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ABSTRACT

BACKGROUND

The differential diagnosis of disorders of consciousness is challenging. The rate of
misdiagnosis is approximately 40%, and new methods are required to complement
bedside testing, particularly if the patient’s capacity to show behavioral signs of
awareness is diminished.

METHODS

At two major referral centers in Cambridge, United Kingdom, and Liege, Belgium,
we performed a study involving 54 patients with disorders of consciousness. We used
functional magnetic resonance imaging (MRI) to assess each patient’s ability to
generate willful, neuroanatomically specific, blood-oxygenation-level-dependent
responses during two established mental-imagery tasks. A technique was then de-
veloped to determine whether such tasks could be used to communicate yes-or-no
answers to simple questions.

RESULTS

Of the 54 patients enrolled in the study, 5 were able to willfully modulate their
brain activity. In three of these patients, additional bedside testing revealed some
sign of awareness, but in the other two patients, no voluntary behavior could be
detected by means of clinical assessment. One patient was able to use our technique
to answer yes or no to questions during functional MRI; however, it remained im-
possible to establish any form of communication at the bedside.

CONCLUSIONS
These results show that a small proportion of patients in a vegetative or minimally
conscious state have brain activation reflecting some awareness and cognition.
Careful clinical examination will result in reclassification of the state of conscious-
ness in some of these patients. This technique may be useful in establishing basic
communication with patients who appear to be unresponsive.
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N RECENTYEARS, IMPROVEMENTS IN INTEN-

sive care have led to an increase in the number

of patients who survive severe brain injury.
Although some of these patients go on to have
a good recovery, others awaken from the acute
comatose state but do not show any signs of
awareness. If repeated examinations yield no evi-
dence of a sustained, reproducible, purposeful,
or voluntary behavioral response to visual, audi-
tory, tactile, or noxious stimuli, a diagnosis of a
vegetative state — or “wakefulness without aware-
ness” — is made.’> Some patients remain in a
vegetative state permanently. Others eventually
show inconsistent but reproducible signs of aware-
ness, including the ability to follow commands,
but they remain unable to communicate interac-
tively. In 2002, the Aspen Neurobehavioral Con-
ference Work Group coined the term “minimally
conscious state” to describe the condition of such
patients, thereby adding a new clinical entity to
the spectrum of disorders of consciousness.°

There are two main goals in the clinical as-
sessment of patients in a vegetative or minimal-
ly conscious state. The first goal is to determine
whether the patient retains the capacity for a
purposeful response to stimulation, however in-
consistent. Such a capacity, which suggests at
least partial awareness, distinguishes minimally
conscious patients from those in a vegetative state
and therefore has implications for subsequent
care and rehabilitation, as well as for legal and
ethical decision making. Unfortunately, the be-
havior elicited from these patients is often am-
biguous, inconsistent, and constrained by varying
degrees of paresis, making it very challenging to
distinguish purely reflexive from voluntary behav-
iors. Nevertheless, in the absence of an absolute
measure, awareness has to be inferred from a
patient’s motor responsiveness; this fact undoubt-
edly contributes to the high rate of diagnostic
errors (approximately 40%) in this group of pa-
tients.”°

The second goal of clinical assessment is to
harness and nurture any available response,
through intervention, into a form of reproducible
communication, however rudimentary. The ac-
quisition of any interactive and functional verbal
or nonverbal method of communication is an
important milestone. Clinically, consistent and

repeatable communication demarcates the upper
boundary of a minimally conscious state.®

In this article, we present the results of a
study conducted between November 2005 and
January 2009 in which functional magnetic reso-
nance imaging (MRI) was routinely used in the
evaluation of a group of 54 patients with a clini-
cal diagnosis of being in a vegetative state or a
minimally conscious state. In light of a previous
single-case study that showed intact awareness
in a patient who met the clinical criteria for being
in a vegetative state,'° our investigation had two
main aims. The first aim was to determine what
proportion of this group of patients could also
reliably and repeatedly modulate their functional
MRI responses, reflecting preserved awareness.
The second aim was to develop and validate a
method that would allow such patients to func-
tionally communicate yes-or-no responses by mod-
ulating their own brain activity, without training
and without the need for any motor response.

