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CHAPTER 31

MRI of neuronal network structure,
function, and plasticity
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Abstract: We review two complementary MRI imaging modalities to characterize structure and function
of neuronal networks in the human brain, and their application to subjects with severe brain injury.
The structural imaging modality, diffusion tensor imaging, is based on imaging the diffusion of water

protons in the brain parenchyma. From the diffusion tensor, several quantities characterizing fiber
structure in the brain can be derived. The principal direction of the diffusion tensor has been found to
depend on the fiber direction of myelinated axons. It can be used for white matter fiber tracking. The
anisotropy (or directional dependence) of diffusion has been shown to be sensitive to developmental as well
as white matter changes during training and recovery from brain injury.
The functional MRI imaging modality, resting state fMRI, concerns the functional connectivity of

neuronal networks rather than their anatomical structure. Subjects undergo a conventional fMRI imaging
protocol without performing specific tasks. Various resting state network patterns can be computed by
algorithms that reveal correlations in the fMRI signal. Often, thalamic structures are involved, suggesting
that resting state fMRI could reflect global brain network functionality. Clinical applications of resting
state fMRI have been reported, in particular relating signal abnormalities to neurodegenerative processes.
To better understand to which degree resting state patterns reflect neuronal network function, we are
comparing network patterns of normal subjects with those having severe brain lesions in a small pilot study.

Keywords: MRI; neuronal networks; diffusion tensor imaging (DTI); functional MRI (fMRI); resting
state; brain injury; axonal regrowth

Introduction

The impressive advancement of magnetic reso-
nance imaging (MRI) in the past three decades
provides us with sensitive tools to obtain

noninvasive, unprecedented characterizations of
the human brain in vivo. As highly versatile
machines that can be programmed to yield an
ever-expanding variety of different image con-
trasts, MRI scanners now allow us to ask specific
questions about structural and functional connec-
tivity of the brain. In this contribution, we review
two complementary MRI imaging modalities with
a potential to characterize therapeutic response or
recovery after brain injury.
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The first imaging modality, diffusion tensor
imaging (DTI), is based on imaging the strength
and direction of thermal diffusion of water
protons in the brain parenchyma. From the
diffusion tensor, several quantities can be derived
that indirectly characterize fiber structure in the
brain, particularly in the white matter. Direction
of diffusion has been found to depend on the
predominant fiber direction of myelinated axons
and can be used for white matter fiber tracking.
Here we review applications of DTI based on
the anisotropy (or directional dependence) and
strength of diffusion, with emphasis on quantita-
tive measures that sensitively reflect white matter
changes during recovery from brain injury, as well
as during development.

The second imaging modality, resting state
fMRI, is based on the blood–oxygen-level-depen-
dent (BOLD) effect in gray matter during rest and
concerns the functional connectivity of neuronal
networks rather than their anatomical structure.
In resting state fMRI, subjects undergo a conven-
tional fMRI imaging protocol without performing
specific tasks. The resulting signal contains var-
ious resting state network patterns, which are
obtained by algorithms that reveal correlations in
the signal. The neurophysiological origins of
resting state BOLD fluctuations are not comple-
tely understood; neither is the potential use of this
measurement for imaging therapeutic response
nor its recovery after brain injury. However,
during the past 3 years, several clinical applica-
tions of resting state fMRI have been reported.
Here we review, in particular, applications that
relate signal abnormalities to neurodegenerative
processes. In addition, we explore the possibility
to use this assessment of network integrity in
patients with brain injuries. We describe a pilot
study with two patients with multiple focal brain
lesions, and discuss the potential of resting state
fMRI as a tool to assess disruptions and recovery
of neuronal networks after brain injury.

Both DTI and resting state fMRI are reviewed
with most recent applications to brain injury.
Rather than providing a comprehensive review
over the techniques, we will focus on the future
potential of these techniques as clinical research
tools.

