
Reductions of Thalamic Volume
and Regional Shape Changes in the Vegetative

and the Minimally Conscious States

Davinia Fernández-Espejo,1,2 Carme Junque,1,2 Montserrat Bernabeu,3 Teresa Roig-Rovira,4

Pere Vendrell,1,2 and Jose M. Mercader5,6

Abstract

The thalamus is known to play a key role in arousal regulation and support of human consciousness. Neuro-
pathological studies have identified thalamic damage as one of the most common abnormalities present in the
brains of patients who were in a vegetative state (VS) or a minimally-conscious state (MCS) state at the time of
their deaths. Nonetheless, no in vivo studies of thalamic abnormalities in these patients have been conducted.
Using high-resolution T1-weighted magnetic resonance images and a novel approach to shape analysis, we
investigated thalamic global and regional changes in a sample of patients in a VS or an MCS. Group comparisons
and correlations with clinical variables were performed for the total thalamic volume and for each surface vertex.
Total thalamic volume was significantly lower in patients than in healthy volunteers. Shape analysis revealed
significant bilateral regional atrophy in the dorso-medial body in patients compared to controls; this atrophy
was more widespread in VS than in MCS patients. Lower thalamic volume was significantly correlated with
worse Disability Rating Scale scores. Shape analysis suggested that the dorso-medial nucleus and the internal
medullar lamina were the main regions responsible for this correlation. Our findings suggest that MCS and VS
patients present different patterns of regional thalamic abnormalities, and that these differences partially explain
their clinical profile.

Key words: disorders of consciousness; magnetic resonance imaging; shape analysis; traumatic brain injury;
thalamus

Introduction

The thalamus is known to play a key role in arousal
regulation and support of human consciousness (Schiff,

2008). Direct widespread thalamic injuries can themselves
produce a generally transient coma state, but also more per-
sistent disturbances of consciousness in terms of goal-directed
behavior and communication skills (Schiff and Plum, 2000).

The thalamus may also be critically involved in non-focal
brain injuries such as diffuse axonal injury (DAI). Post-
mortem neuropathological studies of traumatic brain in-
jury (TBI) patients who were in a vegetative state (VS) at the
time of their deaths demonstrated that the thalamus was se-

verely injured in 80% of the sample, in most cases associated
with grades II or III DAI (Adams et al., 1999, 2000).

Patients in a VS show wakefulness without awareness
( Jennett and Plum, 1972), while patients in a minimally-
conscious state (MCS) demonstrate inconsistent, but repro-
ducible, evidence of awareness of self or environment (Giacino
et al., 2002). MCS typically describes a spectrum of severity
and is generally associated with a better prognosis (Katz et al.,
2009); in exceptional cases late recovery is possible (Lammi
et al., 2005; Voss et al., 2006). By comparing histopathological
findings in a group of VS patients and a group of severely
disabled patients, including some who were considered to
fulfill the diagnostic criteria for MCS, Jennett and colleagues
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(2001) demonstrated that half of the MCS patients had no
evidence of thalamic injury or grade II or III DAI.

In the present study, we assessed thalamic volumetric at-
rophy and shape abnormalities in a sample of TBI patients in a
VS or an MCS in comparison with healthy volunteers. Our
main aim was to determine whether not only global, but also
regional atrophy, could be detected in vivo in these patients,
using a novel approach that allows automatic segmentation of
the subcortical structures, and an analysis of the shape on a
per-vertex basis (Patenaude, 2007). Similar analyses have
been performed in the thalami of patients with Parkinson’s
disease (McKeown et al., 2008), schizophrenia (Coscia et al.,
2009; Harms et al., 2007; Kang et al., 2008; Qiu et al., 2009a),
and Alzheimer’s disease (Qiu et al., 2009b; Zarei et al., 2010).

We hypothesized that regional differences would be more
prominent in VS patients than in MCS patients, and would
partially explain their respective clinical profiles.

Methods

Subjects

Twelve severe TBI patients (11 male, 2 female; age range
18–48 years) and 20 healthy volunteers (8 male, 12 female; age
range 19–49 years) with no history of psychiatric or neuro-
logical disorders were recruited. Four patients met the diag-
nostic criteria for VS (Royal College of Physicians, 1996, 2003),
and eight met the diagnostic criteria defining MCS (Giacino
et al., 2002). All patients were scanned within the first year
after injury (mean 148 days). To characterize their clinical
profiles we recorded the scores on the Disability Rating Scale
(DRS; Rappaport et al., 1982), and the Rancho Los Amigos
Level of Cognitive Functioning Scale (LCFS; Hagen et al.,
1979). As three MCS patients were subsequently excluded
because of motion artifacts in the MR images (see below), the
final patient group comprised 9 patients. Clinical and demo-
graphical data of the 9 patients included in the analysis are
summarized in Table 1. There were no statistically significant
differences in age between patients and healthy subjects
(U¼ 82; p¼ 0.706). The study was approved by the Ethics
Committee of the Hospital Clinic, Barcelona. Informed writ-
ten assent was obtained from the patient’s legal representa-
tive. All healthy subjects gave informed written consent.