METHODS

PATIENTS
A convenience sample of 54 patients with severe
brain injury, including 23 in a vegetative state and
31 in a minimally conscious state, underwent
functional MRI as a means of evaluating their
performance on motor and spatial imagery tasks.
Characteristics of the patients are shown in Ta-
ble 1, and the inclusion criteria are described in
the Supplementary Appendix, available with the
full text of this article at NEJM.org. Written in-
formed consent was obtained from the legal
guardians of all patients. The motor and spatial
imagery tasks have been well validated in healthy
control subjects'®12 and are known to be associ-
ated with distinct functional MRI activity in the
supplementary motor area and the parahippo-
campal gyrus.

The method to detect functional communica-
tion was first tested for feasibility and robust-
ness in 16 healthy control subjects (9 men and
7 women) with no history of a neurologic disor-
der. Once validated, the tasks were given to one
patient (Patient 23 in Table 1 and Fig. 1), who
had received a diagnosis of being in a permanent
vegetative state 17 months after a traffic accident;
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this diagnosis was confirmed by a month-long
specialized assessment 3.5 years after the injury.
At the time of admission for functional MRI
scanning (5 years after the ictus), the patient was
assumed to remain in a vegetative state, although
extensive behavioral testing after the functional
MRI revealed reproducible, but inconsistent, re-
sponses indicative of a minimally conscious state.
(The Supplementary Appendix includes detailed
results and a description of the clinical assess-
ment of this patient.)

IMAGERY TASKS
While in the functional MRI scanner, all patients
were asked to perform two imagery tasks. In the
motor imagery task, they were instructed to
imagine standing still on a tennis court and to
swing an arm to “hit the ball” back and forth
to an imagined instructor. In the spatial imagery
task, participants were instructed to imagine nav-
igating the streets of a familiar city or to imagine
walking from room to room in their home and to
visualize all that they would “see” if they were
there. First, two so-called localizer scanning ses-
sions were conducted in which the patients were
instructed to alternate 30-second periods of men-
tal imagery with 30-second periods of rest. Each
scan included five rest-imagery cycles. The begin-
ning of each imagery period was cued with the
spoken word “tennis” or “navigation,” and rest
periods were cued with the word “relax.”

COMMUNICATION TASK
After the localizer scans had been obtained, all
16 control subjects and 1 patient underwent func-
tional MRI during which they attempted to an-
swer questions by modulating their brain activity,
and a set of so-called communication scans were
obtained. Before each of these imaging sessions,
participants were asked a yes-or-no question (e.g.,
“Do you have any brothers?”) and instructed to
respond during the imaging session by using one
type of mental imagery (either motor imagery or
spatial imagery) for “yes” and the other for “no.”
The nature of the questions ensured that the in-
vestigators would not know the correct answers
before judging the functional MRI data. Partici-
pants were asked to respond by thinking of which-
ever imagery corresponded to the answer that they

wanted to convey. Communication scanning was
identical to localizer scanning with the exception
that the same neutral word “answer” was used to
cue each response to a question (with “relax” used
as the cue for rest periods). Cues were delivered
once, at the beginning of each period. Three com-
munication scans (with one question per scan)
were obtained for each of the 16 healthy control
subjects. To maximize statistical power, six com-
munication scans (with one question per scan)
were obtained for the patient.

STATISTICAL ANALYSIS
Analyses were performed with the use of FSL
software, version 4.1.1* Data analysis included
standard functional MRI preprocessing steps
(functional MRI acquisition and preprocessing
are described in the Supplementary Appendix).
For each scan, a general linear model contrasting
periods of active imagery with periods of rest was
computed. All contrasts were limited to the brain
locations within the supplementary motor area
and the parahippocampal gyrus, as defined in
the Harvard-Oxford Cortical Structural Atlas
(available in FSL software), and a threshold was
established, with gaussian random-fields theory,
at a cluster-level z value of more than 2.3 (cor-
rected P<0.05). The defined regions of interest
were transformed from standard space (accord-
ing to the criteria of the Montreal Neurological
Institute) to fit each subject’s structural image,
with the use of a method involving 12 degrees of
freedom.