Diffusion tensor imaging

Technique and applications

DTI is an imaging modality capable of rende-
ring the local direction of fibers and charac-
terizing microscopic tissue properties (Basser
et al., 1994; Coremans et al., 1994; Basser and
Pierpaoli, 1996). Particularly in the brain par-
enchyma, diffusion of water parallel to myelinated
white matter is larger than that perpendicular to
the fiber tracts, where diffusion is hindered by
myelin sheaths (Beaulieu and Allen, 1994). Thus,
diffusion of water in white matter depends on the
direction, i.e., it is anisotropic. In contrast, diffu-
sion in a glass of water or in the cerebrospinal
fluid is largely direction-independent, i.e., isotro-
pic. The diffusion constant and other parameters
describing diffusion depend on microscopic tissue
properties such as density, diameter, degree of
myelination, and the geometry of fibers, and
influence the MRI signal (LeBihan et al., 1986;
Douek et al., 1991; Basser, 1995; Alexander et al.,
2007; Assaf and Pasternak, 2008; Mukherjee et al.,
2008a). The apparent diffusion of water (‘‘appar-
ent’’ since physiological processes that are not
strictly diffusive in a physical sense may contri-
bute; Neil, 1997) is described, in particular, by the
apparent diffusion coefficient (ADC), the degree
of anisotropy (e.g., expressed by the fractional
anisotropy, FA) and the predominant direction
of diffusion. A sketch of the DTI methodology
and definitions of these quantities is provided in
Fig. 1.

Recently, DTI has attracted much interest in
both clinical neurology and basic neurobiological
research for its ability to render white matter
fiber structures, which cannot be seen in conven-
tional magnetic resonance imaging. For these
‘‘fiber tracking’’ methods, see, for example, Basser
(1995); Mori and van Zijl (2002); Mori et al.
(2005). The accuracy of DTI-based fiber tracts
compared to true neuronal fiber tracts has been
continuously improved to the point where, for
some structures, DTI fiber tracking approaches or
even outperforms the accuracy of anatomical
atlases (Douek et al., 1991; Holodny et al., 2005;
Ino et al., 2007; Kim et al., 2008; Park et al., 2008).
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DTI provides a subject-specific rendering of fiber
tracts, which have a certain intersubject variability
independent of variability caused by brain disease,
injury, or tumors (Liu et al., 2001; Jellison et al.,
2004; Sundgren et al., 2004; Narayana et al., 2007;

Smith et al., 2007). Fiber tracking algorithms
usually depend on a number of MRI and analysis
parameters, and their results may not be easily
comparable between different sites and subjects,
although recent progress has been obtained here,

Fig. 1. From microscopic diffusion to cerebral fiber tract reconstructions. (a) Microscopic thermal diffusion of water protons in the
interstitial space between myelinated axons is not isotropic but restricted in the directions perpendicular to the fibers. It is less
restricted in the direction parallel to the fibers, which would be out-of-plane here. Schematically sketched is a possible diffusive
trajectory of a water proton. There is also diffusion of water within the fibers and across the myelin sheaths, which provides a usually
smaller contribution to the average diffusion properties of the tissue. (b) A T2 weighted image and three representative axial MRI
diffusion weighted images of the brain of a normal subject. The three diffusion weighted images have been acquired with diffusion
gradients probing diffusion along different directions. It is evident how the different gradient directions determine image intensity,
for example in the splenium of the corpus callosum (arrows). (c) From the T2 and diffusion weighted images, for each voxel a series
of mathematical operations is performed. First, a diffusion tensor D is computed by an overdetermined least squares algorithm. In
this case, one T2 weighted and 55 diffusion weighted images have been acquired, from which the six independent components of D
were estimated. The tensor is diagonalized to compute a coordinate system that is aligned with the diffusion ellipsoid, a three-
dimensional shape describing the preferred directions of diffusion in each voxel. The principal axis of the diffusion ellipsoid defines
the estimate of the main fiber direction. The lengths of the three ellipsoid axes, or the eigenvalues m of the matrix D, define useful
properties characterizing the microscopic organization of the tissue. In particular, the apparent diffusion constant (ADC) is an
estimate of the diffusion strength, and the fractional anisotropy (FA) quantifies the anisotropy of diffusion. (d) A sagittal FA color
map, an axial FA color map, and an axial FA intensity map. FA color maps demonstrate the predominant white matter fiber
direction with different colors indicating different directions. Color is composed of red, blue, and green, indexing whether anisotropy
is most pronounced from left-to-right, superior-to-inferior, or anterior-to-posterior, respectively. The intensity of the color is
proportional to FA: it is large for the hindered diffusion of water, such as in case of myelinated axons, and small for more isotropic
regions in the brain, such as gray matter or cerebrospinal fluid. (e) The fiber orientation information of the diffusion tensor
eigenvectors and the anisotropy values provide the basis for estimating fiber tracts in the brain. In this example, two seed regions in
the internal capsule were placed in the right and the left hemispheres. Fiber estimates originating from these seed regions are
rendered in green and blue, respectively. (See Color Plate 31.1 in color plate section.)
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too (Schwartzman et al., 2005). Figure 1e shows a
fiber ‘‘tractogram.’’

