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Introduction
Traumatic brain injury (TBI) is a significant public health 
care burden, with over 1.7 million incidents every year in the 
United States alone (Kay, 1993; National Institutes of Health, 
1999). Currently, over 5.7 million Americans live in the shad-
ow of TBI-induced disability (Kay, 1993; National Institutes 
of Health, 1999). Design of proper rehabilitation program is 
urgently needed to help them cope with TBI-induced chal-
lenges on daily basis. Evidence demonstrates that, even with 
damage in certain functional structures or networks, e.g., 
motor control and somatosensory networks, many patients 
can still pick up these functionalities during their recovery. 
This leads to the possibility that the brain could reorganize 
itself either through natural recovery or acquired training 
experience to cope with deficits. 

More evidence also suggests a cumulative effect of brain 
injury, which may depend on changes in the baseline status 
of the brain at each injury. Most recently, the TRACK TBI 
study reported that TBI patients who had a previous head 
injury history, even just a brief loss of consciousness, tend to 
have worse outcomes than those without a history of brain 
injury (Dams-O’Connor et al., 2013). This evidence suggests 
that, after TBI, the brain does not return to its previous 
state. The neurocognitive recovery could be largely due to 
the brain remodeling to compensate for impaired function, 
called brain plasticity. In addition, the advent of advanced 
magnetic resonance imaging (MRI) techniques has signifi-
cantly changed the view of our brain in both normal and 
pathological conditions. High resolution structural imaging 

enables improved quantification of even small anatomical 
changes; diffusion tensor imaging (DTI) allows us to probe 
the brain’s physiological conditions at microstructural lev-
el that is invisible on structural MRI; and functional MRI 
(fMRI) detects brain functional changes in response to 
external stimuli. The use of advanced MRI to detect brain 
plasticity has expanded drastically in cognitive neuroscience. 
From an imaging point of view, brain plasticity could be 
broken down into structural reorganization and functional 
compensation (Voss and Schiff, 2009). 

Previously, Chen et al. (2010) gave a systematic review of 
brain plasticity after stroke. Dijkhuizen (2012) summarized 
recent DTI and fMRI findings of brain plasticity in ani-
mal stroke models. Kolb et al. (2010) summarized factors 
that influence cerebral plasticity in the normal and injured 
brain based on animal studies. Staudt (2010) gave insights 
into brain plasticity following early life brain injury (at the 
perinatal stage) from an imaging perspective. This mini-re-
view adds to these efforts by summarizing the most recent 
imaging evidence of brain plasticity in TBI patients, from 
synaptic, microstructural, to functional network levels of the 
brain, particularly focusing on advanced MRI. At the end of 
the paper, the authors also point out the future directions for 
further investigation.
 

Brain plasticity at the synaptic level
Brain plastic changes are age-, gender-, time-, experience-, 
and region-dependent (Chen et al., 2010; Kolb et al., 2010; 
Staudt, 2010). Among all regions, the cortex is the most 
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widely reported as the most plastic region after injury. These 
plastic changes can be seen as reorganization in regions sur-
rounding the damaged area and recruitment of new regions 
or use of alternative networks (Muñoz-Cespedes et al., 2001; 
Chen et al., 2010; Nishibe et al., 2010). In experimental an-
imal models, extensive synaptic remodeling can be seen in 
the ipsilateral neocortex at the acute stage, as shown by a 
decrease in the density of pedunculated spines on apical den-
drites (Campbell et al., 2012). Depending on the injury type, 
animals with focal injury show reinnervation of damaged 
tissue by surrounding tissue, and animals with diffuse injury 
show regenerative responses in damaged tissue areas at the 
acute stage (Hall and Lifshitz, 2010). At the chronic stage, 
there is a drag during neuroinflammatory microglial acti-
vation, which could be detrimental to brain recovery, along 
with continuous expression of plasticity-relevant proteins in 
promotion of cortical plasticity, including microtubule-asso-
ciated protein-2 (MAP2) and synaptophysin (SYN) (Hall and 
Lifshitz, 2010; Jones et al., 2012; Morris et al., 2013).