To determine whether the imagery tasks
produced the expected activations in predefined
neuroanatomical locations, two scans were com-
pared for each participant: motor imagery and
spatial imagery. The multiple localizer scanning
sessions of the patient who also underwent com-
munication scanning were averaged with the use
of a fixed-effects model.

Answers provided during the communication
scanning were assessed with the use of a two-
step procedure. First, activity in the two regions
of interest (the supplementary motor area and the
parahippocampal gyrus) identified during the lo-
calizer scanning was quantitatively characterized
(with the use of the average generalized linear
model estimate for each region of interest).
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Table 1. Characteristics of the Patients.*
Response on Response on
Patient Diagnosis Cause Interval Motor Imagery Spatial Imagery
No. Location Age Sex on Admission of Disorder since Ictus Task Task
yr mo
1 Cambridge 58 Male VS TBI 6.0 No No
2 Cambridge 43 Female VS Anoxic brain injury 50.0 No No
3 Cambridge 41 Female 'S TBI 10.0 No NA
4 Cambridge 23 Female VS TBI 6.0 Yes Yes
5 Cambridge 42 Male VS Anoxic brain injury 8.0 No No
6 Cambridge 46 Male VS TBI 2.0 Yes No
7 Cambridge 52 Female VS Anoxic brain injury, 8.0 No NA
encephalitis
8 Cambridge 23 Male VS TBI 19.0 No No
9 Cambridge 48 Female VS Anoxic brain injury 18.0 No No
10 Cambridge 34 Male VS TBI 13.0 No No
11 Cambridge 35 Male VS Anoxic brain injury 10.0 No No
12 Cambridge 29 Male VS TBI 11.0 No No
13 Cambridge 67 Male VS TBI 14.0 No No
14 Cambridge 21 Male VS TBI 6.0 No No
15 Cambridge 49 Male VS TBI 3.0 No NA
16 Cambridge 56 Female VS Anoxic brain injury 9.0 No No
17 Liege 87 Male VS CVA <1.0 No No
18 Liege 62 Male S CVA 1.0 No No
19 Liege 15 Male VS Anoxic brain injury, 20.5 No No
TBI
20 Liege 70 Female VS Meningitis 2.5 No No
21 Liege 47 Male VS Anoxic brain injury 18.8 No No
22 Liege 22 Female VS TBI 30.2 Yes Yes
235 Liege 22 Male VS TBI 60.8 Yes Yes
24 Cambridge 23 Male MCS TBI 11.0 No No
25 Cambridge 38 Female MCS TBI 3.0 No NA
26 Cambridge 18 Male MCS TBI 8.0 No No
27 Cambridge 26 Male MCS TBI 11.0 No NA
28 Cambridge 64 Male MCS TBI 6.0 No No
29 Cambridge 54 Female MCS Brain-stem stroke 5.0 No No
30 Cambridge 29 Female MCS TBI 2.0 No NA
31 Cambridge 19 Female MCS TBI 1.0 No No
32 Cambridge 34 Male MCS TBI 52.0 No NA
33 Cambridge 17 Male MCS TBI 7.0 No NA
34 Cambridge 56 Male MCS Anoxic brain injury 6.0 No No
35 Cambridge 21 Male MCS TBI 51.0 No No
36 Cambridge 53 Female MCS Anoxic brain injury 13.0 No No
37 Cambridge 36 Male MCS TBI 30.0 No NA
38 Cambridge 25 Male MCSs TBI 8.0 No No
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Table 1. (Continued.)
Response on
Patient Diagnosis Cause Interval Motor Imagery
No. Location Age Sex on Admission of Disorder since Ictus Task
yr mo
39 Liege 64 Female MCS Meningitis <1.0 No
40 Liege 37 Male MCS TBI 11.4 No
41 Liege 70 Male MCS Meningitis 1.3 No
42 Liege 36 Male MCS TBI 4.5 No
43 Liege 49 Male MCS TBI 0.4 No
44 Liege 49 Male MCS TBI 1.6 No
45 Liege 19 Male MCS TBI 13 No
46 Liege 26 Male MCS Anoxic brain injury 42.4 No
47 Liege 49 Female MCS Anoxic brain injury 84.7 No
48 Liege 55 Male MCS Anoxic brain injury 1.0 No
49 Liege 28 Male MCSs TBI 723 No
50 Liege 49 Female MCS Anoxic brain injury 84.7 No
51 Liege 49 Male MCS Anoxic brain injury 0.8 No
52 Liege 39 Male MCS Anoxic brain injury ~ 308.9 No
53 Liege 23 Male MCS TBI 10.0 No
54 Liege 27 Male MCS TBI 13 Yes

Response on
Spatial Imagery
Task

* CVA denotes cerebrovascular accident, MCS minimally conscious state, NA not analyzed because of excessive movement, TBI traumatic

brain injury, and VS vegetative state.