In anisotropy maps (Pajevic and Pierpaoli,
1999; Jellison et al., 2004), diffusion anisotropy
measures such as FA are used as a proxy for white
matter fiber integrity. Figure 1d provides exam-
ples of color-coded and gray-scale anisotropy
maps. Whereas most conventional MRI contrast
mechanisms such as T1, T2, and proton density
weighting do not provide quantitative values,
diffusion anisotropy maps are derived directly
from the quantitative measurements of diffusion
in space and thus give us a quantitative means of
measuring microscopic tissue properties. In prin-
ciple, results obtained on different MRI scanners
should be comparable. However, due to different
scanner hardware, imaging protocols, and data
processing algorithms, in practice, most often a
direct comparison of numbers obtained on differ-
ent MRI scanners is not advisable, and corrective
measures may be required (Croxson et al., 2005;
Johansen-Berg et al., 2005; Farrell et al., 2007;
Klein et al., 2007; Landman et al., 2007; Niogi
et al., 2007). Fiber tractography and quantitative
measures can be combined to quantify diffusion
along specific white matter fiber tracts (Jones
et al., 2005; Smith et al., 2007). For technical
aspects of DTI, and computation of indexes such
as FA and ADC, as well as more recent technical
advances surpassing the Gaussian (tensor) model
of diffusion, see Tournier et al. (2004); Tuch (2004);
Alexander (2005); Anderson (2005); Campbell
et al. (2005); Hagmann et al. (2006); Kingsley
(2006a, b); Minati and Weglarz (2007); Mukherjee
et al. (2008b). A recent review of pitfalls of DTI is
given by Koch and Norris (2006).

DTI and recovery from brain injury

There are at least two motivations for the appli-
cation of DTI in studies of axonal reorganization
after brain injury: (i) The sensitivity of DTI
with respect to the degree of myelination and
axonal density suggests its potential utility as
imaging modality to look at axonal reorganiza-
tion and growth, although still requiring confir-
mation by accompanying findings of more direct
studies using experimental methods (Pons et al.,

1991; Napieralski et al., 1996; Florence et al.,
1998; Jain et al., 2000; Carmichael and Chesselet,
2002; Chklovskii et al., 2004; Dancause et al.,
2005), or MR spectroscopy (Danielsen et al., 2003).
(ii) DTI-based measures such as FA and ADC
have proven to provide a sensitive longitudinal
measure of white and gray matter changes in the
developing and adult brain (McKinstry et al.,
2002; Partridge et al., 2004; Bengtsson et al.,
2005; deIpolyi et al., 2005; Hermoye et al., 2006;
Mukherjee and McKinstry, 2006; Mac Donald
et al., 2007; Wozniak and Lim, 2006).

We performed a longitudinal case study of a
patient who spontaneously recovered reliable
expressive language after 19 years in a minimally
conscious state, caused by traumatic brain injury
(Voss et al., 2006). Comparison of white matter
integrity in the patient with 20 control subjects
using ADC and FA identified widespread altered
diffusivity and decreased anisotropy. These find-
ings remained unchanged over an 18-month
interval between two MRI scans. In addition, we
identified large, bilateral regions of posterior
white matter with significantly increased aniso-
tropy as measured by FA, which reduced over the
same time interval. In contrast, notable increases
in anisotropy within the midline cerebellar white
matter at the second time point correlated with
marked clinical improvements in the patient’s
motor functions (recovery of limited use of
lower extremities and left upper extremity, and
improvement in articulation). The finding of
changes in the cerebellar white matter was also
correlated with an increase in resting metabolism
measured by PET in this region. We conjectured
that axonal regrowth may account for these
observations and provide a biological mechanism
for the late recovery of motor function over the
interval between DTI measurements. These cor-
relations of altered white matter structures as
determined by DTI with clinical improvements
suggest the potential clinical utility of longitudinal
tracking of patients with brain injuries using DTI.

