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Background – Interactions between the thalamus and the cortex play
an important role in consciousness. The thalamus as a homogenous
structure is less strongly connected with the default mode network
(DMN) in patients with disorders of consciousness (DOC), but the
roles of specific thalamic nuclei are not clear. The purpose of this
study was to investigate the functional connectivity between
individual thalamic nuclei and the DMN in DOC patients.
Methods – Nine DOC patients and nine age-matched healthy
controls were scanned with functional magnetic resonance imaging
(fMRI) at resting state. Data-driven independent component
analysis and hypothesis-driven region of interest-based correlation
analysis were performed. Results – In comparison with healthy
controls, DOC patients had significantly decreased functional
connectivity between the mediodorsal thalamus and brain areas
within the DMN, including the medial prefrontal cortex and
posterior cingulate cortex/precuneus. Patients and controls did not
show significant differences in functional connectivity in other
thalamic nuclei. Conclusion – Our results suggest that functional
connections between the mediodorsal thalamus and the DMN may
play important roles in the pathogenesis of DOC.
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Introduction

Brain injury can lead to disorders of conscious-
ness (DOC). Detecting and measuring the level of
consciousness might be important in some clinical
situations, but it is still a great challenge due to
the lack of objective markers. The default mode
network (DMN) groups brain regions with
default or intrinsic mode of functioning (1, 2),
and its activity is closely associated with the levels
of consciousness (3, 4), as well as altered states of
consciousness such as anesthesia (5), sleep (6),

and DOC. Decreased connectivity in the right
hemisphere in DMN was found in patients with
impaired consciousness, suggesting that DMN
may be a neural marker of consciousness (7).
Thus, brain activity and interactions between dis-
tant brain areas are examined using functional
neuroimaging such as functional magnetic reso-
nance imaging (fMRI), which can reflect the level
of consciousness (8, 9).

In addition to DMN, the thalamus also plays
an important role in DOC (10). It has been
shown that bilateral deep brain stimulation in the
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central thalamus improved behavioral responsive-
ness and awareness in DOC patients (11). In
addition, functional connectivity between the in-
tralaminar thalamic nuclei and the prefrontal and
anterior cingulated cortices was found to be
altered in DOC (12). Abnormal functional and
anatomic connectivity between the thalamus and
cortex, including cortical regions comprising the
DMN in DOC patients, has been reported (3, 10,
12, 13). However, the specific mechanisms are still
poorly understood.

Most previous human brain imaging studies
have considered the thalamus as a homogenous
structure. However, it is known that the regulation
of arousal is contributed to by particular thalamic
nuclei, including the central (11) and intralaminar
(12) thalamus. This suggests that the thalamo-cor-
tical functional connectivity in DOC patients may
also be associated with particular thalamic nuclei.

Therefore, the aim of this study was to measure
the functional connectivity between individual
thalamic nuclei and the DMN in DOC patients
and healthy controls using functional fMRI.

Materials and methods

Ethics statement

The study was approved by the Ethics Committee
of the Beijing Army General Hospital. Written
informed consent was obtained from each partici-
pant or his guardians.

Subjects

This study initially included 17 DOC patients
who were assessed using the Coma Recovery

Scale-Revised (CRS-R) (Table 1) and 10 age-
matched healthy controls. The controls had no
history of neurological or systemic illness, head
injury, and drug or alcohol abuse. Of the initial
participants, we excluded those diagnosed with
lock-in syndrome (one patient) and those who
failed registration because of severe structural
deformations (four patients) or had severe motion
artifacts (three patients and one control). Motion
artifacts were identified using Statistical Paramet-
ric Mapping (SPM8; Wellcome Department of
Cognitive Neurology, London, UK; http://www.
fil.ion.ucl.ac.uk/spm/software/spm8/). Relatively
liberal head motion criteria were used because the
DOC patients had minimal control of their head
motion during scanning. For all participants, the
maximum displacement in the cardinal direction
was not >3 mm, and the maximum spin was not
greater than 3°.

After exclusion, this study included nine DOC
patients and nine healthy controls. The patients
included five men and four women (mean age:
40 � 17 years). The nine controls included six
men and three women (mean age: 41 � 10 years).
The etiologies of DOC included cerebrovascular
accident in five patients, anoxic brain injury in
two patients, and traumatic brain injury in two
patients. The diagnoses at fMRI included seven
cases of vegetative state and two cases of mini-
mally conscious state.