T Patient 23 was the only patient who underwent functional MRI to obtain a communication scan.

Next, a similarity metric (described in the Sup-
plementary Appendix) was computed to quantify
how closely the activity in the regions of interest
on each communication scan matched each local-
izer scan.

RESULTS

RESPONSES TO THE IMAGERY TASKS
Among the 54 patients, we identified 5 who could
willfully modulate their brain activity (Fig. 1). In
all five of these patients, the functional MRI scans
associated with motor imagery, as compared with
spatial imagery, showed considerable activation
in the supplementary motor area. In four of the
five patients, the scans associated with spatial
imagery, as compared with motor imagery, showed
activation in the parahippocampal gyrus. Further-
more, the time course of activity within the two
regions of interest was sustained for 30 seconds
and was associated with the delivery of the verbal
cues (Fig. 2). These results closely match the pat-
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tern observed in the healthy control subjects (Fig. 1,
and the Supplementary Appendix). Four of the
five patients were considered to be in a vegetative
state (including Patient 4, who has been described
previously©), and all five patients had a traumatic
brain injury (Table 1).

RESPONSES TO THE COMMUNICATION TASK
Each of the 16 healthy control subjects under-
went functional MRI to obtain three communi-
cation scans. For all 48 questions in the commu-
nication task, the correct answer was determined
with 100% accuracy by comparing the activations
shown on the communication scans with the ac-
tivations shown on two localizer scans. In all sub-
jects, the pattern produced in response to each
question was quantitatively more similar to the
pattern observed in the localizer scan for the im-
agery task that was associated with the factually
correct answer; this answer was verified after the
analysis. Figures 2B, 2D, 3B, and 3D show this
similarity in a healthy control. In this subject, the
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A Healthy Controls

B Patient 54

F Patient 22

Figure 1. Mental-lmagery Tasks.

Functional MRI scans show activations associated with the motor imagery as compared with spatial imagery tasks (yellow and red) and
the spatial imagery as compared with motor imagery tasks (blue and green). These scans were obtained from a group of healthy control
subjects and five patients with traumatic brain injury.
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activation associated with the imagery period as
compared with the rest period for question 1 re-
sulted in extensive activation in the supplemen-
tary motor area and minimal activity in the para-
hippocampal gyrus (Fig. 4). This pattern was
almost identical to that observed in the activation
associated with the motor imagery period as com-
pared with the rest period in the motor localizer
scan. Conversely, the imagery period as compared
with the rest period for questions 2 and 3 was
associated with extensive activation of the para-
hippocampal gyrus and, to a lesser extent, the
supplementary motor area; these findings closely
matched the activation seen in the spatial local-
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izer scan. Similar patterns were observed in 9 of
16 control subjects. In the remaining seven con-
trol subjects, the distinction between tasks was
even clearer; thus, a double dissociation was ob-
served between activity in the supplementary
motor area for motor imagery and activity in the
parahippocampal gyrus for spatial navigation (see
the Supplementary Appendix).

To assess whether such an approach could be
used in a patient with impaired consciousness,
one of the patients who had reliable responses
during the two imagery tasks (Patient 23) was
also asked six yes-or-no autobiographical ques-
tions and instructed to respond by thinking of

FEBRUARY 18, 2010

The New England Journal of Medicine

Copyright © 2010 Massachusetts Medical Society. All rights reserved.



BRAIN MODULATION IN DISORDERS OF CONSCIOUSNESS

one type of imagery (either motor imagery or
spatial imagery) for an affirmative answer and
the other type of imagery for a negative answer.