A more thorough prospective longitudinal DTI
study of recovery from severe traumatic brain
injury examined the correlation of DTI measure-
ments with clinical outcome variables in 23
subjects (Sidaros et al., 2008). In this study, the
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authors looked in detail at the three principal
diffusion tensor components, which enabled them
to study the origin of changes, specifically,
whether they are more likely to represent axonal
injury or demyelination. They found that at the
first time point, at 5–11 weeks post-trauma, FA
showed widespread reduction in white matter
compared to controls. Patients with unfavorable
1-year outcome (measured by the Glasgow Out-
come Scale) tended to deviate more from control
DTI values than patients with favorable outcome.
At the same time, FA in the cerebral peduncle
correlated with outcome score at about a year
later. After a post-trauma time interval of 9–15
months, follow-up scans showed that FA in
patients had increased in the internal capsule and
the centrum semiovale. Primarily in patients with
favorable outcome, FA reached normal levels or
was even higher than normal in these regions. No
significant DTI parameter changes over time were
found in 14 matched controls during the same
time interval. Of note, these increases in FA
were restricted to the direction parallel to axonal
fibers, an observation interpreted by the investi-
gators as potentially consistent with axonal recov-
ery. The prospective cohort design of this study
adds significant evidence in favor of the future use
of this technique as a biomarker for prediction of
outcomes from traumatic brain injury. Taken
together with the longitudinal single subject study
of Voss et al. (2006), these findings corroborate
the observation of longitudinal changes in DTI
during recovery from severe brain injury and add
weight to the interpretation that such changes
reflect a slow variable of structural change in the
brain.

Other studies have shown correlations between
recovery scores from severe brain injury and
anisotropy values (Han et al., 2007; Skoglund
et al., 2008). Ramu et al. (2008) demonstrated
significant fiber tract reorganization and regen-
eration in different parts of the brain in response
to spinal cord injury in rats, using histology and
DTI. Another study in rats with spinal cord injury
investigating the significance of DTI to study
neuronal recovery mechanisms, but this time in
proximity of the injury, was performed by Deo
et al. (2006). The authors found region-specific

recovery patterns in the spinal cord white matter,
including areas with sustained recovery.

Due to its sensitivity to pathological changes of
white matter, DTI has found other widespread
clinical applications. For recent reviews of other
specific applications, see Lim and Helpern (2002);
Sundgren et al. (2004); Johansen-Berg and Behrens
(2006); Assaf and Pasternak (2008). DTI sequences
are now available from all major clinical MRI
scanner manufacturers, along with automated
basic postprocessing software, such that they can
easily be added to conventional clinical imaging
protocols.

Resting state f MRI

Technique and applications

In conventional fMRI, fluctuations in the baseline
BOLD signal during rest are usually discarded as
noise, although they exhibit a rich (but not appar-
ent) spatiotemporal dynamics, as demonstrated
by several groups (Biswal et al., 1995; Greicius
et al., 2003; Fox et al., 2005; Fox and Raichle,
2007). The most prominent resting state pattern,
the ‘‘default mode’’ was originally discovered in
resting metabolism positron emission tomo-
graphy (PET) data (Raichle et al., 2001) and then
readily hypothesized to reflect the existence of
an organized, baseline default mode of brain
function. Interestingly, the default mode net-
work also shows up as the most prominent resting
state pattern in BOLD-fMRI data. In addi-
tion, the default mode has a direct correlate in
cognitive processing. In MRI as well as in PET
data, one observes deactivation of areas belonging
to the default mode network during attention-
demanding tasks or goal-directed behavior
(Raichle et al., 2001; Singh and Fawcett, 2008).