Scan acquisition

MRI was carried out using a GE Signa HDxt
3.0T scanner (GE Healthcare, Waukesha, WI,
USA). Functional images were collected axially
using an echo-planar imaging sequence sensitive

Table 1 Patients’ characteristics

Patient ID and diagnosis at time of fMRI VS1 VS2 VS3 VS4 VS5 VS6 VS7 MCS1 MCS2

Sex (age in years) M (32) M (46) M (63) F (33) M (25) M (48) F (67) F (22) M (26)
Etiology CVA CVA CVA Anoxic brain injury Anoxic brain injury CVA CVA TBI TBI
Time of fMRI (months after insult) 7 7 5 3 4 4 7 4 3

CRS-R
Diagnosis at time of fMRI VS VS VS VS VS VS VS MCS MCS
Auditory function 1 1 0 2 1 1 1 4 2
Visual function 1 0 0 1 0 1 1 5 3
Motor function 0 2 1 1 2 2 2 3 2
Oromotor/verbal function 0 1 1 0 1 1 1 0 1
Communication 0 0 0 0 0 0 0 0 0
Arousal 2 2 2 2 2 2 2 2 2
Total score 4 6 4 6 6 7 7 14 10

Auditory function: 0 – none, 1 – auditory startle, 2 – localization to sound, 4 – consistent movement to command; Visual function: 0 – none, 1 – visual startle, 3 – visual
pursuit, 5 – object recognition; Motor function: 0 – none, 1 – abnormal posturing, 2 – flexion withdrawal, 3 – localization to noxious; Oromotor/verbal function: 0 – none,
1 – oral reflexive movement; Communication, 0 – none; Arousal: 0 – none, 1 – eye opening with stimulation, 2 – eye opening w/o stimulation. M, male; F, female; VS,
vegetative state; MCS, minimally conscious state; CRS-R, Coma Recovery Scale-Revised; CVA, cerebrovascular accident; TBI, traumatic brain injury; fMRI, functional mag-
netic resonance imaging.
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to blood oxygen level-dependent contrast. The
acquisition parameters were 33
slices, repetition time/echo time = 2000/30 ms,
thickness/gap = 4.0/0.6 mm, field of view
(FOV) = 220 9 220 mm, resolution within
slice = 64 9 64, and flip angle = 90°. The FOV
covered the entire brain. These scans were
obtained in the resting state. The participants
were instructed to keep their eyes closed, to
remain as motionless as possible, and not to
think about anything in particular. Each fMRI
scan lasted for 8 min, and 240 volumes were
obtained.

A standard T1-weighted 3D high-resolution
anatomic scan was also obtained for each partici-
pant. An experienced researcher with a neurologi-
cal background examined each control’s MRI to
verify that there were no neurological lesions.
These scans were also used to exclude patients
with severe structural deformation (to avoid
technical issues, including those involving image
registration).

Data preprocessing

Functional images were preprocessed using
SPM8. Of the 240 scans obtained for each partic-
ipant, the first 10 were discarded and the remain-
der underwent preprocessing, including slice
timing, motion correction, registration, and nor-
malization to a standard Montreal Neurological
Institute (MNI) space, and were resampled to a
stereoscopic 3 mm3. The resulting data were
checked to ensure alignment and spatial corre-
spondence. In addition, considering the structural
deformation observed in some patients, we also
performed the analysis using a study-specific
functional template to validate our results. The
construction of the template was based on the
average of individually normalized functional
images. Specifically, we first spatially normalized
all the individuals’ mean fMRI images (which
were generated by averaging volumes at all time
points after slice timing and motion correction)
to the MNI EPI template and then smoothed the
normalized images with a Gaussian filter of full
width at half maximum value of 8 mm. We sub-
sequently averaged 18 subjects’ smoothed images
and used the resulting average functional tem-
plate as the study-specific template.

Subsequently, images were smoothed with a
Gaussian filter of full width at half maximum
value of 8 mm. Linear regression was performed
to remove the influence of head motion, linear
trends, and whole brain signals. Finally, to
reduce low-frequency drift and high-frequency

noise, data were temporally filtered to keep fre-
quencies of 0.01–0.08 Hz using the AFNI soft-
ware package (http://afni.nimh.nih.gov/afni).

ICA

The fMRI data were further decomposed into 20
components using group independent component
analysis (ICA) with GIFT Toolbox (http://mialab.
mrn.org/software/). This involved data reduction,
independent component estimation using the Info-
max algorithm, and back reconstruction to com-
pute single-subject time courses and spatial maps.
For each component, maps of individual controls
were entered into random effect one-sample t-tests
in SPM8 and thresholded at P < 0.05 with correc-
tion for multiple comparisons using the false dis-
covery rate (FDR) procedure to create sample-
specific component maps. Resting state networks
were identified by visual inspection, with these
component maps serving as masks in group analy-
ses of functional connectivity. Group analyses
were performed using two-sample t-tests and
thresholded at P < 0.05 with correction for multi-
ple comparisons using the FDR procedure.