Another important region of brain plasticity investigation 
is the striatum, including the thalamus. The thalamus serves 
as a relay station of somatosensory and motor function, and 
the striatum is full of dopaminergic neurotransmitters and 
plays an important role in motor control, motivation, arous-
al, cognition, and reward. Using fMRI, manganese-enhanced 
MRI and histological validation, Yu et al. (2012) demonstrat-
ed that thalamocortic inputs may represent a major site for 
adult plasticity, in contrast to the consensus that adult plas-
ticity mainly occurs at cortico-cortical connections. Synaptic 
plasticity in the striatum is also linked to the activation of 
dopamine receptors with DARPP-32 as well as glutamatergic 

transmission (Calabresi et al., 2000), and tyrosine hydroxylase 
serves to catalyze the formation of dopamine precursors (van 
Bregt et al., 2012). van Bregt et al. (2012) reported lasting 
alterations in dopamine metabolism in association with neu-
ronal degeneration in the substantia nigra at the acute stage 
but no tyrosine hydroxylase change. At the chronic stage, 28 
days after injury in rodent TBI models, both van Bregt et al. 
(2012) and Yan et al. (2007) reported alternations of tyrosine 
hydroxylase in the striatum as a compensatory mechanism to 
counteract dopamine defficiency after TBI. 

Additionally, the hippocampus in particular has been an 
important region of interest for plasticity investigation in 
animal models, due to its theorized role in memory modula-
tion, which are widely reported across different populations 
and can persist for long time. Early after TBI, at 24 hours, a 
substantial increase in spine density on dendrites bilaterally 
in CA1 and CA3 and the dorsal dentate gyrus could be seen, 
indicative of an increase in excitatory synapses (Campbell et 
al., 2012). Later, from the first week up to 2 months after in-
jury, aberrant mossy fiber prouting in the dentate gyrus at the 
ipsilateral side of brain injury can be seen, which is associat-
ed with spontaneous convulsive seizures (Hunt et al., 2009). 
Therefore, mossy fiber sprouting may play a role, along with 
neuron loss, neurogenesis, gliosis, and morphological chang-
es that alter sensitivity to stimulation after TBI in animal 
models (Hunt et al., 2009).

Brain plasticity at microstructural level
It has been reported that brain injury in early life, at the 
perinatal stage, can trigger structural and functional reorga-
nization of the brain, which can be seen in both structural 

Figure 1 Brain activations in the pre- and post-training conditions of two chronic traumatic brain injury patients receiving a combined robotic 
and cognitive training for rehabilitation.
The highlighted warm areas designate signal intensity of brain activation. For the first patient at left side (L), combined training increased the re-
cruitment of cingulate motor area and supplemental motor area in compensation of brain function. For the second case at right (R), combined 
training increased recruitment of more brain regions for compensation. M1: Primary motor cortex; S1: primary somatosensory cortex; CMA: cin-
gulate motor area; SMA: supplemental motor area. Image courtesy Sacco et al. (2011) and Frontiers in Human Neurosciences.
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and functional MRI. Among structural MRI, DTI has been 
reported being sensitive to white matter (WM) injury at a 
microstructural level that is invisible on conventional MRI 
(Niogi et al., 2008a, 2008b).

Evidence of brain plasticity includes reorganizations of the 
motor system, somatosensory system, and language regions 
detected by structural T1, DTI tractography and task ori-
ented fMRI (Staudt, 2010). In the early childhood, a patient 
who was born prematurely with serious injury on the arcu-
ate fasciculus, the critical pathway for language processing, 
could still have preserved language and reading functions 
(Yeatman and Feldman, 2013). Instead, DTI tractography 
demonstrated intact ventral connections between the tem-
poral and frontal lobes through the extreme capsule fiber 
system and uncinate fasciculus. This connection is likely to 
take over the language processing functionality as a com-
pensational mechanism (Yeatman and Feldman, 2013). In 
adult brain injury patients, Yogarajah et al. (2010) conducted 
a DTI study of 46 epilepsy patients with anterior temporal 
lobe resection. They reported increased fractional anisotropy 
(FA) in the ventro-medial language network, in suggestion 
of structural reorganization in response to the resection 
(Yogarajah et al., 2010). In a case study of a patient suffer-
ing from tuberous meningitis at the age of 12 years, Jan et 
al. reported a new motor pathway posterior to the lesion in 
the midbrain and upper pons, evidenced by diffusion tensor 
tractography, task oriented fMRI, and transcranial magnetic 
stimulation (Ndode-Ekane et al., 2010). Laitinen et al. (2010) 
also reported increased fractional anisotropy in the hippo-
campal dentate gyrus in ananimal model induced with sta-
tus epilepticus, and the FA changes are correlated (P < 0.01) 