Besides the default mode network, several
other resting state networks have been identified
more recently (Esposito et al., 2005; De Luca
et al., 2006; Mantini et al., 2007). In particular,
Mantini et al. found six different functionally
meaningful resting state patterns. Figure 2 pro-
vides examples for four of them. These six
main resting state networks are as follows.
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RSN 1: default mode network, including the
posterior cingulate and precuneus, medial pre-
frontal cortex, dorsal lateral prefrontal cortex, and
inferior parietal cortex. RSN 2: dorsal attention
network, including the intraparietal sulci, areas at
the intersection of precentral and superior frontal
sulcus, ventral precentral, and middle frontal
gyrus. RSN 3: visual processing network, includ-
ing retinotopic occipital cortex and temporal–
occipital regions. RSN 4: auditory–phonological
network, the superior temporal cortices. RSN 5:
sensory–motor network, including the precentral,
postcentral, and medial frontal gyri, the primary
sensory–motor cortices, and the supplementary
motor area. RSN 6: self-referential network,
including the medial–ventral prefrontal cortex,
the pregenual anterior cingulate, the hypothala-
mus, and the cerebellum. These patterns have
considerable overlap with main neuronal net-
works that have been earlier identified in conven-
tional fMRI studies. (However, the chosen names
do not necessarily refer to the exact functions
of the resting state networks, which are still
putative.) A milestone finding with respect to

functional and anatomical significance of resting
state networks is the recent demonstration that
the oculomotor, the visual, and the somatomotor
systems (as determined by corresponding conven-
tional fMRI experiments and fiber staining in
anesthetized monkeys) are also identified by
BOLD resting state patterns (Vincent et al.,
2007).

Recently, it was shown that there is a direct
correspondence between fluctuations in EEG
oscillations and resting state BOLD baseline
fluctuations (Mantini et al., 2007). Correlation
of these signals is potentially of considerable
relevance as persistent low-frequency oscilla-
tions observable in the EEG can provide valu-
able clinical information about brain function
(Niedermeyer and da Silva, 2004; Nunez and
Srinivasan, 2005). In further support of the view
that the fMRI resting state signal is correlated
with electrical activity, Lu et al. (2007) found that
in anesthetized rats low-frequency electrical activ-
ity underlies the neural correlates of resting
state connectivity. This finding is consistent with
the suggestion of several authors that resting

Fig. 2. Four resting state networks in a normal subject. Also shown are corresponding time courses of the independent component
coefficients. (Colors quantify the z-value of correlation of the time series with the corresponding ICA coefficient. Either positive or
negative z-values are shown.) (See Color Plate 31.2 in color plate section.)
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state BOLD fluctuations are representative of
synchronous spontaneous fluctuations of large-
scale networks, which occur at low frequencies
(von Stein and Sarnthein, 2000; Schnitzler and
Gross, 2005). Furthermore, the fMRI resting state
signal differentially registers to specific electrical
oscillatory frequency band activity, suggesting
that fMRI may be able to distinguish the ongoing
from the evoked activity of the brain (Fox and
Raichle, 2007). Additional studies have related
EEG power fluctuations, particularly within the
alpha-band, to resting state patterns (Goldman
et al., 2002; Leopold et al., 2003; Laufs et al., 2003;
Feige et al., 2005).

These findings make it clear that ‘‘resting state’’
cannot be understood as a complete rest of the
brain; it is inevitable that the brain constantly
engages in some activity during wakefulness.
Rather, a resting state experiment should be seen
as an unconstrained experiment as opposed to
experiments in which subjects perform specific
tasks under defined timing constraints (Lowe
et al., 1998). Task-dependent fMRI experiments
probe the activity of the brain in certain, usually
well-defined areas, whereas resting state activa-
tions result from spontaneous, intrinsic fluctua-
tions. The approach of looking at intrinsic
fluctuations resembles a methodology from the
science of complex systems; for example, by virtue
of natural laws such as the fluctuation–dissipation
theorem, it is possible to test for the functionality
of complex biological and physical systems by
analyzing their intrinsic fluctuations (Lauk et al.,
1998; Crooker et al., 2004; Rossberg et al., 2004).
Resting state fMRI is compatible with the view
that the brain largely operates intrinsically, with
sensory information only modulating system
operations (Burton et al., 2004).