MRI acquisition

High-resolution (1�1�1mm) T1-weighted MR rapid gradient-
echo images were acquired on a 3T scanner (Magnetom
Trio Tim; Siemens, Berlin, Germany) at the Center for
Image Diagnosis of the Hospital Clinic, Barcelona (TR¼
2300 msec, TE¼ 2.98 msec, TI¼ 900; matrix size¼ 256�256;
flip angle¼ 9).

Image analysis

Image analysis was carried out using tools from FSL
(FMRIB Software Library; http://www.fmrib.ox.ac.uk/fsl).
The images were visually inspected prior to analysis. We ex-
cluded three MCS patients because of motion-related artifacts.

We applied SIENAX for an estimation of brain parenchy-
mal volume, normalized for head size as described elsewhere
(Smith et al., 2002). Brain and skull images were extracted.
Then brain images were registered to the MNI standard
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template using the skull image as a scaling constraint to
normalize for head size. Finally segmentation was performed
in order to obtain normalized brain parenchymal volume
(BPV). This value allows a better estimation of the relative
brain atrophy by removing the effects of head size variation.
The results of each step were carefully examined by a neu-
roscientist (D.F.E.) to ensure their accuracy.

Thalamus segmentation

Automated segmentation of the thalamus was performed
using FIRST from FSL, which uses a Bayesian probabilistic
approach based on multivariate Gaussian assumptions. The
shape and appearance models used were constructed from
manually segmented images provided by the Center for
Morphometric Analysis, Massachusetts General Hospital,
Boston. The manual labels are parameterized as surface me-
shes and then modeled as a point distribution. Using the
models, FIRST searches through linear combinations of shape
modes of variation for the most probable shape instance given
the observed intensities from the input image. The thalamus
segmentation was performed by running a two-stage affine
registration to standard space. The first stage is a 12 degrees of
freedom (DOF) registration to the non-linear MNI152 tem-
plate, and the second one is a 12-DOF registration using a
subcortical mask, to exclude voxels outside the subcortical
regions. After that each thalamus was automatically seg-
mented, producing both mesh and volumetric outputs from
this structure in native space.

Statistical analysis

The distribution of the dependent measures (BPV and
thalamic volume) was inspected using the Kolmogorov-
Smirnov test to ensure that they did not deviate from nor-
mality. Group comparison for BPV was examined using the
Student t-test. Group comparisons for thalamic volumes were
examined by repeated-measures analysis of covariance (AN-
COVA). Group served as the between-subjects factor, hemi-
sphere served as the repeated-measures factor, and BPV was
used as the statistical covariate. Significance was set at
p< 0.05.

To assess the relationship between thalamic volume and
clinical variables we performed partial correlations using the
BPV as covariate. Left and right thalamic volumes were
combined into a single measure for the correlation analysis.
Because we worked with an a priori hypothesis, significance
was set at a one-tailed p< 0.05. Graphs were produced using
SigmaPlot 10.

Vertex analysis

Shape differences between groups as well as correlations
with clinical DRS and LCFS scores were assessed on a per-
vertex basis. FIRST creates a surface mesh for each thalamus
composed of a set of triangles, whose apexes are called ver-
tices. Vertex correspondence is crucial for investigating focal
shape differences through the examination of group differ-
ences in the spatial location of each vertex. FIRST guarantees
this correspondence by using deformable models to parame-
terize the data in terms of meshes. The number of vertices and
their labeling is fixed so that corresponding vertices can be
compared across individuals and between groups.

Mesh images are saved in native space and aligned to the
mean shape from the shape model using a 6-DOF transfor-
mation, to remove pose (rotation and translation). Group
comparison of vertices and correlations with clinical variables
were performed with F-statistics using BPV as a covariate.
The statistic was rendered on the shape surface, providing a
map of the regions where the structure differed significantly
between groups (i.e., significant displacements of the mean
vertex location between groups).