with histologically verified axonal plasticity of myelinated 
and non-myelinated neuronal fibers. This evidence demon-
strated that morphological structural is the foundation 
of brain plasticity. In case of injury at one location, other 
possible alternative routes must be intact to compensate the 
impaired function. Zhou et al. (2014) demonstrated that rats 
with partial corpus callosotomy can have restored functional 
connectivity between hemispheres at 28 days after injury, 
but rats with complete corpus callosotomy cannot, likely due 
to the compensation that occurred through the remaining 
interhemispheric axonal pathways. Their data suggest that 
axonal connections are the indispensable foundation for 
resting state functional connectivity.

Brain plasticity at functional network level
Task-oriented fMRI findings
fMRI is the most widely used modality to investigate brain 
functional network alternations in pathological conditions. 
Task-based fMRI is considered the gold standard for identi-
fying corresponding functional activations. In a case study of 
two chronic TBI patients, Sacco et al. (2011) reported greater 
activation in the sensorimotor and supplementary motor 
cortices after a combined robotic and cognitive rehabilita-
tion training, as well as enhanced functional connectivity 
within the motor network (Figure 1). Improvements in bal-
ance and, to a lesser extent, in gait outcomes were also found 
in these two patients. In another study of 20 patients at 1 
month after mild TBI (mTBI) and 18 healthy controls, Chen 
et al. (2012) demonstrated that brain activation patterns 
differed between mTBI patients and controls in response to 
increasing working memory loads (P < 0.01, uncorrected). 
mTBI patients were impaired in their ability to increase ac-
tivation in working memory circuitry under both moderate 
and high working memory load conditions in contrast with 
controls. However, mTBI patients showed cerebral plastici-
ty, as evidenced by more activation in some areas outside 
and inside the working memory circuitry as compared with 
control subjects (P < 0.01, uncorrected). This work is in line 
with the earlier study by McAllister et al. (1999) on mTBI. In 
addition, Tivarus et al. (2012) reported the reorganization 
of language network to the right hemisphere after early left 
hemisphere injury by using task-based fMRI. In a study of 
a severe and persistent speech disorder, dysarthria, Morgan 
et al. (2013) reported functional reorganization involved 
over-recruitment of left-hemisphere motor regions for lan-
guage processing. In contrast with these beneficial findings 
of brain plasticity, Hampshire et al. (2013) studied 13 retired 
National Football League players by using task-based fMRI. 
They reported that the players showed pronounced hyperac-
tivation and hypoconnectivity of the dorsolateral frontal and 
frontopolar cortices. Critically, abnormal frontal lobe func-
tion was correlated with the self-reported number of times 
of the players’ being removed from play due to head injury 
(Hampshire et al., 2013). This might be a direct evidence of 
pathological plasticity due to maladaptive recruitment of 
brain resources and activations.

Figure 2 Functional compensation for structural damage after 
traumatic brain injury.
(A) Structural connectivity of white matter by using poster cingulate 
bundle as the seed region for probabilistic tractography analysis: The 
pink color shows the areas in which the patient group has lower con-
nectivity (two sample t-test, P < 0.05). (B) Overlay of functional con-
nectivity onto DTI structural connectivity. The blue color shows the 
areas in which the patient group has higher functional connectivity by 
using posterior cingulate cortex as the seed region (two sample t-test, P 
< 0.005). The figure clearly shows that the increased functional connec-
tivity on resting state functional MRI (fMRI) tends to compensate for 
structural damage in the cingulate bundle in TBI patients. This demon-
strates the complementary role of DTI and fMRI in delineating brain 
plasticity after TBI.