Typical resting state spatial patterns have been
computed by ‘‘blind’’ methods such as indepen-
dent component analysis (ICA) (Formisano et al.,
2001; Esposito et al., 2002). The resulting patterns
can be classified further as attributable to various
sources, such as the BOLD effect, and also to
artifacts caused by the experimental procedures
or motion. ICA separates spatial components by
making the assumption that the spatial network
patterns are statistically independent in their time

course. In the alternative region of interest (ROI)
based approach (Greicius et al., 2003), seed ROIs
are selected and signals in them are compared to
the signal in other parts of the brain. Statistical
measures can be derived to understand the corre-
lation structure of these signals in relation to the
seed ROI. Both methods have been shown to be
able to define very similar resting state correlation
structures (Greicius and Menon, 2004).

Resting state fMRI and potential applications
to brain injury

Within the last 3 years, fMRI resting state
network analysis has been applied to a variety of
diseases and conditions, such as Alzheimer’s
Disease (AD) (He et al., 2007; Rombouts et al.,
2007; Sorg et al., 2007; Wang et al., 2007), the
aging brain (Andrews-Hanna et al., 2007; Wu
et al., 2007), blindness (Burton et al., 2004),
schizophrenia (Jafri et al., 2008; Liu et al., 2008),
attention-deficit/hyperactivity disorder (Zhu et al.,
2008; Cao et al., 2006), and epilepsy (Waites
et al., 2006; Laufs et al., 2007). In these studies,
interesting abnormalities have been found in the
resting state network patterns. Recent evidence
points toward the possibility of extracting infor-
mation about functionality and connectivity from
resting state fMRI fluctuations (Hampson et al.,
2002; Greicius et al., 2003; Seeley et al., 2007).
The latter property makes resting state fMRI
of particular interest for clinical applications.
Often, thalamic structures are involved (De Luca
et al., 2006), suggesting that resting state fMRI
could develop into a technique to assess global
brain network functionality. Conventional fMRI
approaches that probe specific functions one-by-
one by letting the subjects perform specific tasks
are technically demanding, and for sufficiently
complex tasks, they are usually difficult to per-
form in the clinical setting. Although such method
can be very useful for specific assessments of
function (e.g., Owen et al., 2005; Schiff et al., 2005;
Giacino et al., 2006), this approach has significant
limitations for providing a global view of con-
nectivity in the brain.

The ability to image network integrity or
disruptions may be particularly relevant for
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assessments of severely injured brain. For exam-
ple, in the minimally conscious state (MCS)
some patients exhibit behavioral evidence of the
recovery of a minimal dynamic network archi-
tecture required to organize behavioral sets and
to respond to sensory stimuli, not seen in the
vegetative state (VS) patients (Giacino et al.,
2002). Assessment of functional network activa-
tion using fMRI in such patients suggests pre-
servation of large-scale networks that must retain
anatomical connectivity (Schiff et al., 2005).
While it is expected that normal subjects show
similar location and intensity of networks, we
hypothesize that subjects with severe focal brain
injury may show distortions of the normal
patterns. If so, resting state fMRI could eventually
provide functional and diagnostic information.
However, more experiments and tools are needed
in order to better understand the neurophysiolo-
gical origins of resting state patterns, and to
explore the potential utility of resting state
fMRI, a diagnostic tool in clinical imaging of the
human brain.

Initial results

As part of a study characterizing brain function
following severe injuries caused by vascular
occlusions, we performed resting state fMRI on
two subjects with severe multifocal brain injuries.
We compared these two studies to those obtained
from four normal control subjects without
known neurological deficits. Informed consent
was obtained from all subjects (or their legally
authorized representatives) and the studies were
approved by the Institutional Review Board of
Weill Cornell Medical College. Subjects were
instructed to close their eyes and think of nothing
in particular.