ROI-based functional connectivity analysis

The left mediodorsal thalamus was the only tha-
lamic region that differed significantly in the
DMN network between DOC patients and nor-
mal controls, which was used as the seed region
for ROI-based functional connectivity analysis.
Specifically, the blood oxygen level-dependent
time course for the ROI was extracted by averag-
ing all voxels within the ROI. We performed cor-
relations between the ROI time course and all
other voxels in the brain. The AlphaSim program
(1000 Monte Carlo simulations) of the AFNI
software package was used to correct for multiple
comparisons across the whole brain; the parame-
ters were single P = 0.001, FWHM = 8 mm, and
cluster connection radius = 6 mm.

Results

ICA network analysis

There were no significant differences in age
(P = 0.88) or gender (P = 0.65) between DOC
patients and normal controls. Our ICA identified
six resting state networks with independent com-
ponents among the controls; the spatial maps are
shown in Fig. 1. These networks included poster-
ior and anterior DMN, left and right frontopari-
etal, visual processing, and salience networks.
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Compared with controls, DOC patients had sig-
nificantly poorer functional connectivity in the
DMN (Table 2) and salience network (Fig. 2,
Table S1). No significant differences between
patients and controls were found for the left or
right frontoparietal or the visual networks. There
were no significant correlations between connec-
tivity values and CRS-R scores.

In addition, we constructed a study-specific
template based on the average of individually
normalized functional images. Reduced func-
tional connectivity was found to be similar com-
pared with the use of a MNI template, indicating

the reliability of our results (see Fig. S2). Besides,
we noticed that there was a relatively wide range
of CRS-R scores for patients. After obtaining the
functional connectivity maps, we removed the
effect of CRS-R for patients using general linear
models. Comparisons between DOC patients and
healthy controls further support our finding that
functional connectivity between mediodorsal thal-
amus and DMN was abnormal in DOC patients
(Fig. S3).

ROI-based correlation analysis

Our ROI-based correlation analysis used the tha-
lamic area found by ICA to differ between
patients and controls in the DMN network. The
left mediodorsal nucleus was used as the seed
ROI (15 voxels, Fig. 3). Compared with controls,
DOC patients had significantly less functional
connectivity in the bilateral thalamus, left cau-
date, bilateral superior medial frontal gyri, left
precuneus/cuneus, and left median and right ante-
rior cingulate cortex (Fig. S1, Table 3). It is
observed that part of the decreased regions were

A

B

C

D

E

F

Figure 1. Spatial maps showing sagittal, coronal, and axial
views for networks with independent components. Networks
are (A) posterior default mode, (B) anterior default mode,
(C) left frontoparietal, (D) right frontoparietal, (E) visual
processing, and (F) salience. Images are T statistics with T-
values shown from red to yellow, ranging from 0 to 20, over-
laid on the high-dimensional T1-weighted Montreal Neuro-
logical Institute standard brain. The left hemisphere of the
brain corresponds to the left side of the images.

Table 2 Brain areas in the default mode network (DMN) identified with ICA as
having significantly decreased functional connectivity in patients with DOC

Brain area
Cluster

size (voxel)
Peak voxel
MNI (x,y,z)

Peak
Z value P-value*

Posterior DMN
Superior medial
frontal gyrus,
bilateral

17 6,60,6 4.11 0.019

Middle temporal
gyrus, R

11 63,�48,6 3.03 0.028

Mediodorsal
nucleus/pulvinar
thalamus, L

15 �9,�24,12 3.43 0.020

Posterior cingulate
cortex, L

160 9,�30,21 4.29 0.019

Cuneus, bilateral 117 �6,�72,27 3.65 0.019
Precuneus, L 29 �3,�60,54 3.56 0.019

Anterior DMN
Inferior temporal gyrus,
R; middle temporal
gyrus, R

10 60,�12,�27 3.10 0.027

Caudate, L; putamen, L 122 �21,18,3 4.48 0.004
Caudate, R; putamen, R 153 6,15,18 4.91 0.003
Calcarine fissure, L;
precuneus, L