A

B
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Resting state functional connectivity MRI (fcMRI) findings
Despite the popularity of task-based fMRI in mapping func-
tional activations, it is not possible to use it to identify all 
functional networks of the brain. As a complement, resting 
state fcMRI is the most widely used technique in recent years 
to identify the brain network connectivity. Among all brain 
networks in the resting state, the “Default Mode Network” 
(DMN) is the most studied in mTBI (Mayer et al., 2011; John-
son et al., 2012; Stevens et al., 2012). The DMN is assumed 
to control passive mental activities in which individuals are 
awake and alert but do not specifically perform any “goal-di-
rected task” (Broyd et al., 2009). The posterior cingulate 
cortex (PCC) and the medial prefrontal cortex (MPFC) are 
two important components of the DMN. PCC and MPFC are 
associated with self-referential and emotional processing, as 
well as semantic processing, and their activity is attenuated 
when attention to the “goal-directed task” increases (Gilbert 
et al., 2007). The DMN’s important role in several cognitive 
functions and its disruption in several neurocognitive disor
ders both highlight the importance of the DMN’s connections 
and possible alterations in its activity as a possible diagnostic 
marker of injury-related neural damage. In mTBI inves-
tigation, most studies demonstrated decreased functional 
connectivity among the regions of the default mode network 
(DMN) and increased connectivity of DMN regions with 
brain regions that belong to other functional networks, in 
suggestion of functional network remodeling of the brain 
after injury. Mayer et al. (2011) studied mTBI patients at the 
semi-acute stage (within 2 weeks after injury) by choosing 
the rostral anterior cingulate gyrus (rACC) as the seed region 
and demonstrated a reduction in connectivity within DMN 
for mTBI and an increase in connectivity within a task-re-
lated network (TRN) relative to matched controls. Similarly, 
Johnson et al. (2012) scanned sports athletes with mTBI 
at the sub-acute phase (10 ± 2 days). By using voxel-based 
and region of interest (ROI)-based analysis, they focused on 
DMN regions such as PCC, MPFC, the lateral parietal lobes, 
and the parahippocampal gyrus. They indicated that both the 
number and strength of connections decreased in the PCC 
and the lateral parietal cortices but increased in the medial 
prefrontal cortex following mTBI. With an independent com-
ponent analysis (ICA) analysis, Stevents et al. (2012) explored 
different ICA components to find alterations between healthy 
subjects and mTBI patients who were scanned 61 days after 
injury. They found diminished functional connectivity in the 
DMN and many other networks in the patient group, such as 
the primary visual processing circuit, the motor system, the 
left-lateralized frontoparietal circuit, the dorsomedial circuit, 
the frontoparietal executive system, and the frontostriatal 
network. They found that the precuneus had greater connec-
tivity with the default mode network, while the connectivity 
between the cingulate and the DMN was diminished. 

In a severe TBI study, Nakamura et al. (2009) studied six 
TBI patients at 3 months and then followed them up at 6 
months after injury. By using a graph theory-based analysis of 
whole brain networks, they reported reduced overall strength 
in connectivity and increased “small-worldness” of TBI pa-

tients at 3 months after injury. At 6 months after injury, these 
parameters tend to return back to normal level as healthy 
controls (Nakamura et al., 2009). Despite their obvious struc-
tural damage on conventional MRI in these severe TBI pa-
tients, their brain overall connectivity could still come back to 
normal level as controls at the chronic stage. This is another 
piece of direct evidence for brain plasticity after injury as an 
important determiner of recovery.

