement this model in suggesting that 2 separate clinical syndromes may arise as a result
of subtle regional differences in the patterns of thalamocortical damage after brain injury: a true vegetative state would occur following damage to the central thalamus and its projections, and the still-unnamed condition of covert awareness with
absent physical responses would be caused by damage to the
ventrolateral thalamus and its projections. Further investigations in larger groups of patients will confirm whether damage to the thalamocortical network involved in motor control
is the primary underlying mechanism of this condition.
Several limitations should be considered when interpreting our findings. First, the DCM results were obtained from a
small sample of 9 individuals in whom we could identify suprathreshold activity in the contrast between motor execution and motor imagery in all 3 regions of interest and scanning runs. Individual differences in structural architecture,
functional organization, or neuromodulation may explain the
lack of statistically reliable activity in this contrast in the re-
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maining participants.59 Moreover, we began the search for activity in each participant in a predefined area around the coordinates obtained in the group analysis. As a result, our
approach may have failed to identify the appropriate (active)
brain areas simply because of interindividual variations in their
exact location. Second, in addition to a lack of overt commandfollowing capabilities, patient 1 failed to exhibit other signs of
consciousness, such as visual fixation or visual pursuit, and was
unable to produce intelligible vocalizations. Although these
deficits cannot be explained by our findings, an interesting parallel can be drawn between the voluntary control of hand and
eye movements. Indeed, like voluntary hand movements, the
neural circuits controlling saccades and visual pursuit include the basal ganglia, thalamus, and motor and premotor
cortices.60 In fact, the frontal eye field (the cortical area that
ultimately produces the movement of the eye) lies adjacent to
the motor representation of the arm and hand.61,62 Moreover,
the ventrolateral thalamic nucleus plays a central role in the control of eye movements, exerted via its direct projections to the
frontal and supplementary eye fields,63 and injury to the frontal eye fields leads to dramatic eye movement impairment.64
Therefore, a plausible hypothesis would be that damage to the
ventrolateral thalamus and its projections may lead to disruption in the circuits controlling both limb and eye movements,
which may explain the absence of visual fixation and pursuit
seen in covertly aware patients. Similarly, the inferior frontal
gyrus, precentral gyrus, and thalamus have been reliably
reported65 as key regions for intelligible word production. The
specific study of visual and speech function was outside the
scope of the present study, and we lack a reliable model of dysfunction in our patients that could be used to make predictions about the specific location of the structural damage. However, this relationship offers an interesting hypothesis for
further studies. Finally, the source of the vegetative state was
traumatic brain injury in both patients reported here. Although thalamic injury is a common neuropathologic finding
both in patients with and without trauma, the degree of white
matter damage differs between these groups.66 Therefore, our
findings should be confirmed in patients with nontraumatic
sources of brain damage before they can be extrapolated to
other patients.

Conclusions
To our knowledge, this study provides the first direct neural
correlate for the absence of intentional movement in a covertly aware, but clinically vegetative, patient. These results
not only may suggest a possible early diagnostic biomarker for
this recently discovered group of covertly aware patients but
also may pave the road for the development of therapies aimed
at restoring their lost motor abilities (eg, deep brain stimulation of the ventrolateral thalamic nuclei).
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