70 �9,�69,15 3.41 0.017

Superior medial frontal
gyrus, R

20 9,63,36 3.16 0.025

Middle frontal gyrus, L 31 �39,21,54 3.25 0.022
Superior frontal gyrus, R;
middle frontal gyrus, R

101 30,30,54 4.45 0.004

Superior medial frontal
gyrus, L

11 0,48,54 3.34 0.019

Supplementary motor area,
L; superior frontal gyrus, L

42 �6,27,63 3.30 0.021

DOC, disorders of consciousness.
*FDR-corrected P-values.
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within the DMN. It is important to note that the
bilateral superior medial frontal gyri and left pre-
cuneus/cuneus were overlapping regions (i.e.,
identified by both types of analysis) (Fig. S1).
Similar results were observed when we repeated
these analyses using the bilateral mediodorsal
nucleus of the Talairach Daemon atlas as the
seed region (Fig. S2, Table S1).

Discussion

The present study used two analysis methods,
ICA and a ROI-based approach, to investigate
the roles of functional connectivity between the
thalamus and the DMN in DOC patients. Most
previous studies have considered the thalamus as
a homogenous structure, but we found with ICA
that DOC patients had significantly decreased
functional connectivity in the left mediodorsal
nucleus/pulvinar thalamus, bilateral medial fron-
tal gyri, and left posterior cingulate cortex
(PCC)/precuneus/cuneus. ROI-based correlation
analyses suggested that functional connectivity
between the left mediodorsal nucleus/pulvinar
thalamus and each of the left precuneus/cuneus
and median prefrontal cortex was significantly
less in DOC patients than healthy controls.
Importantly, the two methods identified overlap-
ping areas within the DMN that were abnormal
in patients. Our results suggest that DOC patients
have significantly decreased functional connectiv-
ity between the mediodorsal thalamus and brain
areas within the DMN, including the medial pre-
frontal cortex and PCC/precuneus/cuneus.

DOC and the mediodorsal thalamus

In the present study, we observed significantly
decreased functional connectivity in the left medi-
odorsal thalamus, primarily the mediodorsal
nucleus in DOC patients. A similar finding was
reported by a study using a ROI-based correla-
tion analysis with the PCC as the seed region;
correlations between the PCC and medial thala-
mus were found in healthy controls, but not in
DOC patients (13). The mediodorsal nucleus is
part of neuronal circuits underlying distinct cog-
nitive functions (14). It involves emotional and
attention processing, which is a major relay

A

B

C

Figure 2. Differences in functional connectivity when com-
paring disorders of consciousness (DOC) patients with
healthy controls. Comparisons are within resting state net-
works (P < 0.05, FDR correction): (A) posterior default
mode, (B) anterior default mode, and (C) salience. Red to
yellow are T-values, ranging from 0 to 9, showing decreased
connectivity in DOC patients compared to healthy controls.
No significant differences were found for the left and right
frontoparietal or visual networks. The left hemisphere of the
brain corresponds to the left side of the images.

Figure 3. Decreased mediodorsal thalamic functional connec-
tivity within the default mode network in patients with disor-
ders of consciousness. Red to yellow are T-values ranging
from 0 to 9.

Table 3 Brain areas identified with ROI-based correlation analysis as having
significantly decreased functional connectivity in patients with DOC*

Brain area
Cluster

size (voxel)
Peak voxel
MNI (x,y,z)

Peak
Z value

Thalamus; caudate 211 �6,3,6 4.45
Superior medial frontal

gyrus
98 0,66,6 4.51

Precuneus/cuneus, L 38 �3,�69,30 3.70
Median cingulate cortex,

L; Anterior cingulate
cortex, R

45 6,21,24 3.53

DOC, disorders of consciousness.
*The left mediodorsal area identified with ICA was the seed region. Significantly
decreased brain areas are bilateral unless indicated otherwise (P < 0.05, Alpha-
Sim correction).
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nucleus in the thalamus. Tracer studies have iden-
tified connections between the mediodorsal
nucleus and medial prefrontal/anterior cingulate
cortex in the macaque (15). Recent brain imaging
studies have found similar connections in the
human brain (16). The medial prefrontal/anterior
cingulate cortex is involved in reward-guided
selection of action, the detection of reward pre-
diction errors, and the generation of novel action
strategies (17). The connections between the me-
diodorsal nucleus and medial prefrontal/anterior
cingulate cortex make it possible to exercise vol-
untary control in situations that require the initi-
ation, planning, sequencing, and monitoring of
complex behaviors directed toward a particular
goal and in the inhibition of automatic responses
and development of strategies or conflict resolu-
tion among stimuli. Damage to these connections
can cause severe movement deficit, even in the
absence of motor system injury. Accordingly, the
circuits forming these connections are assumed to
play a significant role in the pathology of DOC
(18). The present study supports this idea by
showing impaired functional connectivity between
the mediodorsal thalamus (including the medio-
dorsal nucleus) and medial prefrontal/anterior
cingulate cortex in DOC patients.