In this patient, the activity observed on the
communication scan in response to five of the
six questions closely matched that observed on
one of the localizer scans (Fig. 2A, 2C, 3A, and
3C). For example, in response to the question “Is
your father’s name Alexander?” the patient re-
sponded “yes” (correctly) with activity that matched
that observed on the motor-imagery localizer
scan (Fig. 3A). In response to the question “Is
your father’s name Thomas?” the patient respond-
ed “no” (also correctly) with activity that matched
that observed in the spatial-imagery localizer scan
(Fig. 3C).

The relative-similarity analysis confirmed,
quantitatively, that the activity observed on the
communication scans accurately reproduced that
observed on the localizer scans within the
bounds of normal variability for five of the six
questions (Fig. 4, and Tables Al and A2 in the
Supplementary Appendix). In addition, for those
same five questions, the pattern produced always
matched the factually correct answer. Only one
question, the last one, could not be decoded.
However, this was not because the “incorrect”
pattern of activation was observed, but rather
because virtually no activity was observed within
the regions of interest.

DISCUSSION

In this study, functional MRI was used to deter-
mine the incidence of undetected awareness in a
group of patients with severe brain injuries. Of
the 54 patients, 5 with traumatic brain injuries
were able to modulate their brain activity by gen-
erating voluntary, reliable, and repeatable blood-
oxygenation-level-dependent responses in pre-
defined neuroanatomical regions when prompted
to perform imagery tasks. No such responses
were observed in any of the patients with non-
traumatic brain injuries. Four of the five patients
who were able to generate these responses were
admitted to the hospital with a diagnosis of be-
ing in a vegetative state. When these four pa-
tients were thoroughly retested at the bedside,
some behavioral indicators of awareness could
be detected in two of them. However, the other
two patients remained behaviorally unresponsive

at the bedside, even after the functional MRI re-
sults were known and despite repeated testing by
a multidisciplinary team. Thus, in a minority of
cases, patients who meet the behavioral criteria
for a vegetative state have residual cognitive func-
tion and even conscious awareness.'*15

We conducted additional tests in one of the
five patients with evidence of awareness on func-
tional MRI, and we found that he had the ability
to apply the imagery technique in order to an-
swer simple yes-or-no questions accurately. Before
the scanning was performed, the patient had
undergone repeated evaluations indicating that
he was in a vegetative state, including a month-
long specialized assessment by a highly trained
clinical team. At the time of scanning, however,
thorough retesting at the bedside showed repro-
ducible but highly fluctuating and inconsistent
signs of awareness (see the Supplementary Ap-
pendix), findings that are consistent with the
diagnosis of a minimally conscious state. None-
theless, despite the best efforts of the clinical
team, it was impossible to establish any func-
tional communication at the bedside, and the
results of the behavioral examination remained
ambiguous and inconsistent. In contrast, the
functional MRI approach allowed the patient to
establish functional and interactive communica-
tion. Indeed, for five of the six questions, the
patient had a reliable neural response and was
able to provide the correct answer with 100%
accuracy. For the remaining question — the last
question of the imaging session — the lack of
activity within the regions of interest precluded
any analysis of the results. Whether the patient
fell asleep during this question, did not hear it,
simply elected not to answer it, or lost conscious-
ness cannot be determined.

Although the functional MRI data provided
clear evidence that the patient was aware and
able to communicate, it is not known whether
either ability was available during earlier evalua-
tions. It is possible that he was in a vegetative
state when the diagnosis was received at 17
months and again 3.5 years after injury and sub-
sequently regained some aspects of cognitive
functioning. Alternatively, the patient may have
been aware during previous assessments but un-
able to produce the necessary motor response
required to signal his state of consciousness. If
this was the case, then the clinical diagnosis of
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Figure 2 (facing page). Localizer Scans.

Functional MRI scans obtained from Patient 23 and one healthy control subject are shown. The top sets of scans ob-
tained from the patient (Panel A) and the control subject (Panel B) show activation (yellow and orange) resulting from
the motor imagery task (cued with the word “tennis”) as compared with rest periods (cued with the word “relax”), as
well as the time course of the peak voxel in the supplementary motor area. The bottom sets of scans obtained from
the patient (Panel C) and the control subject (Panel D) show activation (blue) resulting from the spatial imagery task
(cued with the word “navigation”) as compared with rest periods, as well as the time course of the peak voxel in the
parahippocampal gyrus. I bars represent standard errors. BOLD denotes blood-oxygenation-level-dependent.