Patient 1 (female, 24 years) suffered multifocal
brain lesions consisting of infarctions in the
brainstem (ventral pons and tegmental midbrain)
and thalamus secondary to basilar artery throm-
bosis, 18 months prior to MRI. Lesions can be
seen in the anterior intralaminar nuclei (primarily
CL and Pc) bilaterally and in the right LGN
(Fig. 3A). The destructive effects of the strokes

Fig. 3. Auditory–phonological resting state network of (a) Patient 1 and (b) a control subject, as well as (c) a comparison of network
volumes between both patients and four control subjects. An anatomical characterization of Patient 1 by means of (A) T1 weighted
anatomical imaging and (B) estimates of white matter fiber tracts using DTI. The arrow points to the pontine lesions visible here as
disrupted white matter fiber tracts. (See Color Plate 31.3 in color plate section.)
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are also visible in DTI-based white matter fiber
tract reconstructions (Fig. 3B). Resting state fluo-
rodeoxyglucose (FDG) PET data showed notable
metabolic downregulation of left hemisphere
frontotemporal cortical regions (not shown).
Patient 2 (female, 56 years) suffered multifocal
injuries bilaterally within the anterior and middle
cerebral artery distributions following severe
cerebral vasospasm induced by anterior commu-
nicating artery rupture 32 months prior to MRI.

Resting state networks were identified by inde-
pendent component analysis (BrainVoyagerQX).
The volumes of the RSNs were defined by voxels
with zW2 in clusters W1 cm3. Resting metabolism
(FDG-PET) of patients was qualitatively com-
pared to volume and connectivity (measured
as the maximum z-value) of RSN clusters. In
all control subjects, we could identify the default
mode (RSN 1), visual processing (RSN 3),
auditory–phonological (RSN 4), and self-referential
(RSN 6) networks.

In Patient 1, we could identify RSN 1, 3, and 4
(Fig. 3a). These RSNs had a significantly larger
volume than in the control subjects (Fig. 3c).
However, due to the small size of the control
group this finding had to be considered prelimin-
ary. Metabolic rates (FDG-PET) showed left
frontotemporal downregulation, which is trace-
able to the central thalamic lesion (Van der Werf
et al., 1999), and loss of calcarine metabolism on
the right, ipsilateral to the LGN infarct. In the
fMRI data, the parietal regions of RSN 1 (default)
appeared stronger with respect to both volume
and connectivity, on the right side. RSN 3 (visual)
was smaller on the right side, but had a compar-
able connectivity. RSN 4 (audio) appeared to be
of similar volume and connectivity in both hemi-
spheres. The relatively stronger resting state
signal in the right parietal regions of the default
mode network may correlate with the metabolic
downregulation of the left hemisphere. Similarly,
the relatively smaller visual processing network
on the right side may correlate with the ipsilateral
LGN lesion.

In Patient 2, we could identify the anterior part
of RSN 1, as well as RSN 3, 5, and 6. The volume
of these networks was reduced but not signifi-
cantly different from the control subjects (Fig. 3c).

The posterior areas of RSN 1 were missing. This
observation was correlated with particularly low
metabolism in the corresponding regions, and
extensive loss of midline cortical regions.

In conclusion, preliminary studies of alterations
in resting state patterns in subjects with brain
lesions show correlations with lesion patterns and
resting metabolism PET. Further development
will be required to assess the potential role of
resting state fMRI as an additional tool in eval-
uating patients with severe brain injuries.

Discussion

We have reviewed two complementary MRI
modalities, DTI and resting state fMRI, to image
neuronal structure and function. Whereas DTI
has become a mature tool to study various
diseases, resting state fMRI is still in its infancy
and requires more research to fully understand
the observations. However, our two case studies
of patients with severe brain lesions provide hints
that resting state fMRI may have the potential to
become an important tool to assess large-scale
connectivity and functional integrity of neuronal
networks.

Whether the discussed DTI or resting state
fMRI methods, or their combination with other
imaging modalities can be used as reliable
predictors of outcome after brain lesions remains
a challenging problem warranting further research
(Calixto et al., 2007; Galanaud et al., 2007;
Laureys and Boly, 2007; Schiff, 2007; Rousseau
et al., 2008). In particular, more longitudinal,
multimodal imaging studies (such as Naganawa
et al., 2004; Ewing-Cobbs et al., 2006; Weiss et al.,
2007) are required to obtain a clear picture of the
predictive value of white matter imaging.

Abbreviations

AD Alzheimer’s disease
BOLD blood–oxygen-level-dependent
DTI diffusion tensor imaging
EEG electroencephalography
FDG fluorodeoxyglucose
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fMRI functional MRI
MCS minimally conscious state
MRI magnetic resonance imaging
PET positron emission tomography
RSN resting state network
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