Results

Thalamic volumes

Brain parenchymal volume was significantly lower in
patients than in healthy volunteers (patient BPV¼
1402.33� 81.35 cm3 and healthy volunteer BPV¼ 1574.32�
65.63 cm3; t¼�6.065; p< 0.001). For the thalamic volumes,
using BPV as a covariate, the ANCOVA revealed a signifi-
cant main effect of group, with total thalamic volume being
lower in patients than in healthy volunteers (patients¼
6.32� 0.86 cm3; healthy volunteers¼ 8.53� 0.88 cm3; F1,26¼
9.888; p¼ 0.004). Neither the effect of hemisphere nor the
group by hemisphere interaction was statistically significant.
Additional analyses revealed that the main effect of group
was statistically significant when comparing VS patients and
controls (VS patients¼ 6.11� 0.52; F1,21¼ 12.167; p¼ 0.002),
but not when comparing MCS patients and controls (MCS
patients¼ 6.49� 1.10; F1,22¼ 3.577; p¼ 0.072). Adjusted (for
BPV) mean thalamic volumes for the right and left hemi-
spheres are reported in Table 2.

In the patient group, we found a significant negative cor-
relation between total thalamic volume and DRS score
(r¼�0.717; p¼ 0.023). The correlation between thalamic
volume and LCFS score failed to reach statistical significance,
but it showed a clear trend toward a negative relationship
between these two variables (r¼ 0.567; p¼ 0.071; Fig. 1).

Table 2. Adjusted Thalamic Volumes

DOC versus CON VS versus CON MCS versus CON

L 6.84 (0.40) 8.47 (0.23) 6.51 (0.57) 8.57 (0.20) 7.30 (0.57) 8.49 (0.22)
R 6.54 (0.42) 8.25 (0.24) 6.26 (0.54) 8.39 (0.20) 6.84 (0.62) 8.28 (0.24)

Values are the predicted marginal means adjusted for brain parenchymal volume effects. There was a main effect of group on thalamic
volume for the DOC versus CON (F1,26¼ 9.888; p¼ 0.004) and the VS versus CON (F1,21¼ 12.167; p¼ 0.002) comparisons, but not for the MCS
versus CON comparison. Values in parentheses are standard errors.

DOC (disorders of consciousness) is the total number of patients including VS and MCS patients.
CON, control group; VS, vegetative state patient group; MCS, minimally conscious state patient group; L, left; R, right.
Volumes are in cm3.
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Thalamic shape

Comparison of vertex locations between patients and
controls revealed significant regional atrophy (i.e., inward
movement of vertices in the patients) bilaterally in the dorsal
and dorso-medial regions, which also affected the anterior
and posterior regions with a left predominance. Comparing
MCS patients with healthy volunteers, regions with pro-
nounced volume reduction were more focused on the dorsal
body, and the anterior and posterior regions were relatively
spared, except for two patches of shrinkage in the right lateral
posterior region. Comparison of VS patients with healthy
volunteers revealed a more widespread pattern of atrophy in
the VS patients, affecting not only the dorsal and dorso-
medial body, but the left anterior body and the medial-
posterior body bilaterally as well (Fig. 2).

Correlation analysis revealed a significant correlation be-
tween DRS and shrinkage in the dorso-medial and ventro-
medial bodies, with a left predominance. This measure also
correlated with two small patches of shrinkage in the left

lateral-medial body and the right anterior-medial body. This
pattern was similar, although less significant, for the corre-
lation with LCFS, but with a greater involvement of the right
dorso-medial body (Fig. 3).

Discussion

In this study, we evaluated thalamic volume and patterns
of shape changes and their clinical correlates in patients in a
VS or an MCS. To our knowledge this is the first study to
report thalamic local shape differences in vivo not only in VS
and MCS patients, relative to controls but also relative to each
other. This is also the first time that a relationship between
thalamic local changes and clinical profile has been reported
in these patients.

The dorso-medial body was the most affected region in
both groups of patients. Its inward deformation can be ex-
plained by atrophy in both the dorso-medial nucleus (DMN),
and the internal medullar lamina (IML), consistent with
previous neuropathological findings ( Adams et al., 1999;
Maxwell et al., 2004; 2006). The DMN has reciprocal con-
nections with the prefrontal, orbital, and temporal cortices,
connections with the amygdala and the limbic system, and
connections with other thalamic nuclei and associated areas
of the parietal and temporal lobes (Maxwell et al., 2004).
Intralaminar thalamic neurons are part of an ascending
pathway that originates in the midbrain reticular formation,
and has a primary role in maintaining wakefulness (Schiff,
2008).

Several mechanisms, whose evaluation is beyond the scope
of the present study, may explain the thalamic atrophy seen in
cases of severe TBI. It has been suggested that thalamic at-
rophy may reflect DAI or ischemia, arising as a result of
post-traumatic transneuronal and retrograde degeneration,
excitotoxicity, or as a result of neuronal loss due to hypoxic
mechanisms (Adams et al., 1999). Considering the relative
heterogeneity of the lesions present in our patients, their
thalami probably combine both types of damage. In any case,
thalamic atrophy could be interpreted as a surrogate marker
of more diffuse damage that interrupts thalamo-cortical con-
nectivity.