Combining structural imaging with fcMRI
A combinational analysis of DTI (white matter structural 
damage) and fcMRI (functional network alternation) could 
offer more meaningful insights of the brain plasticity to cope 
with injury. We acquired MRI data in a preliminary dataset 
from 7 healthy controls (27.71 ± 10.43 years old) and 7 pa-
tients (33.57 ± 8.44 years old) with mTBI within 24 hours 
after injury. Both DTI probabilistic tractography and resting 
state fcMRI analysis have been performed to investigate the 
structural damage on DTI and functional alternatives on 
fcMRI. Our fcMRI analysis showed a decreased strength of 
connectivity within the DMN but an increased connectivity 
between posterior cingulate cortex (PCC) and other brain 
networks (especially supplementary motor cortex) in mTBI 
patients, which is consistent with our previous work and oth-
er studies. The DTI probabilistic tractography analysis also 
showed structural damage in the cingulate bundle. Statistical 
analysis on the fMRI functional connectivity map demon-
strated significantly decreased connectivity in the angular 
gyrus (P = 0.0005) with cluster size = 64, PCC (P = 0.005), 
and orbitofrontal gyrus (P = 0.005) (Figure 2). In other brain 
areas, such as in a big cluster in the supplementary motor 
cortex (Brodmann area 6), connectivity was significantly in-
creased (P = 0.0005) with cluster size = 116, which may be 
related to motor disabilities after injury. The PCC also showed 
higher connectivity with the middle cingulate gyrus in the 
patient group than in the control group. This region of high 
functional connectivity on fcMRI closely opposes a region of 
lower structural connectivity in DTI probabilistic measure-
ments in the middle part of cingulum bundle in patients (P = 
0.05) (Figure 2). Our data represent the first report regarding 
the relationship between structural damage and functional re-
sponse in mTBI at the hyperacute stage. It suggests that, along 
with structural damage in white matter tract after TBI, the 
brain is trying to recruit more neuronal resources to compen-
sate for changes in functionalities.

Brain plasticity at connectomic scale
Unlike stroke or epilepsy, in which the injury lesion tends to 
be restricted to a focal region, TBI pathology is much more 
heterogeneous and tends to have multi-focal lesions. One 
example is diffuse axonal injury, which always has more than 
one WM tract involved in TBI on DTI findings (Kou et al., 
2010; Niogi and Mukherjee, 2010; Kou and VandeVord, 2014). 
Despite the plasticity findings in memory, sensorimotor and 
other functions, the extents of brain injury and responsive 
plasticity at a large scale brain network level or connectome 
level are still unknown. By using ICA analysis, Stevens et al. 
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(2012) identified the reduced connectivity in several brain 
networks and increased connectivity in other networks. How-
ever, ICA may not be the ideal approach to analyze whole 
brain connectivity: it is not clear which ICA network rep-
resents which brain function and using different numbers of 
components will result in different results. The combination 
of DTI, for the detection of structural damage, with fcMRI, 
for functional network identification, offers a unique oppor-
tunity to investigate the functional brain plasticity in response 
to structural damage over the whole brain. However, due 
to the lack of dense and corresponding cortical landmarks 
across individuals, the systematical alterations of functional 
connectivities in large-scale brain networks and the alter-
ation of structural brain architecture in TBI brain are largely 
unknown. A newly developed data-driven strategy, called 
Dense Individualized and Common Connectivity-Based 
Cortical Landmarks (DICCCOL), might hold the promise 
in this avenue (Zhu et al., 2013a). It has been reported as 
being sensitive to brain network alterations at a connecto-
mics level in mild cognitive impairment patients (Zhu et al., 
2013b) as well as prenatal cocaine expose (PCE) patients (Li 
et al., 2013). It is based on the hypothesis that the common 
cortical architecture can be effectively represented by group-
wise consistent structural fiber connections. Each DICCCOL 
node is a functional land marker on cortical area, defined by 
group-wise consistent white matter fiber connection patterns 
derived from DTI data (Zhu et al., 2013a). The analysis of 
PCE patients discovered informative functional connectom-
ics signatures among consistent landmarks that distinctively 
differentiate PCE brains from their matched controls (Li et 
al., 2013). Taking it one step further, this approach could be 
used in TBI patients to detect their connectomics signature, 
including both structural deficit and functional connectivity 
remodeling.