A “Is your father's name Alexander?” “Yes” response with the use B “Do you have any brothers?” “Yes” response with the use
of motor imagery of motor imagery

Patient
Control

C “Is your father’s name Thomas?” “No” response with the use D “Do you have any sisters?” “No” response with the use
of spatial imagery of spatial imagery

Patient
Control

Figure 3. Communication Scans.

Results of two sample communication scans obtained from Patient 23 (Panels A and C) and a healthy control subject (Panels B and D)
during functional MRI are shown. In Panels A and B, the observed activity pattern (orange) was very similar to that observed in the motor-
imagery localizer scan (i.e., activity in the supplementary motor area alone), indicating a “yes” response. In Panels C and D, the observed
activity pattern (blue) was very similar to that observed in the spatial-imagery localizer scan (i.e., activity in both the parahippocampal

gyrus and the supplementary motor area), indicating a “no” response. In Panels A and C, the names used in the questions have been
changed to protect the privacy of the patient.
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Figure 4. Region-of-Interest Data.
The patterns of activation in the regions of interest (the supplementary motor
area and the parahippocampal gyrus) in the motor and spatial localizer
scans and the communication scans obtained from one patient and one
healthy control subject are shown. The patient was asked to respond to six
questions, and the healthy control subject was asked to respond to three
questions. The I bars represent standard errors.

a vegetative state was entirely accurate in the
sense that no behavioral markers of awareness
were evident. That said, the diagnosis did not
accurately reflect the patient’s internal state of
awareness and level of cognitive functioning at
the time. Given that all previous assessments
were based on behavioral observations alone,
these two possibilities are indistinguishable.
Among 49 of the 54 patients included in this
study, no significant functional MRI changes
were observed during the imagery tasks. In these
patients, it is not possible to determine whether
the negative findings were the result of the low
“sensitivity” of the method (e.g., failure to detect
small effects), or whether they genuinely reflect
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the patients’ limited cognitive abilities. Some pa-
tients, for example, may have been unconscious
(permanently or transiently) during scanning.
Similarly, in some awake and aware patients who
were in a minimally conscious state, the tasks
may simply have exceeded their residual cognitive
capabilities. Deficits in language comprehension,
working memory, decision making, or executive
function would have prevented successful comple-
tion of the imagery tasks. However, positive re-
sults, whether observed with or without corrobo-
rative behavioral data, do confirm that all such
processes were intact and that the patient must
have been aware.

In summary, the results of this study show
the potential for functional MRI to bridge the
dissociation that can occur between behavior that
is readily observable during a standardized clini-
cal assessment and the actual level of residual
cognitive function after serious brain injury.#-1
Thus, among 23 patients who received a diagno-
sis of being in a vegetative state on admission,
4 were shown to be able to willfully modulate
their brain activity through mental imagery; this
fact is inconsistent with the behavioral diagno-
sis. In two of these patients, however, subsequent
assessment at the bedside revealed some behav-
ioral evidence of awareness, a finding that under-
scores the importance of thorough clinical ex-
amination for reducing the rate of misdiagnosis
in such patients. Nonetheless, in the two remain-
ing patients, no evidence of awareness could be
detected at the bedside by an experienced clini-
cal team, even after the results of the functional
MRI examination were known. This finding in-
dicates that, in some patients, motor function
can be so impaired that bedside assessments
based on the presence or absence of a behav-
ioral response may not reveal awareness, regard-
less of how thoroughly and carefully they are
administered. In patients without a behavioral
response, it is clear that functional MRI comple-
ments existing diagnostic tools by providing a
method for detecting covert signs of residual
cognitive function?”2° and awareness.'°

In addition, this study showed that in one pa-
tient with severe impairment of consciousness,
functional MRI established the patient’s ability
to communicate solely by modulating brain ac-
tivity, whereas this ability could not be estab-
lished at the bedside. In the future, this approach
could be used to address important clinical
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questions. For example, patients could be asked
if they are feeling any pain, and this information
could be useful in determining whether analgesic
agents should be administered. With further de-
velopment, this technique could be used by some
patients to express their thoughts, control their

environment, and increase their quality of life.
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