Interestingly, we also identified differences in the patterns
of atrophy of VS and MCS patients. VS patients showed a
more widespread pattern of atrophy than controls, producing
differences in global thalamic volume. MCS patients did not
show volumetric differences compared to controls, and re-
gionally they showed a less pronounced inward collapse in
both the dorsal and ventral areas, with the anterior-ventral
body significantly spared. Neuropathological studies have
demonstrated that thalamic damage is less common in MCS
than in VS patients ( Jennett et al., 2001). Maxwell and col-
leagues (2004, 2006) assessed regional differences in TBI out-
come groups using the Glasgow Outcome Scale, but did not
separate MCS patients within the more general severely dis-
abled category, thus precluding the identification of differ-
ences between MCS and VS patients and comparison with our
results.

Besides a more complex repertoire of behaviors (Giacino
et al., 2002), MCS patients generally demonstrate greater
distribution of cerebral network activation in fMRI and PET
studies than VS patients (see Monti et al., 2009 for a review).
The less severe pattern of thalamic atrophy seen in MCS

FIG. 1. Partial regression plots showing the relationship
between each clinical measure, (A) Disability Rating Scale
(DRS) and (B) Level of Cognitive Functioning Scale (LCFS),
and thalamic volume, after controlling for brain parenchy-
mal volume effects, in the patient group.
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patients reported here may reflect the potential availability of
cerebral networks in some MCS patients that allows residual
cerebral function and improved functional outcomes (Schiff
et al., 2007; Voss et al., 2006).

We also found that total thalamic volume was correlated
with DRS score. Of note, the regional shape correlations with
this measure were specifically located mainly over the IML

and DMN. This result reinforces the notion that these thalamic
nuclei are involved in supporting human consciousness and
in explaining the outcome after severe TBI. Recently, Schiff
and associates (2007) used deep brain electrical stimulation of
the central thalamus, defined as the intralaminar and adjacent
paralaminar regions of thalamic association nuclei, in a pa-
tient who remained in a MCS for 6 years following TBI, and

FIG. 3. Correlation maps of Disability Rating Scale score and thalamic shape in the all-patient group. The color bar indicates
F-statistics. F-statistics have degrees of freedom 3, 4, giving p¼ 0.16 (F¼ 3), p¼ 0.05 (F¼ 7), and p¼ 0.04 (F¼ 8; L, left; R, right;
S, superior; I, inferior).

FIG. 2. Thalamic shape abnormalities in the MCS and VS patient group (top), the VS patients only (middle), and the MCS
patients only (bottom), compared to controls. The color bar indicates F-statistics. F-statistics have degrees of freedom 3, 24
giving p¼ 0.05 (F¼ 3), p¼ 0.008 (F¼ 5), and p¼ 0.0007 (F¼ 8; L, left; R, right; S, superior; I, inferior; MCS, minimally-
conscious state; VS, vegetative state).
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they showed increased frequency of cognitively-mediated
behaviors.

The main limitation of our study is the small sample size,
which may preclude the generalization of the results to the
general population, and reduces the statistical power and the
magnitude of the correlations found; therefore our results
must be taken as preliminary. Nevertheless, we believe that
their consistency with previous neuropathological findings
with larger cohorts partially mitigates this limitation and
supports their reliability. Disorders of consciousness are rare,
and it is extremely difficult to accumulate large cohorts
for inclusion in research studies. This is a common problem in
the neuroimaging literature with this population, and most
of the studies have been performed with similar or smaller
numbers of patients than the present work (Owen and
Coleman, 2008; Tshibanda et al., 2010). We believe that mul-
ticenter studies that allow recruitment of larger cohorts may
allow a more accurate characterization of the specific pat-
terns of local atrophy in VS and MCS patients, which could
lead to a better understanding of the structural basis of these
clinical conditions.

Several approaches for shape analysis have been proposed
in the literature. They employed different methodologies to
ensure correspondence between vertices across subjects and
guarantee the reliability of the analysis. However, their ap-
plications to the study of pathological brain abnormalities are
relatively new, and standards have not yet been established.
Comparison of their performance in both healthy volunteers
and pathological groups would be necessary to assess their
sensitivity and reliability, but an in-depth discussion of this
topic is beyond the scope of this article. We believe that the
accuracy of the segmentation in our sample, and the consis-
tency of our results with previous neuropathological findings,
provide enough support for its reliability.

In conclusion, we report in vivo evidence of different pat-
terns of regional thalamic shape abnormalities in VS and MCS
patients, as well as their clinical correlates. The potential for
noninvasively detecting subtle thalamic shape changes in
these patients may make the technique described here a
powerful tool for identifying patients who might retain en-
ough structural substrate to benefit from rehabilitative and
neuromodulatory interventions.
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