Brain plasticity as a treatment target
Training promoted brain plasticity
It has been well recognized in both animal models and hu-
man studies that brain plasticity is experience dependent, 
even in adulthood (Chen et al., 2010; Kolb et al., 2010). The 
brain can be altered by a wide variety of experiences across 
the lifespan as summarized by Kolb et al. (2010). These in-
clude sensory and motor experience, e.g., sports training; 
psychomotor stimulus, e.g., drug use; and career related 
training experience. These changes can also be detected 
in modern MRI techniques. As an example, London taxi 
drivers tend to have increased hippocampal volumes with 
the length of their career, which is thought to be a result 
of navigating the streets of London on daily basis because 
of the hippocampus role in spatial navigation (Maguire 
et al., 2000). Another fMRI study of subjects who learned 
sequential finger movements demonstrated changes in the 
motor cortex, cerebellum and basal ganglia following the 
training (Ungerleider et al., 2002). Therefore, brain plastici-
ty could be used as a treatment target even in TBI patients, 
by prescribing a method called training-induced recovery 
(Chen et al., 2010). Specific rehabilitation programs could 

be designed to address certain deficit aspects of brain injury 
to stimulate the reorganization of functional brain regions. 
Advanced MRI, particularly fMRI, could play a significant 
role in assessing the treatment effect. Successful examples 
include language training in aphasia patients after stroke, 
which shows right-hemisphere activation shifted to left 
hemisphere activation at the chronic stage (Meinzer et al., 
2007; Richter et al., 2008), and robot-based hand motor 
therapy, which promotes motor cortex activation and reor-
ganization in chronic stroke patients (Luft et al., 2001; Taka-
hashi et al., 2008). 

Proactive neurorehabilitation, which targets specific im-
paired neurocognitive domain(s) in TBI patients, holds the 
promise of improving patients’ recovery by stimulating brain 
remodeling of functional regions. Evidence also demonstrat-
ed that TBI patients who actively returned back to work that 
requires highly intellectual involvement tend have a favor-
able outcome. As a matter of fact, the highly intellectually 
involved work itself provides an ideal environment of neu-
rorehabilitation that may promote brain reorganization. To 
date, its underlying brain plasticity mechanism is still yet to 
be investigated.

The role of microglial activation
One important aspect of TBI at the chronic stage is the per-
sistent microglial activated neuroinflammation, which may 
contradict the effort of treatment plans that promote brain 
plasticity. Recent positron emission tomography studies using 
11C-(R)-PK11195 (PK) tracer have demonstrated persistent 
microglial activation even 17 years after injury (Ramlack-
hansingh et al., 2011). This work is also confirmed in TBI 
animal model using PK binding (Folkersma et al., 2011). An 
autopsy study of brain injury patients also demonstrated that 
persistent microglial activation could be a major cause of pro-
gressive atrophy of the brain, indicating that one single brain 
injury can result in microglial activation persisting for de-
cades (Ungerleider et al., 2002). However, we are still short of 
means to non-invasively quantify microglial activation in TBI 
patients (Kou and VandeVord, 2014). The field is still lacking 
in knowledge about the role of microglial activation and how 
it can negatively affect the efforts towards brain plasticity (Kou 
and VandeVord, 2014). As a matter of fact, the neuroscience 
community has been dramatically changing the view about 
the role of microglia in recent years (Eyo and Dailey, 2013). A 
recent systemic review reported on microglial activation and 
white matter injury, a potential treatment target (Kou and 
VandeVord, 2014). Under the notion of combinational ther-
apy (Margulies et al., 2009), anti-inflammatory treatments 
may also need to be considered along with the brain plasticity 
stimulation plan to achieve better patient outcomes over the 
long run.