DOC and DMN

Consistent with previous studies, we found signifi-
cantly decreased activity and functional connectiv-
ity in the DMN in DOC patients. Intriguingly, a
recent study in DOC patients identified ten brain
networks of cognitive relevance in the cortex and
observed an abnormal connectivity in the DMN
(19). Within the DMN, the lateral parietal/tempo-
ral associative cortex is responsible for the assem-
bly of auditory, visual and somatosensory system
information, and the medial prefrontal/anterior
cingulate cortex is involved in self-relevant mental
simulations (20). As a hub region of the DMN,
the PCC/precuneus is believed to integrate activity
and information from anterior and posterior
DMN brain areas (20). The anatomy of the PCC/
precuneus has been extensively studied in the
macaque and reported to have reciprocal projec-
tions to the medial temporal lobes and robust
connections with both the prefrontal and parietal
cortices (21–23). Damage to the PCC/precuneus
might impair the integration of information from
the external environment and disturb ‘internal
awareness’ (i.e., thoughts, mental imagery, inner
speech, daydreaming, and mind wandering).

Although notoriously difficult to define, con-
sciousness is significantly affected in many

neurological conditions, ranging from neurodegen-
erative dementias to epilepsy. Functional studies
have consistently found significant differences in
PCC/precuneus activity between Alzheimer’s dis-
ease patients and normal controls [for a review, see
(24)]. Additionally, generalized tonic–clonic sei-
zures are characterized by convulsions, which
cause complete loss of consciousness. It is becom-
ing widely believed that abnormal activity in the
DMN might be a neural correlate of the complete
loss of consciousness experienced by generalized
tonic–clonic seizures epilepsy patients during sei-
zures (for a review, see (25)).

Positron emission tomography studies in DOC
patients have shown impaired functional integrity
of midbrain and thalamic systems, midline (i.e.,
anterior cingulate/mesiofrontal and PCC/precu-
neus/cuneus) and lateral (i.e., parietal and tempo-
ral) associative cortices (for a review, see (26)).
Recent studies, including functional and diffusion
MRI, have found altered associations of the thala-
mus and DMN in DOC patients (3, 10). The
results of the present study are consistent with pre-
vious multimodality studies, and further suggest
that damage to thalamo-cortical and cortico-corti-
cal interactions, especially within the DMN, might
be important causes of impaired consciousness in
DOC (9, 19).

Limitations

This study has limitations. Only a single neuroi-
maging modality was used in the present study.
In addition, many patients had to be excluded,
mostly for technical reasons. We plan to use a
combination of modalities in our future studies,
including diffusion MRI to track fibers through
specific thalamic nuclei. This may help unravel
the neural correlates of consciousness that sup-
port the role of thalamic nuclei in regulating
arousal levels. It should also be mentioned that
the sample size was small, and a larger sample is
needed to validate our results.

Conclusion

Using two analysis methods, ICA and a ROI-
based functional connectivity approach, we
observed that DOC patients have significantly
lower than normal functional connectivity
between the mediodorsal thalamus and brain
areas within the DMN, including the medial pre-
frontal cortex and PCC/precuneus/cuneus.
Patients and controls did not show differences in
functional connectivity for any thalamic nucleus
other than the mediodorsal thalamus. These
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findings may improve our understanding of the
roles of individual thalamic nuclei and their
respective functional connectivity in DOC patients
and help to develop targeted treatment for DOC.
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Figure S1. Brain areas with decreased functional connectiv-
ity in patients with disorders of consciousness using the left
mediodordal area identified in ICA as the seed region.

Figure S2. Reduced functional connectivity between the
mediodorsal thalamus and DMN using a study-specific tem-
plate (left) and a MNI template (right).

Figure S3. Reduced functional connectivity between the
mediodorsal thalamus and DMN after removing the effect of
CRS-R scores of patients (left) and not removing CRS-R
effect (right).

Table S1. Brain areas in the salience network identified
with ICA to have significantly decreased functional connec-
tivity in patients with disorders of consciousness.
Table S2. Brain areas identified with ROI-based correla-

tion analysis to have significantly decreased functional con-
nectivity in patients with disorders of consciousness.*
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