The caveat
Not all plasticity is good
Despite its overall beneficial role in brain functional compen-
sation in the literature, not all brain plasticity is beneficial to 
the brain function (Chen et al., 2010; Kolb et al., 2010; Li et 
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al., 2014). Some plasticity can induce pathological conditions, 
or called pathological plasticity (Li et al., 2014). Examples 
include pathological pain (Baranauskas, 2001), pathological 
response to sickness (Raison et al., 2006), epilepsy (Tes-
key, 2001), schizophrenia (Black et al., 2004) and dementia 
(Mattson et al., 2001). One well-known example is that some 
drug treatments can cause maladaptive brain plasticity for 
drug addiction (Kolb et al., 2010). Another example is the 
mossy fiber sprouting and reorganization in hippocampus af-
ter TBI that may lead to epilepsy due to pathological firing of 
neurons and reduced synaptic inhibition in the region (Hunt 
et al., 2009). In addition, maladaptive changes during plastici-
ty can have detrimental effects on the brain itself (Carey and 
Seitz, 2007; Chen et al., 2010) and interfere with regaining 
of normal functions (Murphy and Corbett, 2009). In stroke, 
recruitment of the contralateral region is compensatory in the 
early stage but may become maladaptive in later stages (Car-
ey and Seitz, 2007; Chen et al., 2010). One challenge during 
pharmacological treatment or in the designing of rehabilita-
tion programs for TBI patients is to minimize the side effects 
of treatment so that it will not induce maladaptive plastic 
changes that could actually interfere with recovery. Particular 
caution has to be taken during drug treatment to avoid mal-
adaptive behavior of drug addiction (Kolb et al., 2010).

The spurious fibers may not be fibers
Another example is the spurious WM fibers after TBI on DTI 
either in contralateral or ipsilateral side of injury. It has been 

recognized that reactive astroglial activation occurs in either 
ipsilateral or contralateral side of brain injury (Budde et al., 
2011; Zhuo et al., 2012). In the DTI signature, the cellular 
infiltration of reactive astroglial cells will cause reduced radi-
al diffusivity and increased FA, which is similar to neuronal 
regeneration or reorganization. DTI fiber tractography will 
show spurious WM fibers (Figure 3). As demonstrated by 
Budde et al. (2011), the spurious WM fibers on DTI trac-
tography are caused by reactive astrocytes, as validated his-
tologically, instead of axonal regeneration or reorganization. 
Particularly in neuroimaging of clinical patients, due to the 
lack of histological validation, caution should be taken before 
drawing any conclusion of axonal regeneration or reorganiza-
tion after TBI, especially in cortical regions.

Summary
As the most important organ of human body, the brain is 
highly plastic even in the adulthood in response to external 
stimuli, either favorably or unfavorably. Damage to certain 
areas of brain can be compensated for, either structurally 
or functionally. Due to the heterogeneity and multi-focal 
nature of TBI, the brain network alternations in response to 
injury at a connectomic scale are still largely unknown. Fur-
ther, the choice of pharmacological treatment plan and the 
design of proper rehabilitation programs hold the promise 
to stimulate functional brain plasticity for a favorable recov-
ery. Methods to avoid pathological plasticity are an import-
ant area of investigation which can be strongly aided by the 

Figure 3 Comparison of diffusion tensor tractography and histology-derived tractography demonstrates that the spurious fibers can be caused by 
reactive astrogliosis.
Three representative controlled cortical impact animals are shown. (A) Ex vivo 3D diffusion tensor tractography (DTT) maps depict tracts prop-
agating in and along the lesion periphery similar to those observed in vivo. (B) 2D diffusion tensor tractography was subsequently performed to 
allow direct comparison to the 2D histology-derived tractography. (C) 2D tractography maps from the glial fibrillary acidic protein (GFAP)-stained 
sections revealed similarities to the DTI-derived maps near the lesion border. (D) The coherent orientation of astrocytes is shown on confocal im-
ages from selected regions. (E) 2D tractography maps from the Sternberger monoclonal antibody (SMI) 32-stained sections revealed fewer, if any, 
tracts propagating into the cortex near the lesion periphery. (F) A loss of structural integrity is noted for both the injured white matter and grey 
matter along the lesion border. These three examples demonstrate spurious WM tracts that are actually caused by reactive astrogliosis instead of 
fiber reorganization during brain plasticity. Image reproduced with permission from Budde et al. (2011) and Brain journal.
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use of advanced MRI.
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